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1. Recognize the potential of climate change to produce public 
health surprises from infections, heat, and water contamination.  

2. Advance improvements in disaster preparedness based upon the 
changing risks of extreme weather with climate change, especially 
for heat and hurricanes.  

3. Evaluate the potential of climate actions to address health 
disparities.

Learning Objectives
At the conclusion of the session, participants should:



Surprises



#1 Floods



Flash flooding on Kansas Street in Worcester, MA on Aug. 19, 2021. (Boston 25 News) A Worcester DPW worker looked to unclog a storm drain on Southbridge Street in Worcester.JOHN TLUMACKI/GLOBE STAFF

Worcester police officers inspected the intersection of Canton and Quinsigamond Streets.JOHN TLUMACKI/GLOBE STAFF Flash flooding on Kansas Street in Worcester, MA on Aug. 19, 2021. (Boston 25 News)BOSTON 25 NEWS

Flooding from Fred in Worcester ~3.5in rainfall in <24 hrs





Combined sewers: a risk for waterborne disease outbreaks with climate change



Combined sewers: a risk for waterborne disease outbreaks with climate change



What are the health risks after flooding?
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#2 Hurricanes



Hurricane Maria 
Landfall 9/20/17 
Category 4 
155 mph winds 
Up to 20” rain in < 2days



Biotech & pharma (49 plants > 100 drugs)

Ag bio

Medical device (~70 plants, >1k device types)

Jayjuya

Data on location of factories from Pridco

Puerto Rico Biomedical Manufacture and Maria



Hospitals in the US mainland are facing shortages of IV fluids and 
medicine because of Hurricane Maria's damage to Puerto Rico.  
Credit: Paulo Whitaker/Reuters

Hurricane Maria devastated Puerto Rico. 
Then it caused a ripple effect in mainland hospitals.
PRI's The World, December 06, 2017 

https://www.pri.org/programs/the-world
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Puerto Rico produces 44% of 
the intravenous (IV) fluid bags 

used in the United States.1 On 
September 20, 2017, Hurricane 
Maria struck the island, causing 
a humanitarian crisis and wide-
spread devastation that escalated 
a critical shortage of IV fluids 
throughout the United States. 
Initially, small-volume bags — 
50- and 100-ml bags used to di-
lute medications — became 
scarce. Today, the larger 500- 
and 1000-ml IV-fluid bags are 
also in short supply. U.S. hospi-
tals are scrambling to develop 
strategies for rationing IV fluids 
to ensure availability for the pa-
tients who need them most.

Hurricane Maria is only the 
latest challenge to the U.S. IV-fluid 
supply. Since 2014, U.S. hospitals 
have faced varying degrees of IV-
fluid shortages, whose causes 
were multifactorial. IV-fluid pro-
duction is complex and highly 
regulated in order to ensure qual-
ity and safety, which makes it ex-
pensive for hospitals and com-
pounding pharmacies to produce 
their own. Most of the IV fluid 
used in the United States is pro-
duced by only three manufactur-
ers, so availability is vulnerable to 
even small fluctuations in supply. 
In addition, hospitals buy IV fluids 
through large group-purchasing 
organizations representing hun-
dreds of hospitals so that they 
can negotiate with manufactur-
ers for lower prices or better ac-
cess to scarce resources. Some 
observers argue that these orga-

nizations’ market power keeps 
prices so low that they create a 
disincentive for manufacturers to 
increase production or for small 
producers to enter the market.2

Given these supply-side con-
straints, the U.S. IV-fluid supply 
will be vulnerable for the fore-
seeable future. It is therefore 
critical for U.S. hospitals to de-
velop both short- and long-term 
alternatives to IV-fluid use.

Emergency departments (EDs) 
are substantial consumers of IV 
fluids in the United States. The 
59-bed ED at Brigham and Wom-
en’s Hospital treats more than 
62,000 adult patients each year 
and, in the 5 months from Sep-
tember 2017 through January 
2018, used 8519 liters of IV fluids 
— nearly 30% of the hospital’s 
total consumption. As the cur-
rent IV-fluid shortage worsened, 
the team in the Division of Inter-
national Emergency Medicine and 
Humanitarian Programs of the 
Department of Emergency Medi-
cine was asked to develop an oral 
rehydration protocol for ED pa-
tients with mild dehydration. The 
protocol outlined in the box has 
since been adopted hospital-wide.

Oral rehydration therapy has 
been studied for nearly 60 years. 
It has been shown to reduce mor-
tality from diarrheal illnesses by 
93%3 and to reduce the case fa-
tality rate of cholera from 30% to 
1%.4 It is less expensive than IV-
fluid therapy, and its use results 
in fewer admissions and shorter 
lengths of stay.5 A 2006 meta-

analysis showed that oral rehy-
dration was equivalent to the ad-
ministration of IV fluid for the 
management of dehydration due 
to gastroenteritis in children.5 
Data on use in adults have re-
vealed similar efficacy, although 
in smaller studies. Oral rehydra-
tion therapy has been widely ad-
opted in low- and middle-income 
countries where IV fluids are ex-
pensive and resources limited. 
Conversely, despite this evidence, 
oral rehydration has not been 
widely used in adults in high-
income countries, probably owing 
to the widespread availability and 
ease of use of IV fluids.

Our protocol is based on re-
search3-5 and protocols for oral 
rehydration in low-resource set-
tings and in the United States 
and on our experience as emer-
gency physicians with more than 
50 combined years of work in 
health care delivery in low- and 
middle-income countries around 
the world.

Patients who meet the criteria 
for deployment of our protocol 
are adults with mild dehydration 
from conditions such as pharyn-
gitis, gastroenteritis, pregnancy-
related vomiting, and upper re-
spiratory tract infection. Patients 
with severe dehydration or who 
are unable to take liquids by 
mouth for other reasons (e.g., 
small bowel obstruction) are ex-
cluded; these patients constitute 
the minority of our ED patients 
who traditionally receive IV fluid. 
The hospital also created a new 

The New England Journal of Medicine 
Downloaded from nejm.org on January 23, 2019. For personal use only. No other uses without permission. 
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With climate change, hurricanes are:

Source: Earth System Research Laboratory/The Guardian

The NOAA Accumulated Cyclone Energy (ACE) Index is a measure of total wind energy for basin and landfalling tropical cyclone activity. 

In the past 24 years there have been 16 above normal 
hurricane seasons, the worst on record
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total ACE 1908 was a normal 
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Ocean heat is hurricane food



Storm tracks within 50 nautical miles of Boston since 1900 (n=12) 
(Sandy had a hurricane strength wind radius of 175mi)

Tropical storm

Cat 1 Hurricane

Cat 2 Hurricane

Cat 3 Hurricane



Hurricanes are headed northward

Pre-industrial hurricane paths Hurricane paths shift post 1870

Scientific Reports volume 6, Article number: 37522 (2016)



#3 Heat waves



1991-2012 average temperature compared with 1901-1960 average


Warming is already happening



Shifting summer temperatures across the northern hemisphere 1951-2015

Source: Columbia University Earth Institute. Data via Makiko Sato and James Hansen. Based on: Hansen et al., 2012 (and discussion); 2016 update.

http://www.columbia.edu/~mhs119/PerceptionsAndDice/
http://www.pnas.org/content/109/37/E2415.full
http://www.columbia.edu/~jeh1/mailings/2012/20120811_DiceDataDiscussion.pdf
http://csas.ei.columbia.edu/2016/01/19/global-temperature-in-2015/


Changes in extreme and average heat by mid century with 
business as usual greenhouse gas emissions

US Global Change Research Program usgcrp.gov

http://usgcrp.gov


Health effects associated with extreme heat

Suicide rate 1 to 37% times higher per 1˚C warming
Public Health. DOI: 10.1016/j.puhe.2018.06.008

Medications

Job performance?

Mental health

Pregnancy
Preterm birth odds ~1.2x higher during heat waves

BMJ 2020;371:m3811 | doi: 10.1136/bmj.m3811

15% decreased dose 
60°C (car trunk) vs 4°C
Am J Health-Syst Pharm—Vol 62 Nov 1, 2005 2 Increased “unsafe” behaviors in workers 

~30% more @ 23°C vs 35°C
Journal of Safety Research, Vol. 14, pp. 105-114, 1983 



#4 Power outages



Climate change is emerging as a force in causing power outages



Figure 4. Associations of the 2003 citywide outage and 2006 Long Island City outage with (A) respiratory hospitalizations; (B) cardiovascular disease (CVD)
hospitalizations; and (C) renal hospitalizations. Cumulative (CRR) and individual (RR) relative risks and confidence intervals (CI) are shown for all lag peri-
ods. Regression models adjusted for temperature effects, day of week, holiday, year, within-season temporal trends, and 11 Sept. 2001 (2003 citywide outage
only). 14–15 Aug. 2003 (citywide outage) was excluded from the 2006 LIC outage analysis.

