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RATIONALE:  The effects of long term green space exposure on cognition are not fully 

understood.  With the aging of the world’s population, increasing prevalence of Alzheimer’s 

Dementia, and continued detachment from nature, we seek to contribute to quality research 

investigating the association of long term green space exposure with cognition. 

 

OBJECTIVES:  To determine if long term exposure to green space is associated with better 

cognition, measured by Normalized Difference Vegetation Index (NDVI) and Cognitive 

Abilities Screening Instrument, Version 2 (CASI), respectively. 

 

METHODS:  We performed analyses of participants enrolled in the MESA (Multi-Ethnic Study 

of Atherosclerosis) Exam 5 administered from April 2010 through February 2012.  This 

population-based cohort was aged 45–84 years during the initial MESA study July 2000-August 

2002.  Time-weighted averages of NDVI in 250m and 500m buffers were calculated at 

individual addresses for the preceding ten years for 4,106 participants.  CASI measures taken 

during Exam 5 were available for 4,278 participants.   Regression models were used to determine 



 4 

whether CASI scores were associated with NDVI.  Models were adjusted for age, race/ethnicity, 

income, education, predicted exposure to particulate matter of 2.5 micron aerodynamic diameter 

or less (PM2.5), apolipoprotein E allele polymorphism status and location (site).  Additionally, 

regression models were used to determine if the presence of certain apolipoprotein E allele 

polymorphisms modify the association. 

 

RESULTS: NDVI score increment of one standard deviation (SD), 33.55 points, was associated 

with 0.47 (95% CI .007, .021, p<0.001) greater CASI score, controlling for potential 

confounders including age, race/ethnicity, education, income, apolipoprotein E allele status, and 

predicted air pollution (PM2.5).  With the addition of site into the model, the association of 

NDVI and CASI became statistically non-significant, with an effect estimate of 0.30 (95% CI -

0.004, 0.022, p=.203).  The apolipoprotein E4 allele modified the association between NDVI and 

CASI, with strongest effects found in those with two copies of the apolipoprotein E4 allele. 

 

CONCLUSIONS:  Increased proximal (250-500m) residential greenspace, as measured by 

NDVI, was positively associated with better performance on cognitive testing validated for 

dementia screening, as measured by CASI, in an elderly population (mean age 69.7 y).  The 

association was strongest among those with two copies of the apolipoprotein E4 allele, a 

polymorphism associated with higher rates of developing Alzheimer’s disease dementia.  

Limiting the NDVI comparisons to within-city contrasts resulted in attenuation of the 

association. 
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Introduction 

The population of Americans over the age of 65 is projected to increase from 40 million in 2010 

to over 88 million by 2050.  This aging phenomenon is global.  In 2015, 8.5% of the world’s 

population was 65 and over, a proportion that is projected to reach 17% by 2050 (He, 2015.)  

Normal aging is associated with decline of certain cognitive abilities, including certain memory, 

language and visuospatial abilities, processing speed, and executive function.  Known etiology 

includes decrease in grey and white matter, reduced neurotransmitters, and accumulation of beta-

amyloid protein which lead to neuronal death.  However, with normal aging these changes are 

small, and should not result in functional impairment (Harada, 2013). 

  

People who cognitively decline more than what is considered normal are diagnosed with 

cognitive impairment (dementia) and account for an increasingly disproportionate amount of 

medical costs.  Alzheimer's disease (AD), the most common form of dementia, ranks sixth in 

cause of U.S. death, and fifth in cause of death amongst persons age 65 and older (Heron, 2009.)  

It is estimated that 5.7 million Americans have Alzheimer’s dementia.  By 2050, the number is 

expected to more than double to 13.8 million (Alzheimer’s Association, 2018).  Risk of 

developing AD disease doubles every five years starting at age 65.  By age 85, 25% to 50% will 

exhibit signs of AD.  In the United States, dementia costs range from $159 billion to $215 billion 

annually, costlier than either heart disease or cancer (Rand, 2013).   Better evidence on what 

might prevent or mitigate the onset or acceleration of dementia or AD is needed.   

 

While the etiology of dementia and AD are not very clear, it is known that the presence of the 

apolipoprotein E4 allele increases the risk of developing AD.  In the general population, the 
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minor allele prevalence is approximately 10-15%.  Having one copy increases risk of AD by 

two- to threefold, while 2 copies can increase risk by ten- to twelve-fold (Liu, 2013; Michaelson, 

2014).  Conversely, apolipoprotein E2 is believed to impart a protective effect, while 

apolipoprotein E3 is thought to be neutral. 

