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Dear Sir: 

Stroke is the fifth leading cause of death in the United States 
and the second leading cause of death globally, which signifi-
cantly impacts on quality of life and the ability to live indepen-
dently.1 There are well-established guidelines for preventing car-
diovascular disease and stroke—based on behavioral factors of 
physical activity, diet, non-smoking, and maintaining a healthy 
weight; and biomedical parameters of blood pressure, blood glu-
cose, and cholesterol. However, there is an increasing awareness 
that environmental factors may also be important contextual 
factors for preventing stroke and its sequelae.

An emerging protective factor for chronic disease is neighbor-
hood greenness or vegetative presence, which has been linked 
to multiple health outcomes including cardiovascular disease2 
and stroke.3 Greenness, including tree canopy and green spaces, 
may benefit cardiovascular health through multiple mechanisms, 
including physical activity, social interaction, improved air qual-
ity, heat regulation, and restoration from mental fatigue or stress.4 
The current study examines whether precision greenness at the 
micro-environmental level, defined as greenness measured at 
the census block by the Normalized Difference Vegetation In-
dex (NDVI) from satellite imagery,5,6 is related to stroke and tran-
sient ischemic attack (stroke/TIA).7 We use the term “precision 
greenness” to denote that greenness is measured at the micro-
environmental level, the census block. This is a much smaller 
geographic unit than has been used in prior research.8 Using a 

relatively small geographic area as a unit of analysis for green-
ness is novel and has advantages over larger geographic areas. 
Important among these is that a unit of analysis as small as a 
census block informs possible mediators of the relationship be-
tween greenness and stroke. Another important reason is that 
it is more cost-effective for governments to target smaller geo-
graphic areas when planting because at-risk blocks can be tar-
geted for tree planting. 

A cross-sectional study in Miami-Dade County, FL, USA, was 
conducted to examine the relationship of greenness (mean NDVI) 
at the level of the census block (hereafter, the block) to odds of 
stroke/TIA among US Medicare beneficiaries aged ≥65 years 
whose location was unchanged from 2010 to 2011.9 The meth-
ods of the study are described elsewhere.2 Data for this retro-
spective cohort study were obtained from the US Centers for 
Medicare and Medicaid Services (CMS)’ Master Beneficiary Sum-
mary File, which provided annual data for each beneficiary on 
stroke/TIA, age, sex, race/ethnicity, and location for calendar years 
2010 and 2011 (Supplementary Figure 1).7 This study was approved 
by the University of Miami’s Human Subjects Research Office 
(FWA00002247, ePROST Protocol #20110948) and the US Cen-
ters for Medicare and Medicaid Services’ (CMS’) Data Privacy 
Board (CMS DUA# RSCH-2013-24971). Stroke/TIA was defined 
using CMS’ Chronic Conditions Warehouse algorithm for stroke/
TIA, which assesses the presence/absence of stroke/TIA using the 
International Classification of Diseases, Ninth Revision (ICD-9) 
codes for that beneficiary within the previous year (for specific 
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codes) (Supplementary Table 1).7 US National Aeronautics and 
Space Administration (NASA) Advanced Spaceborne Thermal 
Emission and Reflection Radiometer (ASTER) satellite imagery at 
15 m×15 m spatial resolution was employed to assess greenness 
or vegetative presence by NDVI, a well-established measure of 
greenness.10 Mean NDVI was computed at the block level for 
2011, with higher values indicating more greenness, over a range 
from -1 to +1.9,10 For analytic purposes, NDVI was categorized 
into tertiles.9 

Descriptive (Table 1) and multilevel analyses (Table 2) were 
conducted using SAS, version 9.3 (SAS Institute, Cary, NC, USA). 
Multilevel logistics regression analyses were conducted with ter-
tile of greenness as predictor (with the lowest greenness tertile 
as reference), and dichotomous variable presence/absence of 
stroke/TIA in 2011 as the outcome. Generalized estimating equa-
tion models with the assumption of compound symmetric work-
ing correlation structure were employed to specify the hierar-

chical models. Neighborhood median household income was 
included in the model at the block-group level (the smallest geo-
graphic scale for which this information is available); mean NDVI 
tertile was included at the block level (i.e., for a single block, 
nested within the block-group level); and age, sex, race, and eth-
nicity at the individual level (i.e., nested within block). To investi-
gate whether block-level greenness is related to stroke/TIA, two 
multilevel logistics regression analyses/models were conducted, 
adjusting for potential explanatory factors. Model 1, the main 
model, adjusted for individual-level sociodemographics (age, sex, 
and race/ethnicity) and neighborhood median household in-
come at the block-group level. Post-hoc Model 2 additionally 
adjusted for cardiometabolic risk factors (diabetes, hyperten-
sion, and hyperlipidemia) at the individual level.