Environmental Health Perspectives 067003-10 126(6) June 2018

Figure 4. Associations of the 2003 citywide outage and 2006 Long Island City outage with (A) respiratory hospitalizations; (B) cardiovascular disease (CVD)
hospitalizations; and (C) renal hospitalizations. Cumulative (CRR) and individual (RR) relative risks and confidence intervals (CI) are shown for all lag peri-
ods. Regression models adjusted for temperature effects, day of week, holiday, year, within-season temporal trends, and 11 Sept. 2001 (2003 citywide outage
only). 14–15 Aug. 2003 (citywide outage) was excluded from the 2006 LIC outage analysis.
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Health Impacts of Citywide and Localized Power Outages in New York City
Christine Dominianni,1 Kathryn Lane,1 Sarah Johnson,1 Kazuhiko Ito,1 and Thomas Matte1,2
1Bureau of Environmental Surveillance and Policy, New York City Department of Health and Mental Hygiene (NYC DOHMH), New York, New York, USA
2Vital Strategies, New York, New York, USA

BACKGROUND: Previous studies investigated potential health effects of large-scale power outages, including the massive power failure that affected
the northeastern United States and Ontario, Canada, in August 2003, and outages associated with major storms. However, information on localized
outages is limited.
OBJECTIVE: The study sought to examine potential health impacts of citywide and localized outages in New York City (NYC).
METHODS:Along with the citywide 2003 outage, localized outages in July 1999 and July 2006 were identified. We additionally investigated localized,
warm- and cold-weather outages that occurred in any of 66 NYC electric-grid networks during 2002–2014 using New York State Public Service
Commission data. Mortality and hospitalizations were geocoded and linked to the networks. Associations were estimated using Poisson time-series
regression, including examining distributed lags and adjusting for temperature and temporal trends. Network-specific estimates were pooled by
season.
RESULTS: Respiratory disease hospitalizations were associated with the 2006 localized outage [cumulative relative risk [CRR] over 0–1 lag day,
lag01 = 2:26 (95% confidence interval [CI]: 1.08, 4.74)] and the 2003 citywide outage, but not with other localized, warm-weather outages. Renal dis-
ease hospitalizations were associated with the 2003 citywide outage, and with localized, warm-weather outages, pooled across networks [RR at
lag3 = 1:16 (95% CI: 1.00, 1.34)], but not the 2006 localized outage. All-cause mortality was positively associated with the 1999, 2003, and 2006 out-
ages (significant for the 2003 outage only), but not with other localized, warm-weather outages. Localized, cold-weather outages were associated with
all-cause mortality [lag01 CRR=1:06 (95% CI: 1.01, 1.12)] and cardiovascular disease hospitalizations [lag01 CRR=1:14 (95% CI: 1.03, 1.26)], and
fewer respiratory disease hospitalizations [lag03 CRR=0:77 (95% CI: 0.61, 0.97)].
CONCLUSIONS: Localized outages may affect health. This information can inform preparedness efforts and underscores the public health importance
of ensuring electric grid resiliency to climate change. https://doi.org/10.1289/EHP2154

Introduction
Climate change is expected to increase average summer tempera-
tures, as well as the frequency of heat-waves and severe storms
(Diffenbaugh et al. 2013; IPCC 2007). With these changes, an
increase in power outages may occur due to increased numbers of
high-electricity-demand days in the summer and storm-related
damage (Horton et al. 2010). Power outages pose a public health
and safety concern as they can affect public transit systems; eleva-
tors and water pumping equipment; food refrigeration; electrically
powered medical devices; and regulation of indoor temperatures,
which could increase heat and cold stress (CDC 2013; Lee et al.
2016) and exacerbate certain chronic conditions (Lin et al. 2016;
Ostro et al. 2010). Previous studies reported increases of carbon
monoxide poisonings during power outages associated with hurri-
canes and major winter storms because of incorrect use of devices
for generating electricity, heating, or cooking (Chen et al. 2013;
Damon et al. 2013;Muscatiello et al. 2010).

Large-scale power outages also may exacerbate chronic health
conditions, leading to hospitalization or death. Beginning on 14
August 2003, equipment failure originating in Ohio resulted in
power outages across the northeastern United States and southern
Canada (U.S. - Canada Power System Outage Task Force 2004).

The outage affected New York City’s (NYC) mass-transit system,
stranding residents on their way home from work and leaving
many people trapped in high-rise buildings without functioning
elevators or equipment to raise potable water (Beatty et al. 2006;
DeBlasio et al. 2004). Subsequent studies reported evidence of
increased mortality (Anderson and Bell 2012), hospitalizations for
respiratory conditions (Lin et al. 2011), and emergency medical
service calls regardingmedical device failure (Rand et al. 2005).

In NYC, electricity is generated by a power source and trans-
mitted to transformers, which are connected to local distribution
systems composed of underground networks and overhead load
areas (Office of the Attorney General 2000) (hereafter referred to
as network). The networks deliver electricity to individual electric
meters, commonly referred to as customers, supplying a range of
buildings, including single-family houses and apartment buildings
with multiple residential units. Power outages can be widespread
(e.g., the citywide August 2003 outage) or can affect only one or a
few networks. For example, on 6 July 1999, the entire Washington
Heights network, comprising 68,888 customers (electric meters)
serving more than 200,000 residents, lost power for 18 h (Office of
the Attorney General 2000). Outages can also affect a subset of
customers within an individual network, and the numbers and spe-
cific network customers affected can vary over the course of a sin-
gle localized outage. For example, on 17 July 2006, an outage in
the Long Island City network caused up to 65,000 customers
(174,000 residents) to lose power for 10 d (Department of Public
Service 2007; New York State Assembly Queens Task Force
2007). These localized outages both coincided with extreme heat
events, when power usage typically is at its peak (New York City
EmergencyManagement 2016).

Several studies have been published on the widespread August
2003 outage (Anderson and Bell 2012; Lin et al. 2011; Rand et al.
2005), but information on the health impacts of localized power
outages, which would help inform preparedness and resiliency
efforts, is limited. To address this gap, we performed two comple-
mentary analyses of the potential health impacts of localized power
outages in NYC. The first assessed health outcomes associated
with the 1999 Washington Heights (1999 WH) and 2006 Long
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Risks of hospitalization adjusted for temperature, day of week, holiday, year, within-season temporal trends, 9/11

When the power goes out, healthcare demands rise
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#5 Wildfire smoke





CAN WILDFIRE SMOKE MAKE YOU SICK?
PLUMES FROM WORST WILDFIRE IN CALIFORNIA HISTORY REACH 
MASSACHUSETTS
BY ARISTOS GEORGIOU ON 11/12/18 AT 12:49 PM

https://www.newsweek.com/authors/aristos-georgiou


Smoke is bad for your health

acrolein

benzene/PAHs

formaldehyde

PM2.5
Leukemia/lymphoma

Anxiety/depression


ADHD

NOx

oxides of nitrogen
Asthma (causal)


Respiratory infections

Wildfire source PM may be more 
toxic than PM in general

Nature Communications 12.1 (2021): 1-8.



Days added to annual wildfire season 
with unmitigated climate change

2071-2100 vs 1981-2010



Change in county-level fire tolerances from the early 1980s to 2015 
10 most prevalent tree genera 

Forest ecology and management 433 (2019): 176-183.

Maple 
Ash 

Hickory 
Birch 

Tupelo 
Pine 

Poplar/Aspen 
Oak 

Cherry/Fruit

Elm



#6 Emerging infections





Rocky Mountain spotted fever (RMSF)

Symptoms 
Fever 
Headache 
Muscle Aches 

20-30% mortality rate if untreated 





#7 Population migrations



~400k left between Oct & Feb

~150k went to Florida

Source: Teralytics/Citylab

Population movement after Hurricane Maria

~2000 children entered MA schools by December



Resilience



With heat wave looming, Kim Janey declares ‘heat emergency’ for Boston
Cooling centers will be open throughout the city between Wednesday and Friday.
David L Ryan / Globe Staff
By Christopher Gavin
August 10, 2021

https://www.boston.com/author/christopher-gavin/


If heat warnings happen, they may be too late

5420–5427 | PNAS | March 19, 2019 | vol. 116 | no. 12 

associations tend to differ across outcomes. We also identified a
systematic dissociation in some geographic areas between the
temperatures at which heat alerts are issued and the tempera-
tures at which peak impacts are observed.
This misalignment in some geographic areas between the

temperatures at which health burdens become significant and
temperatures at which alerts are issued raises critical questions.
Following the methodology of issuing heat alerts based on the
extremity of heat index distribution regardless of differential
population sensitivity could generally fail to account for a large
proportion of heat-attributable adverse health impacts observed
at moderately hot conditions. This may be an important con-
sideration, especially among those populations residing in cooler
regions, with no structural adaptations such as air conditioning.
While it is likely that there should be better alignment between
alert thresholds and regional heat epidemiology, it is not clear
exactly where warning thresholds should be set. There are a
number of issues to consider, including the potential for warn-
ing fatigue (17). Conversely, in warmer locations, peak heat-
attributable burden occurs past the median temperature for
heat alerts, yet the burden curves generally show a monotonic
rise above these threshold temperatures, raising questions about
the effectiveness of current intervention strategies, heat alert
messaging, and related activities. Potentially, this highlights in-
herent communication challenges in delivering actionable risk
information and prevention guidelines to various stakeholders,
including vulnerable populations. Additional research regarding
specific protective measures and appropriate timing for risk re-
duction measures is needed to inform future risk management
decisions.
Our results show promise for the use of regionally specific

health evidence to inform and calibrate heat alert protocols (22).
Further, graduated heat alert protocols may help warn for low,
moderate, and peak adverse health impacts. Such graduated
alerts, such as the air quality index (23), are currently used to
identify areas impacted by poor air quality. In addition to em-
pirical alignment of warnings with risks, such recalibrated heat
alerts and more specific messaging might improve message rele-