 

Concurrently, there is an accumulation of evidence that contact with nature can promote health 

(Hartig, 2014).  One benefit associated with nature contact in some studies has been cognitive 

function.  A recent study found an association between living further away from nature and 

lower cognitive function scores (Ziljema, 2017.)  Yet, a meta-analysis of the literature (de 

Keijzer, 2016) reviewed over 9,000 articles and found that only 13 were of sufficient quality to 

investigate effects of long term green space exposure on cognition.  Further, only 4 out of the 13 

studies targeted older adults.  It was concluded that the evidence was inadequate, in part due to 

the lack of objective outcome measures, as only two studies used objective tests. 

 

With aging and continued detachment from nature (and nature’s positive health impact), it is 

nevertheless plausible that those with less interaction with nature will have poorer cognitive 

outcomes. We seek to capitalize on high quality exposure and outcome data (Frumkin, 2017) 

from the MESA study.  Previously collected NDVI (Normalized Difference Vegetation Index) 

data, an indicator of green space linked to residential address, objective cognitive performance 

scores (CASI), and individual apolipoprotein E allele status can be used to assess the association 

between cognitive health and exposure to green space, and whether these are modified by 

apolipoprotein E allele status. 
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Specific Aims and Hypothesis 

1. Test for an association between individual-level residential exposure to green space, as 

measured by NDVI, and individual-level global cognitive performance, as objectively measured 

by CASI (Cognitive Abilities Screening Instrument Version 2).  It is hypothesized that greater 

residential exposure to greenspace as a time-weighted average over the preceding 10 years is 

associated with greater cognitive performance in the elderly.  

 

2. Determine if presence of certain apolipoprotein E alleles modify the association between 

individual-level exposure to green space and individual-level global cognitive performance.  It is 

hypothesized that certain apolipoprotein E alleles will modify the association between exposure 

to green space and cognitive function.  

 

Methods 

Study design and participant selection 

The Multi-Ethnic Atherosclerosis Study (MESA), funded by the National Heart Lung and Blood 

Institute to investigate subclinical cardiovascular disease, is a prospective cohort study. The 

MESA air pollution project (MESA Air) is an ancillary study which collected air pollution 

exposure estimates and NDVI based on residential addresses for the MESA cohort.  Briefly, 

MESA enrolled participants who were free of known cardiovascular disease from six centers 

around the United States: Baltimore, MD; Chicago, IL; Los Angeles County, CA; New York 

City, NY; St Paul, MN; and Winston Salem, NC.  6,814 participants, with ages between 45-84, 

were recruited between 2000-2002 and completed questionnaires regarding demographics, 

family history, medical history, lifestyle habits and psychosocial factors (Olson, 206).  
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NDVI 

MESA Air generated data on air pollution exposures, including predicted particulate matter of 

2.5 micron mean aerodynamic diameter size and smaller (PM2.5), NDVI, and geocoded 

individual participant addresses.  NDVI is a technique that quantifies earth surface vegetation, 

utilizing the measured differences between near-infrared, which vegetation reflects, and red light, 

which vegetation absorbs.  Some of earth’s man-made orbiting satellites contain sensors, such as 

those found on LandSat, Sentinel 2, and SPOT, capable of measuring these wavelengths.  MESA 

reported the index on a of scale 0-255, converted from a -1 to 1 scale with higher values 

indicating increased verdancy.  The levels of granularity chosen were 250m and 500m radial 

buffers, as these were the smallest available to us, and were reasonable in terms of presumed 

participant access to greenspace both by physical and visual means, especially for an elderly 

population.  NDVI was obtained as a series of 16-day composite images from 2006, geocoded, 

linked to individual residential addresses, and a summary for 50%ile (median of entire year) was 

calculated from 23 averages for each location (Doop, 2015).  We further extrapolated this 

median, by time weighting the median for each year, by time lived at each address for the ten 

years prior to exam 5.  

 

CASI 

During MESA Exam 5, April 2010 - February 2012, participants were administered the 

Cognitive Abilities Screening Instrument, Version 2, (CASI).  CASI has been validated for 

cross-cultural applicability, screening for dementia, and monitoring for dementia progression.  