In the main model (Model 1) when compared to the lowest 
tertile of greenness, the middle (odds ratio [OR]=0.80; 95% con-
fidence interval [CI]: 0.74, 0.86, P<0.001) and highest (OR=0.80; 

Table 1. Descriptive statistics for the overall sample, and by neighborhood greenness level (i.e., lowest, middle, and highest tertiles on block-level NDVI)

Variable
Overall sample 

(n=249,405, 100%)
Low-NDVI 

(n=82,790, 33.2%)
Medium-NDVI 

(n=83,314, 33.4%)
High-NDVI 

(n=83,301, 33.4%)
F (X2) test P 

NDVI tertile, range -0.40—0.06 -0.40—0.06 -0.06—0.006 0.006—0.429

Main predictor: NDVI* -0.02 (0.09) -0.11 (0.04) -0.03 (0.02) 0.07 (0.06) 376,387.0¶ <0.001

Neighborhood median household income† 51.4 (30.7) 40.1 (21.9) 48.4 (23.8) 65.8 (37.9) 17,167.3¶ <0.001

Individual sociodemographics

Age 76.33 (7.50) 76.71 (7.55) 76.30 (7.43) 75.98 (7.51) 196.4¶ <0.001

Female sex (%) 58.33 58.79 58.66 57.53 32.9¶ <0.001

Race/Ethnicity‡ 21,963.2¶ <0.001

Hispanic (%) 65.56 80.29 68.77 47.71

Non-Hispanic White (%) 23.29 16.25 18.21 35.35

Black (%) 11.15 3.45 13.02 16.94

Cardiometabolic risk factors§

Diabetes Dx (%) 15.55 18.12 14.42 14.14 623.3¶ <0.001

Hypertension Dx (%) 27.88 31.21 25.72 26.74 703.1¶ <0.001

Hyperlipidemia Dx (%) 22.72 25.23 20.51 22.43 533.2¶ <0.001

Outcome variables||

Stroke/TIA (%) 2.07 2.37 1.89 1.96 55.0¶ <0.001

Ischemic stroke (%) 0.89 0.95 0.82 0.89 7.9¶ 0.020

Hemorrhagic stroke (%) 0.11 0.11 0.10 0.11 1.3 0.510

TIA (%) 0.90 1.10 0.79 0.82 55.2¶ <0.001

Unknown (%) 0.77 0.82 0.74 0.75 4.6 0.100

Adapted from Brown et al. Am J Prev Med 2016;51:78-89, with permission of Elsevier.9 Data are presented as mean (SD) or percentage (%) only, unless other-
wise noticed. 
NDVI, Normalized Difference Vegetation Index; Dx, diagnosis; stroke/TIA, stroke/transient ischemic attack; CMS, US Centers for Medicare and Medicaid Services.
*Mean NDVI: assessed greenness/vegetative presence at the census block level (possible theoretical range of -1 to +1); †Median household income: assessed 
at the census-block group level in thousands of U.S. dollars from US Census data; ‡Race and ethnicity: measured by CMS for each beneficiary using race/eth-
nicity designation for Medicare enhanced by using first/last name algorithms from Research Triangle Institute’s race code (https://resdac.org/cms-data/vari-
ables/research-triangle-institute-rti-race-code); §Assessed using CMS Master Beneficiary Summary File, Chronic Conditions segment; ||Stroke/TIA: assessed 
using CMS Master Beneficiary Summary File, Chronic Conditions segment; Ischemic stroke including ICD-9 Codes: 433.01, 433.11, 433.21, 433.31, 433.81, 
433.91, 434.00, 434.01, 434.10, 434.11, 434.90, 434.91; Hemorrhagic stroke including ICD-9 Codes: 430, 431; TIA including ICD-9 codes: 435.0, 435.1, 435.3, 
435.8, 435.9;- Unknown stroke including ICD-9 Codes: 436, 997.02; ¶F (X2) test, P<0.05.

https://resdac.org/cms-data/variables/research-triangle-institute-rti-race-code
https://resdac.org/cms-data/variables/research-triangle-institute-rti-race-code
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95% CI: 0.73, 0.87, P<0.001) greenness tertiles were each as-
sociated with a 20% lower odds of stroke/TIA. In Model 2, which 
tested for the potential attenuation of greenness’ impact on 
stroke/TIA by additionally adjusting for cardiometabolic risk fac-
tors, the middle (OR=0.93, 95% CI: 0.86, 1.00; P=0.045) and the 
highest (OR=0.90, 95% CI: 0.82, 0.97, P=0.010) greenness ter-
tiles were associated with reduced odds of stroke/TIA. However, 
in Model 2, the magnitude of this association was attenuated 
when compared to the main model (Model 1). For more granu-
lar analysis of specific stroke types, please see Supplementary 
Table 2.