vance and facilitate better stakeholder engagement (24). In addi-
tion, web-enabled resources detailing individual preventative
options (25), especially at low and moderately high tempera-
tures, coupled with graduated community-level interventions,
such as opening cooling shelters (26) during more extreme sit-
uations like heat waves, could potentially minimize heat-related
adverse health impacts more effectively. These initiatives could
strengthen heat preparedness and response capabilities but
require additional coordination across various local, state, and
federal agencies.
There are some limitations to our assessment. Although our

analysis included hospitalizations for more than 1,200 counties
covering 55% of the total US population, E-R associations may
not fully characterize the underlying heat–health relationship in
areas that are sparsely populated or in regions where certain key
states are omitted. While adding more counties would improve
population coverage and generalizability of the findings, data
access limitations prevented inclusion of additional counties.
Another limitation is the identification of state- and region-level
heat index ranges that are used for issuing alerts. Our primary
goal was to explore the discrepancy between heat index values
used for issuing alerts and those that are associated with signif-
icant heat-attributable health burden for the time period used in
this assessment; however, heat alert criteria, which are set by
WFOs, are occasionally revised and sometimes changed based
on epidemiologic evidence (11). Further, this assessment does
not present any evidence on how some of the population-level
health risks can be modified by individual risk factors (age, race,
or occupational status) or by community-level factors (poverty,
density, land use, and land cover). Despite including robust daily,
county-level environmental predictors in our time-series analy-
ses, our results may be affected by residual confounding (27),
especially should there be an omitted or misspecified confounder
that fluctuates over time in a manner similar to heat index.
Further, exposure misclassification could result from using
modeled data sources, especially in areas where modeled estimates
of heat metrics do not comport well with those derived from
station-based measurements. Finally, relying on ambient weather

Climate Region Hospitalization 
Outcome

Heat-Sensitive Zones with Heat Alert Criteria, by Heat Index Ranges

<= 80 °F 81  – 90 °F 91 – 100 °F 101 – 110 °F > 110 °F

South All-Causes
All cardiovascular
All respiratory
Diabetes
Fluid and electrolyte
Renal failure

Southeast All-Causes
All cardiovascular
All respiratory
Diabetes
Fluid and electrolyte
Renal failure

Southwest All-Causes
All cardiovascular
All respiratory
Diabetes
Fluid and electrolyte
Renal failure

West All-Causes
All cardiovascular
All respiratory
Diabetes
Fluid and electrolyte
Renal failure

West North 
Central

All-Causes
All cardiovascular
All respiratory
Diabetes
Fluid and electrolyte
Renal failure

Climate 
Region                    

Hospitalization 
Outcome

Heat-Sensitive Zones with Heat Alert Criteria, by Heat Index Ranges

<= 80 °F 81  – 90 °F 91 – 100 °F 101 – 110 °F > 110 °F

Central All-Causes
All cardiovascular
All respiratory
Diabetes
Fluid and electrolyte
Renal failure

East North 
Central

All-Causes
All cardiovascular
All respiratory
Diabetes
Fluid and electrolyte
Renal failure
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associations tend to differ across outcomes. We also identified a
systematic dissociation in some geographic areas between the
temperatures at which heat alerts are issued and the tempera-
tures at which peak impacts are observed.
This misalignment in some geographic areas between the

temperatures at which health burdens become significant and
temperatures at which alerts are issued raises critical questions.
Following the methodology of issuing heat alerts based on the
extremity of heat index distribution regardless of differential
population sensitivity could generally fail to account for a large
proportion of heat-attributable adverse health impacts observed
at moderately hot conditions. This may be an important con-
sideration, especially among those populations residing in cooler
regions, with no structural adaptations such as air conditioning.
While it is likely that there should be better alignment between
alert thresholds and regional heat epidemiology, it is not clear
exactly where warning thresholds should be set. There are a
number of issues to consider, including the potential for warn-
ing fatigue (17). Conversely, in warmer locations, peak heat-
attributable burden occurs past the median temperature for
heat alerts, yet the burden curves generally show a monotonic
rise above these threshold temperatures, raising questions about
the effectiveness of current intervention strategies, heat alert
messaging, and related activities. Potentially, this highlights in-
herent communication challenges in delivering actionable risk
information and prevention guidelines to various stakeholders,
including vulnerable populations. Additional research regarding
specific protective measures and appropriate timing for risk re-
duction measures is needed to inform future risk management
decisions.
Our results show promise for the use of regionally specific

health evidence to inform and calibrate heat alert protocols (22).
Further, graduated heat alert protocols may help warn for low,
moderate, and peak adverse health impacts. Such graduated
alerts, such as the air quality index (23), are currently used to
identify areas impacted by poor air quality. In addition to em-
pirical alignment of warnings with risks, such recalibrated heat
alerts and more specific messaging might improve message rele-

vance and facilitate better stakeholder engagement (24). In addi-
tion, web-enabled resources detailing individual preventative
options (25), especially at low and moderately high tempera-
tures, coupled with graduated community-level interventions,
such as opening cooling shelters (26) during more extreme sit-
uations like heat waves, could potentially minimize heat-related
adverse health impacts more effectively. These initiatives could
strengthen heat preparedness and response capabilities but
require additional coordination across various local, state, and
federal agencies.
There are some limitations to our assessment. Although our

analysis included hospitalizations for more than 1,200 counties
covering 55% of the total US population, E-R associations may
not fully characterize the underlying heat–health relationship in
areas that are sparsely populated or in regions where certain key
states are omitted. While adding more counties would improve
population coverage and generalizability of the findings, data
access limitations prevented inclusion of additional counties.
Another limitation is the identification of state- and region-level
heat index ranges that are used for issuing alerts. Our primary
goal was to explore the discrepancy between heat index values
used for issuing alerts and those that are associated with signif-
icant heat-attributable health burden for the time period used in
this assessment; however, heat alert criteria, which are set by
WFOs, are occasionally revised and sometimes changed based
on epidemiologic evidence (11). Further, this assessment does
not present any evidence on how some of the population-level
health risks can be modified by individual risk factors (age, race,
or occupational status) or by community-level factors (poverty,
density, land use, and land cover). Despite including robust daily,
county-level environmental predictors in our time-series analy-
ses, our results may be affected by residual confounding (27),
especially should there be an omitted or misspecified confounder
that fluctuates over time in a manner similar to heat index.
Further, exposure misclassification could result from using
modeled data sources, especially in areas where modeled estimates
of heat metrics do not comport well with those derived from
station-based measurements. Finally, relying on ambient weather
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associations tend to differ across outcomes. We also identified a
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temperatures at which heat alerts are issued and the tempera-
tures at which peak impacts are observed.
This misalignment in some geographic areas between the
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Following the methodology of issuing heat alerts based on the
extremity of heat index distribution regardless of differential
population sensitivity could generally fail to account for a large
proportion of heat-attributable adverse health impacts observed
at moderately hot conditions. This may be an important con-
sideration, especially among those populations residing in cooler
regions, with no structural adaptations such as air conditioning.
While it is likely that there should be better alignment between
alert thresholds and regional heat epidemiology, it is not clear
exactly where warning thresholds should be set. There are a
number of issues to consider, including the potential for warn-
ing fatigue (17). Conversely, in warmer locations, peak heat-
attributable burden occurs past the median temperature for
heat alerts, yet the burden curves generally show a monotonic
rise above these threshold temperatures, raising questions about
the effectiveness of current intervention strategies, heat alert
messaging, and related activities. Potentially, this highlights in-
herent communication challenges in delivering actionable risk
information and prevention guidelines to various stakeholders,
including vulnerable populations. Additional research regarding
specific protective measures and appropriate timing for risk re-
duction measures is needed to inform future risk management
decisions.
Our results show promise for the use of regionally specific

health evidence to inform and calibrate heat alert protocols (22).
Further, graduated heat alert protocols may help warn for low,
moderate, and peak adverse health impacts. Such graduated
alerts, such as the air quality index (23), are currently used to
identify areas impacted by poor air quality. In addition to em-
pirical alignment of warnings with risks, such recalibrated heat
alerts and more specific messaging might improve message rele-

vance and facilitate better stakeholder engagement (24). In addi-
tion, web-enabled resources detailing individual preventative
options (25), especially at low and moderately high tempera-
tures, coupled with graduated community-level interventions,
such as opening cooling shelters (26) during more extreme sit-
uations like heat waves, could potentially minimize heat-related
adverse health impacts more effectively. These initiatives could
strengthen heat preparedness and response capabilities but
require additional coordination across various local, state, and
federal agencies.
There are some limitations to our assessment. Although our