While studies have shown age and education to be strong predictor of CASI, this instrument has 

been validated to correspond with severity of dementia (Teng, 1994).  CASI quantitatively 
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assesses attention, concentration, orientation, short-term memory, long-term memory, language 

abilities, visual construction, list-generating fluency, abstraction, and judgment, and scores range 

from 0-100. 

 

Covariates 

Level of education data were obtained from MESA Exam 1; data on individual race/ethnicity, 

gender, income, age, site/location, BMI, and smoking status were obtained from MESA Exam 5.  

All participants were also genotyped for polymorphisms of the apolipoprotein E gene allele.    

Predicted PM2.5 at individual addresses were obtained from MESA Air in which a spatio-

temporal land use regression model in a universal kriging framework was used to estimate 

PM2.5 concentrations (Keller, 2015).  As for NDVI, time-weighted PM2.5 was calculated at 

individual addresses for the preceding ten years. 

 

Statistical Analysis 

All statistical tests were performed in R, version 3.3.1, using R Studio platform, version 

0.99.903.  A two-tailed p-value with α of 0.05 determined statistical significance.  

 

Exposure was defined by NDVI, and CASI scores were the primary outcome.  Subjects with 

CASI scores < 10 were excluded as these outlier CASI scores were determined to be 

unreasonable and likely misclassified.  Despite correcting for outliers, there remained a strong 

left-skewed tail.  This non-normality was further addressed by the use of robust standard errors 

in regression modeling.    
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Quartiles of CASI and NDVI scores were cross-classified by demographic features and other 

covariates.  These included age, PM2.5, gender, race/ethnicity, income, education, BMI, 

smoking status, site, and apolipoprotein E allele polymorphisms.  

 

Multivariable linear regression was used to examine the cross-sectional association between 

green space exposure (NDVI) and cognition (CASI), regressing CASI on NDVI, and effect 

modification by apolipoprotein E allele status.  Models were adjusted for potential confounders 

selected on the basis of preliminary analyses (Tables 1 and 2) and included age, race/ethnicity, 

education, income, site location, PM2.5 and apolipoprotein E allele status.    Gender, smoking 

status and BMI, were not included as covariates as they were not found to be associated with 

CASI.  Seven regression models were tested, each adding additional covariates (Table 3).  

Additionally, we included a model that included an interaction term between the exposure 

(NDVI) and apolipoprotein E allele status. 

 

RESULTS 

Subject Characteristics 

After removing 31 outliers, we analyzed 4278 MESA participants completing the CASI 

examination during exam 5.  The sample was slightly right skewed, with a median age of 69 

(IQR = 15).  Informed consent was obtained for all participants and the study was approved by 

the Institutional Review Board at collaborating centers.  Descriptive analysis was performed for 

CASI as below (Table 1).  After combining multiple time-weighted NDVI measures and 

collating by identification number, we had 4106 participants.  Descriptive analysis was 

performed for NDVI as below (Table 2).    



 

 14 

CASI Distribution 

Histogram and scatterplot of CASI scores revealed a left tailed distribution with a string of 

outliers below score 10, which were removed (Figures 1 and 2, respectively). 

 

 

Figure 1: Histogram and Scatterplot of CASI scores, with outliers  
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Figure 2: Histogram and Scatterplot of CASI scores, removing outliers (CASI <10)  
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NDVI Distribution 

Histogram and scatterplot of NDVI scores were constructed, for both 250m and 500m buffers.  

Histograms revealed a bimodal distribution, while scatterplots revealed several distinct and one 

amorphic agglomeration of data points for NDVI corresponding to study site.  We found 

distributions in the 250m and 500m plots to be similar.   
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Figure 3: Histogram and Scatterplot of NDVI scores (250m buffer)   
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Figure 4: Histogram and Scatterplot of NDVI (500m) 

 

# of Participants vs. NDVI score    NDVI Score vs. Participant ID # 

 

CASI quartile analysis (Table 1) 

CASI scores were split into quartiles, with score cutoffs at 83, 89, and 94.4.  There were a little 

over a thousand persons in each quartile, with a total of 4278.  Average age decreased with 

increasing CASI scores.  Gender was fairly well split across quartiles of CASI scores.  

Race/Ethnicity was unevenly distributed across CASI quartiles, with Whites having a greater 

proportion in the upper quartile, and Chinese-Americans, African-Americans, and Hispanics 

having a greater proportion in the lowest quartile.  Smoking was evenly distributed by quartile.  