The current study adds to the greenness and health literature 
by suggesting that greenness or vegetative presence measured 
at the block level may be associated with reduced population-
level risk for stroke/TIA, adding precision to our understanding of 
this relationship and the potential mechanisms (e.g., social in-
teraction, physical activity within the block, pollution, and stress 
mitigation) by which greenness may have its impact on stroke/
TIA. In post-hoc analyses adjusting for three common cardiomet-
abolic conditions—diabetes, hypertension, and hyperlipidemia—
the associations of greenness to stroke/TIA were attenuated by 
approximately 50%. Major limitations of this study include the 
cross-sectional nature which does not allow for causal conclu-
sions, and not having physical activity information. That said, 
higher levels of precision greenness (NDVI at a rather precise geo-
graphic area, the elder’s block) were associated with reduced 
overall odds of stroke/TIA. These relationships were obtained in 
a population-based sample of 249,405 Medicare beneficiaries 
ages ≥65. Future research should determine whether environ-
mental interventions such as increasing greenness at the block 
level can lower risk for stroke/TIA at the population level. 

Supplementary materials

Supplementary materials related to this article can be found 
online at https://doi.org/10.5853/jos.2022.02922.
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Table 2. NDVI relationships to stroke/TIA in models adjusting for individual 
sociodemographics, neighborhood income, and/or cardiometabolic risk factors

Model 1 Model 2

OR (95% CI) P OR  (95% CI) P

Stroke or TIA

Low-NDVI REF REF

Medium-NDVI 0.80 (0.74–0.86) <0.001 0.93 (0.86–1.00) 0.045

High-NDVI 0.80 (0.73–0.87) <0.001 0.90 (0.82–0.97) 0.010

P for trends <0.001 0.008

Model 1, adjusting for individual sociodemographics and neighborhood in-
come; Model 2, adjusting for individual sociodemographics, neighborhood 
income, and cardiometabolic risk factors. Individual sociodemographics are 
age, sex, and race/ethnicity. Neighborhood income is median household in-
come at the census block level. Cardiometabolic risk factors are the pres-
ence/absence of diabetes, hypertension and hyperlipidemia, from US Cen-
ters for Medicare and Medicaid Services data.
NDVI, Normalized Difference Vegetation Index; stroke/TIA, stroke/transient 
ischemic attack; OR, odds ratio; CI, confidence interval.
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Supplementary Table 1. Stroke/transient ischemic attack categorization

Category ICD-9 code Diagnosis

Ischemic stroke 433.01 Occlusion and stenosis of basilar artery with cerebral infarction