analysis included hospitalizations for more than 1,200 counties
covering 55% of the total US population, E-R associations may
not fully characterize the underlying heat–health relationship in
areas that are sparsely populated or in regions where certain key
states are omitted. While adding more counties would improve
population coverage and generalizability of the findings, data
access limitations prevented inclusion of additional counties.
Another limitation is the identification of state- and region-level
heat index ranges that are used for issuing alerts. Our primary
goal was to explore the discrepancy between heat index values
used for issuing alerts and those that are associated with signif-
icant heat-attributable health burden for the time period used in
this assessment; however, heat alert criteria, which are set by
WFOs, are occasionally revised and sometimes changed based
on epidemiologic evidence (11). Further, this assessment does
not present any evidence on how some of the population-level
health risks can be modified by individual risk factors (age, race,
or occupational status) or by community-level factors (poverty,
density, land use, and land cover). Despite including robust daily,
county-level environmental predictors in our time-series analy-
ses, our results may be affected by residual confounding (27),
especially should there be an omitted or misspecified confounder
that fluctuates over time in a manner similar to heat index.
Further, exposure misclassification could result from using
modeled data sources, especially in areas where modeled estimates
of heat metrics do not comport well with those derived from
station-based measurements. Finally, relying on ambient weather
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Urban residence is associated with a higher risk of some psychi-
atric disorders, but the underlying drivers remain unknown. There
is increasing evidence that the level of exposure to natural
environments impacts mental health, but few large-scale epide-
miological studies have assessed the general existence and
importance of such associations. Here, we investigate the pro-
spective association between green space and mental health in the
Danish population. Green space presence was assessed at the
individual level using high-resolution satellite data to calculate the
normalized difference vegetation index within a 210 × 210 m
square around each person’s place of residence (∼1 million people)
from birth to the age of 10. We show that high levels of green
space presence during childhood are associated with lower risk of
a wide spectrum of psychiatric disorders later in life. Risk for sub-
sequent mental illness for those who lived with the lowest level of
green space during childhood was up to 55% higher across various
disorders compared with those who lived with the highest level of
green space. The association remained even after adjusting for
urbanization, socioeconomic factors, parental history of mental illness,
and parental age. Stronger association of cumulative green space
presence during childhood compared with single-year green space
presence suggests that presence throughout childhood is important.
Our results show that green space during childhood is associatedwith
better mental health, supporting efforts to better integrate natural
environments into urban planning and childhood life.

geographic information systems | mental health | psychological ecosystem
services | remote sensing | urban planning

The number of people living in cities is increasing, and, glob-
ally, more than 50% of the human population is now city

dwellers, with no sign of this trend slowing down (1). Urban living
often offers good sanitation, access to health care, nutrition, and
education (2), but has also been associated with adverse health ef-
fects (3, 4). In some societies, urban residents have almost 50%
higher risk of developing psychiatric disorders such as anxiety and
mood disorders compared with their rural counterparts (5–7), and
schizophrenia risk is 200% higher for children growing up in the
most urban environments (8, 9). Different hypotheses have been
proposed to explain these urban−rural gradients in mental health,
including selective migration (10), social stress processing (4), higher
exposure to infections (8), and reduced exposure to nature (11).
However, the mechanistic links are not well understood (5, 12).
Low exposure to nature, or green space, has been proposed in

recent years as a potential environmental risk factor for various
mental health outcomes. Exposure to green space has been
suggested to lower depression (13, 14) and schizophrenia risk
(15), improve children’s cognitive development (16), and re-
duce neural activity linked to psychiatric disorders (11, 17).

Dose–response relationships from other studies show that
higher doses of green space are associated with better mental
health (13), and long-lasting positive effects of moving to
greener areas (18) suggest causation, albeit most of these studies
are small and cross-sectional. Whether the association with
green space is specific or applies to a broader spectrum of psy-
chiatric disorders and to what degree the association is in-
dependent from urbanization in general or just mirrors the
urban−rural gradient are unknown. Access to green space par-
tially depends on socioeconomic factors, such as housing prices,
and the extent to which this explains associations between green
space and mental illnesses is another unknown aspect.
Exposure to green space may influence mental health through

both psychological and physiological pathways, as green spaces
serve as settings for individual and social behavior and can
mitigate negative influences of other aspects of the physical en-
vironment (19). These mechanistic pathways could vary for different
psychiatric disorders, with green space as a shared risk-decreasing

Significance

Growing up in urban environments is associated with risk of
developing psychiatric disorders, but the underlying mecha-
nisms are unknown. Green space can provide mental health
benefits and possibly lower risk of psychiatric disorders. This
nation-wide study covering >900,000 people shows that chil-
dren who grew up with the lowest levels of green space had
up to 55% higher risk of developing a psychiatric disorder in-
dependent from effects of other known risk factors. Stronger
association between cumulated green space and risk during
childhood constitutes evidence that prolonged presence of
green space is important. Our findings affirm that integrating
natural environments into urban planning is a promising ap-
proach to improve mental health and reduce the rising global
burden of psychiatric disorders.
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RR compared to highest decile of green space, adjustment for urbanization, socioeconomic factors, parental history of mental illness, and parental age

factor. Green space can promote mental health by supporting
psychological restoration, encouraging exercise, improving social
coherence, decreasing noise and air pollution affecting cognition
and brain development, and improving immune functioning (19–
22). Given that green space can promote mental health and
quality of life in urban populations, urban planning and policy
will benefit from more information on the likely generality of
effects on psychiatric disorders and how those effects are re-
alized over the life course. Here, we investigate whether green
space presence during childhood is associated with the risk of
developing any of a broad range of psychiatric disorders later in
life, by combining nationwide population data with individual-
level green space presence data. We determine the strength and
shape of the association between green space and a spectrum of
mental health outcomes to clarify whether dose–response rela-
tionships exist and, if this is the case, whether the associations
are linear or asymptotic. We also examine whether risk of psy-
chiatric disorders is more strongly associated with green space
presence at a specific age during childhood.
We use data extracted from multiple Danish population-based

registers together with high-resolution satellite images. Unlike most
previous studies on green space, the current study includes all
members of the national population who met our criteria for in-
clusion. Our study population thus includes all persons born in
Denmark from 1985 to 2003 and living in Denmark on their 10th
birthday for whom we have longitudinal data on mental health
outcomes, socioeconomic status, and place of residence (n =
943,027). We constructed a dataset of yearly individual-level green
space presence within 210 × 210 m, 330 × 330 m, 570 × 570 m, and
930 × 930 m squares around each person’s residence based on the
normalized difference vegetation index (NDVI). NDVI was cal-
culated from remotely sensed 30-m-resolution Landsat satellite
images covering the entire country for the years 1985–2013. We
combined these two datasets for two purposes: (i) to examine the
specific contribution of green space presence during childhood to
the risk of diverse, adolescent into adult psychiatric disorders, over
and above the contributions of correlated risk factors including
urbanization, socioeconomic factors, parental history of mental
illness, and parental age; and (ii) to explore how green space is
affecting mental health by estimating these associations at different
ages and by determining the shape of the relationship green space
has with each of the psychiatric disorders.

Results
Relative risk, estimated as incidence rate ratios (IRR), was
higher for persons living at the lowest NDVI compared with
those living at the highest levels of NDVI for all psychiatric
disorders, except intellectual disability (IRR: 1.04; 95% CI: 0.95
to 1.14) and schizoaffective disorder (IRR: 1.33; 95% CI: 0.98 to
1.82) (Fig. 1). Adjusting for urbanization, parents’ socioeco-
nomic status, family history, parental age, municipal socio-
economic factors, and a combination of all five potential
confounding factors only changed the risk estimates slightly, with
no change to the overall association with NDVI, except for
borderline type, anorexia, and bipolar disorder for which
adjusting for all five factors made green space presence in-
significant (Fig. 1 and SI Appendix, Fig. S1). Population attrib-
utable risk estimates showed that the association between NDVI
and psychiatric disorder risk was, in general, comparable in
magnitude to that of family history and parental age, higher than
urbanization, and slightly lower than parents’ socioeconomic
status (SI Appendix, Table S1). Substance abuse disorders, spe-
cific personality disorder, borderline type, and intellectual dis-
ability risk were mostly associated with parents’ socioeconomic
status, while mood disorder, single and recurrent depressive
disorder, and neurotic, stress-related, and somatic disorder risk
were mostly associated with NDVI, although the last has an as-
sociation of similar strength as parents’ socioeconomic status.

The relative risk of developing any psychiatric disorder was re-
lated to NDVI in a dose–response relationship across urbanization
levels, with risk declining incrementally with higher doses of green
space, although nonmonotonically for the capital center region
(Fig. 2). Mean NDVI was lowest for the capital center area, but the
range of NDVI values was represented across each urbanization
category (SI Appendix, Table S2). The strongest association be-
tween relative risk and the lowest decile of green space presence
was for the capital center region (NDVI decile 1; IRR1: 1.60; 95%
CI1: 1.42 to 1.80) and the weakest association was for rural areas
(IRR1: 1.27; 95% CI1: 1.22 to 1.33). Although a Cox regression
model with an interaction term showed that the association with
NDVI varied significantly across the different degrees of urbani-
zation (P = 0.001, chisq = 97.8, df = 36), the general pattern of
lower NDVI being associated with higher risk was similar within
each degree of urbanization. Adjusting for urbanization and par-
ents’ socioeconomic status only slightly lowered estimates.
We found no consistent sign of green space presence being