BMI categories were evenly distributed.  Apolipoprotein E allele polymorphism combinations 

had a mixed distribution.  Those with two copies of E3 were evenly distributed while those with 

two copies of E2 or two copies of E4, though rarer (making up only 3% of the total data set), had 

CASI scores less evenly distributed.  Distribution by site was uneven, with NC, MN and IL 
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skewed towards higher quartiles of CASI.  NY and CA sites are skewered towards lower 

quartiles of CASI.  MD was evenly distributed.  Distribution by income and education was 

markedly uneven.  Lower incomes (<50,000/annum) were heavily skewed towards lower 

quartiles of CASI, while higher incomes (>50,000/annum) were skewed towards upper quartiles 

of CASI.  Those with high school education or less were heavily skewed towards lower quartiles 

of CASI, while those with greater than high school education were skewed towards upper 

quartiles of CASI.   
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Table 1 – CASI Scores by quartile by covariates 
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NDVI quartile analysis (Table 2) 

NDVI was split into quartiles, with score cutoffs at 102, 126, and 158.  Initial analysis revealed 

little difference between 250m and 500m buffers, so we continued with and report this analysis 

for 250m only.  There were a little over one thousand persons in each quartile, with a total of 

4106.  Average age was lower for higher NDVI scores.  Gender was fairly evenly distributed 

across quartiles of NDVI scores.  Race/Ethnicity was unevenly distributed across NDVI 

quartiles, with Whites and African-Americans occupying a greater proportion of the upper 

quartile, whilst Chinese-Americans and Hispanics had a greater proportion in the lowest quartile.  

Smoking was evenly distributed by quartile.  BMI categories were evenly distributed.  

Apolipoprotein E allele polymorphism combinations had a mixed distribution.  Distribution by 

site was markedly uneven as also shown in the scatterplots above in figures 3 and 4.   

Distribution by income and education was also markedly uneven, with those with higher income 

and education levels residing in areas with higher NDVI.   
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Table 2 – NDVI quartiles by covariates 
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Regression Analysis 

Initial regression model diagnostics included plots of residuals vs fitted values and q-q plots.  

Evaluating the crude model prior to any data cleaning revealed non-normality, consistent with 

the known heavy left skew, and outliers. 

 

Figure 5: Residual and Q-Q plot:  crude model (prior to data cleaning) 

 

 

 

After cleaning CASI data by removing 31 outliers (score <10), residual and q-q plots were 

repeated, with improvement in the q-q plot, but remaining heteroscedascity.  Further 

improvement was seen with our fully adjusted model (see figures 6 and 7).  Nevertheless, 

because of persistent skewness of the model residuals and heteroscedasticity, we elected to report 

regression results using robust standard errors.   
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Figure 6: Residual and Q-Q plot: crude model (removing outlier scores <10) 

 

 

 

 

 

 

 

 

 

Figure 7: Residual and Q-Q plot:  fully adjusted model 

 

 

 

 

 



 

 24 

Simple and multivariable analysis 

In a simple linear regression of untransformed CASI scores on NDVI (250m buffer), for each 

one standard deviation (SD) increment of NDVI there is an associated CASI score increase of 

1.33 (95%CI, 1.067, 1.597, p<.001).  For a 500m NDVI buffer, for each one SD increment of 

NDVI there is an associated CASI score increase of 1.22 (95%CI, 0.956, 1.487, p<.001).  See 

Table 3. We determined that estimate differences between models utilizing 250m and 500m 

buffers were too small to be significant, and continued remaining analysis using the 250m radius 

buffer.  

 

To the crude analysis, potential confounders were added one by one, noting changes in effect 

estimates, with 95%ile confidence intervals utilizing robust standard errors.  See Table 3. 

 

In a multiple linear regression, untransformed CASI scores were regressed on NDVI (250m 

buffer), after controlling for age, race/ethnicity, education, income, Apolipoprotein E allele 

status, and predicted PM2.5 levels.  For each SD increment in NDVI there is an associated CASI 

score increase of .47 (95%CI, 0.235, 0.705, p<.001).  See Table 3.  When adding site location as 

a covariate, the effect estimate was even further attenuated and the standard error increased, 

resulting in a wider confidence interval and loss of statistical significance.   
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Table 3:  Regression models with robust standard errors 

 

 