433.11 Occlusion and stenosis of carotid artery with cerebral infarction

433.21 Occlusion and stenosis of vertebral artery with cerebral infarction

433.31 Occlusion and stenosis of multiple and bilateral precerebral arteries with cerebral infarction

433.81 Occlusion and stenosis of other specified precerebral artery with cerebral infarction

433.91 Occlusion and stenosis of unspecified precerebral artery with cerebral infarction

434 Cerebral thrombosis without mention of cerebral infarction

434.01 Cerebral thrombosis with cerebral infarction

434.1 Cerebral embolism without mention of cerebral infarction

434.11 Cerebral embolism with cerebral infarction

434.9 Cerebral artery occlusion, unspecified without mention of cerebral infarction

434.91 Cerebral artery occlusion, unspecified with cerebral infarction

Hemorrhagic stroke 430 Subarachnoid hemorrhage

431 Intracerebral hemorrhage

Transient ischemic attack 435 Basilar artery syndrome

435.1 Vertebral artery syndrome

435.3 Vertebrobasilar artery syndrome

435.8 Other specified transient cerebral ischemias

435.9 Unspecified transient cerebral ischemia

Unknown stroke 436 Acute, but ill-defined, cerebrovascular disease

997.02 Iatrogenic cerebrovascular infarction or hemorrhage

Inclusion criteria: CMS CCW algorithm requires at least 1 inpatient or 2 hospital outpatient or carrier claim with diagnosis (Dx) code within previous 1 year. 
Exclusion criteria: If any of the qualifying claims have: 800 ≤ Dx code ≤ 804.9, 850 ≤ Dx code ≤ 854.1 in any Dx position OR Dx V57xx as the principal Dx 
code, then they were excluded.
ICD-9, International Classification of Diseases, Ninth Revision; CMS, US Centers for Medicare and Medicaid Services; CCW, Chronic Condition Warehouse.
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Supplementary Table 2. NDVI Relationships to stroke/TIA, ischemic stroke, hemorrhagic stroke, TIA, and unknown stroke in unadjusted models and in ad-
justed models adjusting for individual sociodemographics, neighborhood income, and/or cardiometabolic risk factors

Model 1 
(no adjustment)

Model 2 
(individual level covariates)

Model 3 
(individual plus neighborhood 

covariates)

Model 4 
(individual, neighborhood, and 
cardiometabolic covariates)

OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

Stroke or TIA

Low-NDVI REF REF REF REF

Medium-NDVI 0.79 (0.73–0.85) <0.001 0.81 (0.75–0.87) <0.001 0.80 (0.74–0.86) <0.001 0.93 (0.86–1.00) 0.045

High-NDVI 0.83 (0.77–0.90) <0.001 0.84 (0.77–0.90) <0.001 0.80 (0.73–0.87) <0.001 0.90 (0.82–0.97) 0.010

P for trends <0.001 <0.001 <0.001 0.008

Ischemic stroke

Low-NDVI REF REF REF REF

Medium-NDVI 0.86 (0.76–0.96) 0.012 0.86 (0.77–0.97) 0.012 0.84 (0.75–0.95) 0.005 0.99 (0.88–1.11) 0.862

High-NDVI 0.95 (0.84–1.06) 0.344 0.90 (0.80–1.02) 0.089 0.85 (0.75–0.97) 0.013 0.97 (0.85–1.09) 0.572

P for trends 0.396 0.101 0.014 0.575

Hemorrhagic stroke

Low-NDVI REF REF REF REF

Medium-NDVI 0.86 (0.62–1.18) 0.352 0.85 (0.62–1.19) 0.357 0.84 (0.61–1.16) 0.299 0.99 (0.72–1.37) 0.959

High-NDVI 1.04 (0.77–1.41) 0.793 0.96 (0.70–1.31) 0.780 0.90 (0.65–1.24) 0.523 1.01 (0.73–1.40) 0.958

P for trends 0.776 0.796 0.530 0.961

TIA

Low-NDVI REF REF REF REF

Medium-NDVI 0.71 (0.63–0.79) <0.001 0.74 (0.70–0.83) <.001 0.74 (0.66–0.82) <0.001 0.85 (0.77–0.94) 0.002

High-NDVI 0.74 (0.67–0.82) <0.001 0.77 (0.69–0.86) <.001 0.74 (0.66–0.84) <0.001 0.84 (0.75–0.94) 0.003

P for trends <0.001 <.001 <0.001 0.002

Unknown stroke

Low-NDVI REF REF REF REF

Medium-NDVI 0.90 (0.78–1.02) 0.103 0.90 (0.80–1.02) 0.113 0.89 (0.78–1.01) 0.079 1.04 (0.92–1.18) 0.534

High-NDVI 0.92 (0.82–1.04) 0.194 0.92 (0.81–1.04) 0.202 0.88 (0.76–1.02) 0.099 1.00 (0.87–1.15) 0.963

P for trends 0.213 0.213 0.100 0.986

Individual sociodemographics are age, sex, and race/ethnicity. Neighborhood income is median household income at the census block level. Cardiometabolic 
risk factors are the presence/absence of diabetes, hypertension and hyperlipidemia, from US Centers for Medicare and Medicaid Services data.
NDVI, Normalized Difference Vegetation Index; stroke/TIA, stroke/transient ischemic attack; OR, odds ratio; CI, confidence interval.
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Supplementary Figure 1. Flow diagram of final cohort. The overall cohort of all Miami-Dade County (MDC) Medicare beneficiaries, over 65 years of age, 
alive and residing on a census block with an MDC 9-digit zip code from 2010–2011, and identifying as an ethnic group >1% of MDC, without end stage renal 
disease, and not a resident of a nursing home. NDVI, Normalized Difference Vegetation Index. Adapted from Brown et al. Am J Prev Med 2016;51:78-89, with 
permission of Elsevier.9
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