associated with any particularly sensitive age across all disorders
(SI Appendix, Fig. S2). Alcohol abuse, specific personality dis-
orders, and borderline type diverged from the general pattern,
with a tendency toward stronger protective associations
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Fig. 1. The association between childhood green space presence and the
relative risk of developing a psychiatric disorder later in life. Green space
presence was measured as the mean NDVI within a 210 × 210 m square
around place of residence (n = 943,027). Low values of NDVI indicate sparse
vegetation, and high values indicate dense vegetation. Relative risk esti-
mates are relative to the reference level (set to the highest decile) for NDVI
fitted as numeric deciles in classes of 10. Estimates above the dashed line
indicate higher risk of developing a given psychiatric disorder for children
living at the lowest compared with the highest values of NDVI. Three ad-
ditional models were fitted to adjust for the effect of urbanization, parental
socioeconomic status (SES), and the combined effect of urbanization, pa-
rental and municipal socioeconomic factors, parental history of mental ill-
ness, and parental age at birth on risk estimates. All estimates were adjusted
for age, year of birth, and gender and plotted with 95% CIs.
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factor. Green space can promote mental health by supporting
psychological restoration, encouraging exercise, improving social
coherence, decreasing noise and air pollution affecting cognition
and brain development, and improving immune functioning (19–
22). Given that green space can promote mental health and
quality of life in urban populations, urban planning and policy
will benefit from more information on the likely generality of
effects on psychiatric disorders and how those effects are re-
alized over the life course. Here, we investigate whether green
space presence during childhood is associated with the risk of
developing any of a broad range of psychiatric disorders later in
life, by combining nationwide population data with individual-
level green space presence data. We determine the strength and
shape of the association between green space and a spectrum of
mental health outcomes to clarify whether dose–response rela-
tionships exist and, if this is the case, whether the associations
are linear or asymptotic. We also examine whether risk of psy-
chiatric disorders is more strongly associated with green space
presence at a specific age during childhood.
We use data extracted from multiple Danish population-based

registers together with high-resolution satellite images. Unlike most
previous studies on green space, the current study includes all
members of the national population who met our criteria for in-
clusion. Our study population thus includes all persons born in
Denmark from 1985 to 2003 and living in Denmark on their 10th
birthday for whom we have longitudinal data on mental health
outcomes, socioeconomic status, and place of residence (n =
943,027). We constructed a dataset of yearly individual-level green
space presence within 210 × 210 m, 330 × 330 m, 570 × 570 m, and
930 × 930 m squares around each person’s residence based on the
normalized difference vegetation index (NDVI). NDVI was cal-
culated from remotely sensed 30-m-resolution Landsat satellite
images covering the entire country for the years 1985–2013. We
combined these two datasets for two purposes: (i) to examine the
specific contribution of green space presence during childhood to
the risk of diverse, adolescent into adult psychiatric disorders, over
and above the contributions of correlated risk factors including
urbanization, socioeconomic factors, parental history of mental
illness, and parental age; and (ii) to explore how green space is
affecting mental health by estimating these associations at different
ages and by determining the shape of the relationship green space
has with each of the psychiatric disorders.

Results
Relative risk, estimated as incidence rate ratios (IRR), was
higher for persons living at the lowest NDVI compared with
those living at the highest levels of NDVI for all psychiatric
disorders, except intellectual disability (IRR: 1.04; 95% CI: 0.95
to 1.14) and schizoaffective disorder (IRR: 1.33; 95% CI: 0.98 to
1.82) (Fig. 1). Adjusting for urbanization, parents’ socioeco-
nomic status, family history, parental age, municipal socio-
economic factors, and a combination of all five potential
confounding factors only changed the risk estimates slightly, with
no change to the overall association with NDVI, except for
borderline type, anorexia, and bipolar disorder for which
adjusting for all five factors made green space presence in-
significant (Fig. 1 and SI Appendix, Fig. S1). Population attrib-
utable risk estimates showed that the association between NDVI
and psychiatric disorder risk was, in general, comparable in
magnitude to that of family history and parental age, higher than
urbanization, and slightly lower than parents’ socioeconomic
status (SI Appendix, Table S1). Substance abuse disorders, spe-
cific personality disorder, borderline type, and intellectual dis-
ability risk were mostly associated with parents’ socioeconomic
status, while mood disorder, single and recurrent depressive
disorder, and neurotic, stress-related, and somatic disorder risk
were mostly associated with NDVI, although the last has an as-
sociation of similar strength as parents’ socioeconomic status.

The relative risk of developing any psychiatric disorder was re-
lated to NDVI in a dose–response relationship across urbanization
levels, with risk declining incrementally with higher doses of green
space, although nonmonotonically for the capital center region
(Fig. 2). Mean NDVI was lowest for the capital center area, but the
range of NDVI values was represented across each urbanization
category (SI Appendix, Table S2). The strongest association be-
tween relative risk and the lowest decile of green space presence
was for the capital center region (NDVI decile 1; IRR1: 1.60; 95%
CI1: 1.42 to 1.80) and the weakest association was for rural areas
(IRR1: 1.27; 95% CI1: 1.22 to 1.33). Although a Cox regression
model with an interaction term showed that the association with
NDVI varied significantly across the different degrees of urbani-
zation (P = 0.001, chisq = 97.8, df = 36), the general pattern of
lower NDVI being associated with higher risk was similar within
each degree of urbanization. Adjusting for urbanization and par-
ents’ socioeconomic status only slightly lowered estimates.
We found no consistent sign of green space presence being

associated with any particularly sensitive age across all disorders
(SI Appendix, Fig. S2). Alcohol abuse, specific personality dis-
orders, and borderline type diverged from the general pattern,
with a tendency toward stronger protective associations
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Fig. 1. The association between childhood green space presence and the
relative risk of developing a psychiatric disorder later in life. Green space
presence was measured as the mean NDVI within a 210 × 210 m square
around place of residence (n = 943,027). Low values of NDVI indicate sparse
vegetation, and high values indicate dense vegetation. Relative risk esti-
mates are relative to the reference level (set to the highest decile) for NDVI
fitted as numeric deciles in classes of 10. Estimates above the dashed line
indicate higher risk of developing a given psychiatric disorder for children
living at the lowest compared with the highest values of NDVI. Three ad-
ditional models were fitted to adjust for the effect of urbanization, parental
socioeconomic status (SES), and the combined effect of urbanization, pa-
rental and municipal socioeconomic factors, parental history of mental ill-
ness, and parental age at birth on risk estimates. All estimates were adjusted
for age, year of birth, and gender and plotted with 95% CIs.
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factor. Green space can promote mental health by supporting
psychological restoration, encouraging exercise, improving social
coherence, decreasing noise and air pollution affecting cognition
and brain development, and improving immune functioning (19–
22). Given that green space can promote mental health and
quality of life in urban populations, urban planning and policy
will benefit from more information on the likely generality of
effects on psychiatric disorders and how those effects are re-
alized over the life course. Here, we investigate whether green
space presence during childhood is associated with the risk of
developing any of a broad range of psychiatric disorders later in
life, by combining nationwide population data with individual-
level green space presence data. We determine the strength and
shape of the association between green space and a spectrum of
mental health outcomes to clarify whether dose–response rela-
tionships exist and, if this is the case, whether the associations
are linear or asymptotic. We also examine whether risk of psy-
chiatric disorders is more strongly associated with green space
presence at a specific age during childhood.
We use data extracted from multiple Danish population-based

registers together with high-resolution satellite images. Unlike most
previous studies on green space, the current study includes all
members of the national population who met our criteria for in-
clusion. Our study population thus includes all persons born in
Denmark from 1985 to 2003 and living in Denmark on their 10th
birthday for whom we have longitudinal data on mental health
outcomes, socioeconomic status, and place of residence (n =
943,027). We constructed a dataset of yearly individual-level green
space presence within 210 × 210 m, 330 × 330 m, 570 × 570 m, and
930 × 930 m squares around each person’s residence based on the
normalized difference vegetation index (NDVI). NDVI was cal-
culated from remotely sensed 30-m-resolution Landsat satellite
images covering the entire country for the years 1985–2013. We
combined these two datasets for two purposes: (i) to examine the
specific contribution of green space presence during childhood to
the risk of diverse, adolescent into adult psychiatric disorders, over
and above the contributions of correlated risk factors including
urbanization, socioeconomic factors, parental history of mental
illness, and parental age; and (ii) to explore how green space is
affecting mental health by estimating these associations at different
ages and by determining the shape of the relationship green space
has with each of the psychiatric disorders.

Results
Relative risk, estimated as incidence rate ratios (IRR), was
higher for persons living at the lowest NDVI compared with
those living at the highest levels of NDVI for all psychiatric
disorders, except intellectual disability (IRR: 1.04; 95% CI: 0.95
to 1.14) and schizoaffective disorder (IRR: 1.33; 95% CI: 0.98 to
1.82) (Fig. 1). Adjusting for urbanization, parents’ socioeco-
nomic status, family history, parental age, municipal socio-
economic factors, and a combination of all five potential
confounding factors only changed the risk estimates slightly, with
no change to the overall association with NDVI, except for
borderline type, anorexia, and bipolar disorder for which
adjusting for all five factors made green space presence in-
significant (Fig. 1 and SI Appendix, Fig. S1). Population attrib-
utable risk estimates showed that the association between NDVI
and psychiatric disorder risk was, in general, comparable in
magnitude to that of family history and parental age, higher than
urbanization, and slightly lower than parents’ socioeconomic
status (SI Appendix, Table S1). Substance abuse disorders, spe-
cific personality disorder, borderline type, and intellectual dis-
ability risk were mostly associated with parents’ socioeconomic
status, while mood disorder, single and recurrent depressive
disorder, and neurotic, stress-related, and somatic disorder risk
were mostly associated with NDVI, although the last has an as-
sociation of similar strength as parents’ socioeconomic status.

The relative risk of developing any psychiatric disorder was re-
lated to NDVI in a dose–response relationship across urbanization
levels, with risk declining incrementally with higher doses of green
space, although nonmonotonically for the capital center region
(Fig. 2). Mean NDVI was lowest for the capital center area, but the
range of NDVI values was represented across each urbanization
category (SI Appendix, Table S2). The strongest association be-
tween relative risk and the lowest decile of green space presence
was for the capital center region (NDVI decile 1; IRR1: 1.60; 95%
CI1: 1.42 to 1.80) and the weakest association was for rural areas
(IRR1: 1.27; 95% CI1: 1.22 to 1.33). Although a Cox regression
model with an interaction term showed that the association with
NDVI varied significantly across the different degrees of urbani-
zation (P = 0.001, chisq = 97.8, df = 36), the general pattern of
lower NDVI being associated with higher risk was similar within
each degree of urbanization. Adjusting for urbanization and par-
ents’ socioeconomic status only slightly lowered estimates.
We found no consistent sign of green space presence being

associated with any particularly sensitive age across all disorders
(SI Appendix, Fig. S2). Alcohol abuse, specific personality dis-
orders, and borderline type diverged from the general pattern,
with a tendency toward stronger protective associations
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Fig. 1. The association between childhood green space presence and the
relative risk of developing a psychiatric disorder later in life. Green space
presence was measured as the mean NDVI within a 210 × 210 m square
around place of residence (n = 943,027). Low values of NDVI indicate sparse
vegetation, and high values indicate dense vegetation. Relative risk esti-
mates are relative to the reference level (set to the highest decile) for NDVI
fitted as numeric deciles in classes of 10. Estimates above the dashed line
indicate higher risk of developing a given psychiatric disorder for children
living at the lowest compared with the highest values of NDVI. Three ad-
ditional models were fitted to adjust for the effect of urbanization, parental
socioeconomic status (SES), and the combined effect of urbanization, pa-
rental and municipal socioeconomic factors, parental history of mental ill-
ness, and parental age at birth on risk estimates. All estimates were adjusted
for age, year of birth, and gender and plotted with 95% CIs.
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factor. Green space can promote mental health by supporting
psychological restoration, encouraging exercise, improving social
coherence, decreasing noise and air pollution affecting cognition
and brain development, and improving immune functioning (19–
22). Given that green space can promote mental health and
quality of life in urban populations, urban planning and policy
will benefit from more information on the likely generality of
effects on psychiatric disorders and how those effects are re-
alized over the life course. Here, we investigate whether green
space presence during childhood is associated with the risk of
developing any of a broad range of psychiatric disorders later in
life, by combining nationwide population data with individual-
level green space presence data. We determine the strength and
shape of the association between green space and a spectrum of
mental health outcomes to clarify whether dose–response rela-
tionships exist and, if this is the case, whether the associations
are linear or asymptotic. We also examine whether risk of psy-
chiatric disorders is more strongly associated with green space
presence at a specific age during childhood.
We use data extracted from multiple Danish population-based

registers together with high-resolution satellite images. Unlike most
previous studies on green space, the current study includes all
members of the national population who met our criteria for in-
clusion. Our study population thus includes all persons born in
Denmark from 1985 to 2003 and living in Denmark on their 10th
birthday for whom we have longitudinal data on mental health
outcomes, socioeconomic status, and place of residence (n =
943,027). We constructed a dataset of yearly individual-level green
space presence within 210 × 210 m, 330 × 330 m, 570 × 570 m, and
930 × 930 m squares around each person’s residence based on the
normalized difference vegetation index (NDVI). NDVI was cal-
culated from remotely sensed 30-m-resolution Landsat satellite
images covering the entire country for the years 1985–2013. We
combined these two datasets for two purposes: (i) to examine the
specific contribution of green space presence during childhood to
the risk of diverse, adolescent into adult psychiatric disorders, over
and above the contributions of correlated risk factors including
urbanization, socioeconomic factors, parental history of mental
illness, and parental age; and (ii) to explore how green space is
affecting mental health by estimating these associations at different
ages and by determining the shape of the relationship green space
has with each of the psychiatric disorders.

Results
Relative risk, estimated as incidence rate ratios (IRR), was
higher for persons living at the lowest NDVI compared with
those living at the highest levels of NDVI for all psychiatric
disorders, except intellectual disability (IRR: 1.04; 95% CI: 0.95
to 1.14) and schizoaffective disorder (IRR: 1.33; 95% CI: 0.98 to
1.82) (Fig. 1). Adjusting for urbanization, parents’ socioeco-
nomic status, family history, parental age, municipal socio-
economic factors, and a combination of all five potential
confounding factors only changed the risk estimates slightly, with
no change to the overall association with NDVI, except for
borderline type, anorexia, and bipolar disorder for which
adjusting for all five factors made green space presence in-
significant (Fig. 1 and SI Appendix, Fig. S1). Population attrib-
utable risk estimates showed that the association between NDVI
and psychiatric disorder risk was, in general, comparable in
magnitude to that of family history and parental age, higher than
urbanization, and slightly lower than parents’ socioeconomic
status (SI Appendix, Table S1). Substance abuse disorders, spe-
cific personality disorder, borderline type, and intellectual dis-
ability risk were mostly associated with parents’ socioeconomic
status, while mood disorder, single and recurrent depressive
disorder, and neurotic, stress-related, and somatic disorder risk
were mostly associated with NDVI, although the last has an as-
sociation of similar strength as parents’ socioeconomic status.

The relative risk of developing any psychiatric disorder was re-
lated to NDVI in a dose–response relationship across urbanization
levels, with risk declining incrementally with higher doses of green
space, although nonmonotonically for the capital center region
(Fig. 2). Mean NDVI was lowest for the capital center area, but the
range of NDVI values was represented across each urbanization
category (SI Appendix, Table S2). The strongest association be-
tween relative risk and the lowest decile of green space presence
was for the capital center region (NDVI decile 1; IRR1: 1.60; 95%
CI1: 1.42 to 1.80) and the weakest association was for rural areas
(IRR1: 1.27; 95% CI1: 1.22 to 1.33). Although a Cox regression
model with an interaction term showed that the association with
NDVI varied significantly across the different degrees of urbani-
zation (P = 0.001, chisq = 97.8, df = 36), the general pattern of
lower NDVI being associated with higher risk was similar within
each degree of urbanization. Adjusting for urbanization and par-
ents’ socioeconomic status only slightly lowered estimates.
We found no consistent sign of green space presence being

associated with any particularly sensitive age across all disorders
(SI Appendix, Fig. S2). Alcohol abuse, specific personality dis-
orders, and borderline type diverged from the general pattern,
with a tendency toward stronger protective associations
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Fig. 1. The association between childhood green space presence and the
relative risk of developing a psychiatric disorder later in life. Green space
presence was measured as the mean NDVI within a 210 × 210 m square
around place of residence (n = 943,027). Low values of NDVI indicate sparse
vegetation, and high values indicate dense vegetation. Relative risk esti-
mates are relative to the reference level (set to the highest decile) for NDVI
fitted as numeric deciles in classes of 10. Estimates above the dashed line
indicate higher risk of developing a given psychiatric disorder for children
living at the lowest compared with the highest values of NDVI. Three ad-
ditional models were fitted to adjust for the effect of urbanization, parental
socioeconomic status (SES), and the combined effect of urbanization, pa-
rental and municipal socioeconomic factors, parental history of mental ill-
ness, and parental age at birth on risk estimates. All estimates were adjusted
for age, year of birth, and gender and plotted with 95% CIs.
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factor. Green space can promote mental health by supporting
psychological restoration, encouraging exercise, improving social
coherence, decreasing noise and air pollution affecting cognition
and brain development, and improving immune functioning (19–
22). Given that green space can promote mental health and
quality of life in urban populations, urban planning and policy
will benefit from more information on the likely generality of
effects on psychiatric disorders and how those effects are re-
alized over the life course. Here, we investigate whether green
space presence during childhood is associated with the risk of
developing any of a broad range of psychiatric disorders later in
life, by combining nationwide population data with individual-
level green space presence data. We determine the strength and
shape of the association between green space and a spectrum of
mental health outcomes to clarify whether dose–response rela-
tionships exist and, if this is the case, whether the associations
are linear or asymptotic. We also examine whether risk of psy-
chiatric disorders is more strongly associated with green space
presence at a specific age during childhood.
We use data extracted from multiple Danish population-based

registers together with high-resolution satellite images. Unlike most
previous studies on green space, the current study includes all
members of the national population who met our criteria for in-
clusion. Our study population thus includes all persons born in
Denmark from 1985 to 2003 and living in Denmark on their 10th
birthday for whom we have longitudinal data on mental health
outcomes, socioeconomic status, and place of residence (n =
943,027). We constructed a dataset of yearly individual-level green
space presence within 210 × 210 m, 330 × 330 m, 570 × 570 m, and
930 × 930 m squares around each person’s residence based on the
normalized difference vegetation index (NDVI). NDVI was cal-
culated from remotely sensed 30-m-resolution Landsat satellite
images covering the entire country for the years 1985–2013. We
combined these two datasets for two purposes: (i) to examine the
specific contribution of green space presence during childhood to
the risk of diverse, adolescent into adult psychiatric disorders, over
and above the contributions of correlated risk factors including
urbanization, socioeconomic factors, parental history of mental
illness, and parental age; and (ii) to explore how green space is
affecting mental health by estimating these associations at different
ages and by determining the shape of the relationship green space
has with each of the psychiatric disorders.

Results
Relative risk, estimated as incidence rate ratios (IRR), was
higher for persons living at the lowest NDVI compared with
those living at the highest levels of NDVI for all psychiatric
disorders, except intellectual disability (IRR: 1.04; 95% CI: 0.95
to 1.14) and schizoaffective disorder (IRR: 1.33; 95% CI: 0.98 to
1.82) (Fig. 1). Adjusting for urbanization, parents’ socioeco-
nomic status, family history, parental age, municipal socio-
economic factors, and a combination of all five potential
confounding factors only changed the risk estimates slightly, with
no change to the overall association with NDVI, except for
borderline type, anorexia, and bipolar disorder for which
adjusting for all five factors made green space presence in-
significant (Fig. 1 and SI Appendix, Fig. S1). Population attrib-
utable risk estimates showed that the association between NDVI
and psychiatric disorder risk was, in general, comparable in
magnitude to that of family history and parental age, higher than
urbanization, and slightly lower than parents’ socioeconomic
status (SI Appendix, Table S1). Substance abuse disorders, spe-
cific personality disorder, borderline type, and intellectual dis-
ability risk were mostly associated with parents’ socioeconomic
status, while mood disorder, single and recurrent depressive
disorder, and neurotic, stress-related, and somatic disorder risk
were mostly associated with NDVI, although the last has an as-
sociation of similar strength as parents’ socioeconomic status.

The relative risk of developing any psychiatric disorder was re-
lated to NDVI in a dose–response relationship across urbanization
levels, with risk declining incrementally with higher doses of green
space, although nonmonotonically for the capital center region
(Fig. 2). Mean NDVI was lowest for the capital center area, but the
range of NDVI values was represented across each urbanization
category (SI Appendix, Table S2). The strongest association be-
tween relative risk and the lowest decile of green space presence
was for the capital center region (NDVI decile 1; IRR1: 1.60; 95%
CI1: 1.42 to 1.80) and the weakest association was for rural areas
(IRR1: 1.27; 95% CI1: 1.22 to 1.33). Although a Cox regression
model with an interaction term showed that the association with
NDVI varied significantly across the different degrees of urbani-
zation (P = 0.001, chisq = 97.8, df = 36), the general pattern of
lower NDVI being associated with higher risk was similar within
each degree of urbanization. Adjusting for urbanization and par-
ents’ socioeconomic status only slightly lowered estimates.
We found no consistent sign of green space presence being

associated with any particularly sensitive age across all disorders
(SI Appendix, Fig. S2). Alcohol abuse, specific personality dis-
orders, and borderline type diverged from the general pattern,
with a tendency toward stronger protective associations
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Fig. 1. The association between childhood green space presence and the
relative risk of developing a psychiatric disorder later in life. Green space
presence was measured as the mean NDVI within a 210 × 210 m square
around place of residence (n = 943,027). Low values of NDVI indicate sparse
vegetation, and high values indicate dense vegetation. Relative risk esti-
mates are relative to the reference level (set to the highest decile) for NDVI
fitted as numeric deciles in classes of 10. Estimates above the dashed line
indicate higher risk of developing a given psychiatric disorder for children
living at the lowest compared with the highest values of NDVI. Three ad-
ditional models were fitted to adjust for the effect of urbanization, parental
socioeconomic status (SES), and the combined effect of urbanization, pa-
rental and municipal socioeconomic factors, parental history of mental ill-
ness, and parental age at birth on risk estimates. All estimates were adjusted
for age, year of birth, and gender and plotted with 95% CIs.
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equates to a substantial weight diff erence of 5 kg. Female 
cyclists had a BMI on average 1·65 kg/m² lower than car 
commuters after full adjustment, which translates to a 
weight diff erence of 4·4 kg for the average woman in the 
sample (age 52 years, height 163·6 cm, weight 70·6 kg). 
Previous studies with smaller sample sizes typically 
included cycling and walking in one active-commuting 
category.13 Our results suggest that this approach might 
mask larger associations between cycling and reduced 
obesity. The second largest associations for both sexes were 
seen for walking. For both active categories, travelling 
greater distances was independently associated with lower 
BMI and percentage body fat. However, even individuals 
who reported a mix of public and active methods were also 
found to have signifi cantly lower percentage body fat and 
BMI than those who exclusively commuted by car, with a 
similar size of association seen for the walking only and the 
mixed public and active transport categories. This fi nding 
substantiates and adds detail to previous studies reporting 
similar sizes of association between active and public 
transport, and reduced obesity.13 No interactions by income 
were identifi ed, suggesting that associations between 
method of commute and obesity are equally distributed 
across socioeconomic groups. However, socioeconomic 
status is a predictor of method of commute, generating 
inequalities in access to and use of active methods of 
transport.12 Across most method categories, the size of 
associations with BMI and percentage body fat were larger 
for men than for women. This diff erence was especially 
apparent for public transport users, possibly because bus 
travel might be more prevalent among women, whereas 
men might be more likely to use rail transit and hence walk 
or cycle further to reach stations, which are typically more 
spatially dispersed. The only instance in which greater 
coeffi  cients were seen for women than men was for the 
association between cycling and percentage body fat, 
suggesting that the 1643 (2%) middle-aged women in this 
sample who cycled to work were substantially fi tter than 
the norm, perhaps refl ecting residual confounding by 
unobserved domains of physical activity or health. 
Adjustment for energy intake in sensitivity analyses 
showed that lower energy intake predicted signifi cantly 
lower BMI (for women only) and percentage body fat 
(for men only), but the point estimates were negligible and 
did not attenuate the central relationship.

The strengths of this study lie in the quality of the data. 
UK Biobank is a large study with good geographical 
coverage. The age range is particularly useful to study 
determinants of obesity, because mid-life is a key period 
for risk development and as such a crucial juncture for 
interventions to promote positive behaviour change. Our 
data capture multi-method commutes, allowing 
diff erentiation between mixed methods and a more 
nuanced quantifi cation of exposure than has been 
possible in previous work.12,13,17 The use of two objectively 
measured obesity outcomes removes the possibility of 
misreporting of height and weight and addresses 

concerns about the use of BMI as an appropriate measure 
of adiposity in particularly lean people. The wide range of 
socioeconomic, demographic, health, behavioural, and 
occupational data also allows comprehensive adjustment 
for confounding. To our knowledge, our sensitivity 
analysis in which we used dietary data from UK Biobank 
represents the fi rst attempt to adjust for energy intake in 
this research area. However, the risk of residual 
confounding cannot be entirely eliminated in an 
observational, cross-sectional study design. For example, 
menopausal status is a key determinant of body 
composition among women in mid-life.

This study has several additional limitations. First and 
foremost is the risk of reverse causality, because direction 
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Figure 1: Association between method of commuting and BMI
Data are adjusted for age, days per week of moderate leisure physical activity, urban or rural area of residence, 
ethnic origin, household income quintiles, Townsend area deprivation quintiles, highest educational qualifi cation, 
alcohol intake, smoking status, non-work active travel, walking for pleasure, job involving standing or walking, 
manual work, shift work, self-rated health, and limiting long-standing illness or disability. 
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Active commuting and obesity in mid-life: cross-sectional, 
observational evidence from UK Biobank
Ellen Flint, Steven Cummins

Summary
Background Physical inactivity is a leading cause of obesity and premature mortality. We aimed to examine the relation 
between active commuting and obesity in mid-life using objectively measured anthropometric data from UK Biobank.

Methods Cross-sectional, observational data from UK Biobank were used. These were collected from individuals 
aged 40-69 years who visited 22 assessment centres across the UK between 2006 and 2010. Self-reported commuting 
method was operationalised into seven categories, ordered to refl ect typical levels of physical exertion. The outcomes 
assessed were BMI (based on objectively measured weight and height) and percentage body fat. Hypothesised 
confounders were income, area deprivation, urban or rural residence, education, alcohol intake, smoking, leisure 
physical activity, recreational walking, occupational physical activity, general health, and limiting illness or disability. 
We used sex-stratifi ed multivariate linear-regression models.

Findings Final complete case sample sizes were 72 999 men and 83 667 women for the BMI outcome and 
72 139 men and 82 788 women for the percentage body fat outcome. Active commuting was signifi cantly and 
independently associated with reduced BMI and percentage body fat for both sexes, with a graded pattern apparent 
across the seven commuting categories. In fully adjusted models, compared with their car-only counterparts, 
mixed public and active transport commuters had signifi cantly lower BMI (men: β coeffi  cient –1·00 kg/m² [95% CI 
–1·14 to –0·87], p<0·0001; women: –0·67 kg/m² [–0·86 to –0·47], p<0·0001), as did cycling or cycling and walking 
commuters (men: –1·71 kg/m² [95% CI –1·86 to –1·56], p<0·0001; women: –1·65 kg/m² [–1·92 to –1·38], 
p<0·0001). Similarly, compared with car-only commuters, mixed public transport and active commuters had 
signifi cantly lower percentage body fat (men: –1·32% [95% CI –1·53 to –1·12], p<0·0001; women: –1·10% 
[–1·40 to –0·81], p<0·0001), as did cycling or cycling and walking commuters (men: –2·75% [95% CI 
–3·03 to –2·48], p<0·0001; women: –3·26% [–3·80 to –2·71], p<0·0001).

Interpretation This study is the fi rst to use UK Biobank data to address the topic of active commuting and obesity and 
shows robust, independent associations between active commuting and healthier bodyweight and composition. 
These fi ndings support the case for interventions to promote active travel as a population-level policy response for 
prevention of obesity in mid-life.

Funding UK Medical Research Council. 

Introduction
Physical inactivity is one of the leading causes of 
morbidity and premature mortality.1,2 In England, two-
thirds of adults do not meet recommended levels of 
physical activity.3 The mass adoption of private motorised 
transport has contributed to declines in active travel 
worldwide. In England and Wales, 23·7 million 
individuals regularly commute to a workplace, 67% by 
car.4 Individuals who commute to work actively achieve 
higher levels of total physical activity than do car users, 
independent of leisure physical activity.5–8 Active 
commuting has been identifi ed by the UK National 
Institute for Health and Clinical Excellence (now National 
Institute of Health and Care Excellence) as a feasible way 
to increase population physical activity without requiring 
unacceptable fi nancial or time expenditure.9

Middle age is an important life-stage for the 
development of obesity. In the 2012 Health Survey for 
England, BMI was found to increase steadily into middle 
age, before declining beyond age 75 years.10 In the same 

survey, 44% of adults aged 55–64 years did not meet 
recommended physical activity levels.11 Using survey data 
from the UK Household Longitudinal Study, Laverty and 
colleagues12 reported that after adjustment for 
socioeconomic and demographic factors, compared with 
16–29 year olds, adults aged 50–65 years were 55% less 
likely to commute by public transport, 45% less likely to 
commute on foot, and 30% less likely to commute by 
bicycle.

Previous research has shown that, compared with car 
commuters, walkers and cyclists have lower BMI,12–15 
lower percentage body fat,13 and lower waist circum-
ference.15 Walkers and cyclists are less likely to report 
diagnoses of diabetes and hypertension,13–15 and report 
higher levels of physical wellbeing than do car com-
muters.16 Compared with continued car use, switching 
from sedentary to active commuting w as found to predict 
a decrease in self-reported BMI.17 However, many 
individuals live too far from their workplace for walking 
or cycling to be feasible. Cross-sectional studies have 
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Benefits of active transportation

What you can do
Support staff active transportation to work: 
locked bike cages, showers, lockers, pay incentives 



Accelerate adoption of clean, renewable energy
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New Study Suggests Burning Fossil Fuels 
Contributed to 1 in 5 Deaths in 2018 
The staggering number is more than twice previous estimates 
By TESSA STUART  

An aircraft flies over traffic travelling along a highway near the airport during the 
enforcement of the Odd-Even road space rationing scheme in New Delhi, India, on 
Tuesday, Nov. 5, 2019. Millions of Indians are breathing in the worlds most toxic air. 
Each winter, thick smog envelops the capital of New Delhi and numerous cities 
across the dusty and densely populated North Indian plains. 
Ruhani Kaur/Bloomberg/Getty Images 
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Air pollution is not an equal opportunity killer

PNAS March 26, 2019 116 (13) 6001-6006but cause 31% less exposure than average (3.4 μg·m−3), for a
pollution inequity of 63%. Whites/others are exposed to 7% less
PM2.5 than average (4.6 μg·m−3), but cause 12% more exposure than
average (5.5 μg·m−3), for a pollution inequity of −17%.
Blacks are more exposed than whites/others to pollution from

every emitter group (Fig. 2). The same holds for Hispanics, with the
exceptions of PM2.5 originating from agriculture, from coal electric
utilities, and from residential wood combustion, for which they are
exposed to 11%, 40%, and 14% less, respectively, than whites/
others. Those three types of emissions are concentrated in regions
of the United States with relatively low Hispanic populations (Fig.
1). Whites/others consume more—and cause more exposure—than
do blacks and Hispanics across all seven end-use categories; the
end uses representing the greatest differences in consumption-
caused exposure are food (for which whites/others cause 61%
and 49% more exposure than blacks and Hispanics, respectively),
transportation (74% and 93%), and services (118% and 114%).
Differences in consumption across groups are comparable or

larger contributors to pollution inequity than are differences in
exposure across groups. Consumption differences account for
52%, 73%, and 63% of overall pollution inequity for blacks,
Hispanics, and whites/others, respectively (Fig. 3A). Previous
analyses have found that when considering only differences in
locations of residence, exposure disparities by race are much
larger than disparities by income (9, 10). Our results suggest that
income, to the extent that it correlates with consumption, is an
important factor in determining how much pollution a person
causes, even if it may be statistically less important as a deter-
minant of exposure. We also find that differences in racial–ethnic
groups’ contribution to exposure are driven more by differences
in their overall amount of consumption (magnitude effect) than
by differences in the types of goods and services they consume
(composition effect) (Fig. 4 and SI Appendix, Fig. S3).
Exposure to PM2.5 caused by personal consumption by all

three racial–ethnic groups decreased by an average of 51%
during 2003–2015 (Fig. 3B, SI Appendix, Fig. S4, and Movie S1),
even as personal consumption expenditures increased (SI Ap-
pendix, Fig. S4 and Tables S16–S18). Furthermore, absolute dif-
ferences in exposure caused by overall consumption decreased
among groups, as did absolute differences in overall exposure
caused by each group’s consumption (Fig. 3B). Pollution inequity
has remained high, however, decreasing by 23% for blacks (from
73% in 2003 to 56% in 2015) but increasing by 5% for Hispanics
(from 60% in 2003 to 63% in 2015; Fig. 3C). Increases in

consumption during 2003–2015 were larger for blacks than His-
panics for most sectors of the economy; two notable examples are
spending on shelter (17% and 2% increases, respectively) and
goods (21% and 6%, respectively) (SI Appendix, Tables S16–S18).
Decreases in absolute exposure differences were primarily caused
by decreases in the PM2.5 concentrations where blacks and His-
panics live, rather than by blacks and Hispanics moving to loca-
tions with lower PM2.5 concentrations (SI Appendix, Fig. S2).
Here, we have described linkages between human end-use activi-

ties and air pollution—and the racial–ethnic disparities therein. We
find that, in the United States, PM2.5 air pollution is disproportion-
ately induced by the racial–ethnic majority and disproportionately
inhaled by racial–ethnic minorities. All have benefited from recent
reductions in atmospheric PM2.5 concentrations. Our analysis shows
for the first time how pollution inequity is driven by differences
among racial–ethnic groups in both exposure and the consumption
that leads to emissions. Still, questions remain about the spatial
context of pollution inequity, its underlying causes, how best to ad-
dress it, and its generalizability. For example, little is known about the
“spatial scale” of inequity, such as whether consumers tend to live
near to or far from the people exposed to the pollution resulting from
their consumption. Further information on this issue would clarify
whether this inequity could best be investigated and addressed at the
city, state, or national level. Another open question is whether the
patterns of pollution inequity described here are observed for other
pollutants, times, or locations (e.g., in other countries). The pollution
inequity metric defined here could be used to explore such questions
and to inform discussion of inequity in other environmental burdens,
including climate change, for which inequities can occur across
continents and generations, in addition to across race–ethnicities.

Materials and Methods
Environmentally extended economic input–output analysis has been used to
track air pollutant and greenhouse gas emissions induced by economic de-
mand within and among national economies (11–16). Fewer studies have
reported air quality-related health impacts induced by domestic (17, 18) and
international trade (19–21). Here, we explore relationships among human
end-use activities in the United States, PM2.5-related health impacts caused
by those activities, the corresponding consumption–exposure inequity
among race–ethnicity groups, and related temporal trends.

Unlike analyses of greenhouse gas emissions for use in climate-change
impact assessment, analyses of health impacts from non-greenhouse gas air
pollution strongly benefit from spatial differentiation. For example, within the
United States, health impacts per unit of emissions of PM2.5 and its precursors
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Fig. 2. Average PM2.5 exposure experienced and
caused by racial–ethnic groups. Total exposure to PM2.5

caused by population-adjusted group consumption
(“caused,” or Cg) and group exposure to PM2.5 caused
by total personal consumption (“exposed,” or Eg),
stratified by racial–ethnic group. Pollution inequity is
the percent difference between a group’s “exposed”
and “caused” bars. Each group of bars shows the (A)
emitters and (B) end uses responsible for the exposure,
with gray connecting lines showing relationships
among emitters and end uses. Connecting lines rep-
resenting <0.04 μg·m−3 are not shown.
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Fig. 3. Pollution inequity contributions and trends.
(A) Contributions of differences in consumption
(caused, or Cg) and location of residence (exposed, or
Eg) to pollution inequity. (B) Exposure of each racial–
ethnic group to PM2.5 caused by the total combined
personal consumption of all groups (exposed or Eg;
solid lines) and total-population exposure to PM2.5

caused by each group’s population-adjusted con-
sumption (caused, or Cg; dashed lines), 2003–2015.
(C) Pollution inequity levels, 2003–2015.
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