ApoE interaction analysis  

To formally test for an interaction, ApoE allele by NDVI interaction terms were added to a 

model of CASI score on NDVI (250m buffer) controlling for age, race/ethnicity, education, 

income, apolipoprotein E allele status, and PM2.5 level.  Cross-product terms reflecting both the 

dominant (any e4 allele) and recessive (homozygous e4/e4) models were added separately to the 

fully-adjusted model.  Neither interaction term was statistically significant (term with any e4 

allele, p=0.48; term with two copies [homozygous] of the e4 allele, p=0.12).  We stratified the 

regression analysis for the fully adjusted model by the number of e4 alleles present (0, 1, or 2 

copies).  The positive association with NDVI found earlier was amplified in those participants 

with one or more e4 alleles.  The association with NDVI in those with two copies of the e4 allele 

was not statistically significant due to the small number of participants in that stratum.  See 

Table 4.     
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Table 4: Regression models stratified by ApoE4 (NDVI beta * SD) 
	
  	
  

	
  

	
  
 

DISCUSSION 

In an elderly population with mean age of 69 years, having a higher residential time-weighted 

NDVI score was associated with a higher CASI score.  CASI scores are known to be useful in 

screening for, and are correlated with, severity of dementia.  This positive association was 

maintained while controlling for age, race/ethnicity, income, education, Apolipoprotein E allele 

status, and predicted PM2.5 exposure.  The estimate of the effect size was sensitive to control for 

site, attenuating the estimate and resulting in loss of statistical significance.  Effect modification 

by genotype was found, with strengthening of the estimate in those with copies of the 

apolipoprotein E4 allele.  Each additional copy of the E4 allele is associated with additional 

increase in size of the effect estimate.  

 

This study is novel in that it tests for effect modification by the apolipoprotein E allele of the 

association between green space exposure and cognition.  Further, we know of no other study 

that also controls for air pollution as specified by predicted PM2.5.  This study contributes to the 

literature in a way called for in a recent meta-analysis (deKeijzer, 2016) by using objective 

outcome measures like CASI.   
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CASI scores are a standardized test of cognition, validated in their use with dementia, and have 

been shown to correlate well with severity of dementia disease.  They have been used in 

screening for dementia disease and have been tested across ethnicities (Teng, 1994).  We found 

CASI to be most associated with age, race/ethnicity, income, education and site. 

 

NDVI exposure measures are also objective.  Time-weighted averages of NDVI in 250m and 

500m buffers were calculated at individual addresses for the ten years prior to the Exam 5 CASI 

test, allowing us to employ a long-term estimate of exposure.  NDVI scores were most associated 

with age, race/ethnicity, income, education, and site.  In the analysis, we controlled for variables 

associated with both CASI and NDVI.    

 

The significance of our finding is particularly interesting given the ten- to twelve-fold increased 

risk for developing Alzheimer’s dementia in those with two copies of the ApoE E4 allele.  The 

suggestion that residential greenness may be associated with somewhat better cognitive function 

scores, especially in those at highest genetic risk for the development of or progression of 

dementia.  This is worthy of further investigation, especially given the large disease burden of 

Alzheimer’s dementia.  From a preventive standpoint, geriatric medicine might utilize this 

knowledge in a prescriptive way, possibly encouraging patients at risk to increase their exposures 

to greenspace.  This finding might also be utilized in a population centered way, driving long 

term city and urban planning and development in a direction that seeks to attenuate medical costs 

to society by emphasizing greenspace.    
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Limitations:   

While NDVI is objective, it is still a crude measure of greenspace.  Despite using time-weighted 

averages of NDVI at individual addresses for the ten years prior, there is most certainly some 

error in the measurement of exposure.  Also, while we chose the smallest radial buffer available 

to us, this assumed that participants interacted with the measured level of greenness.  We also 

acknowledge that we did not capture whether participants routinely travelled outside this area in 

their day to day lives. Further, participants may be able to view greenspace but not travel within 

it, or may travel within it but have no view from their home.  We also do not have any measure 

of what persons did within greenspace.  The predicted PM2.5 used in this study was only an 

estimate of outdoor residential concentration.  To the extent that time spent indoors and in other 

micro-environments changes exposure to PM2.5, the predicted PM2.5 used here is also 

mismeasured.    

      

Further, only one set of NDVI measures (from 2006) was available.  Time-weighting simply 

incorporated moves of residence during the ten-year period.  One of the limitations of a cross-

sectional study is the inability to confirm the temporality of the observed associations.  That is,  

does living in higher NDVI addresses lead to higher CASI scores, or do those with higher CASI 

scores tend to seek out and live in closer proximity to greenspace?  Also, the appropriate time 

window of exposure that is relevant for affecting cognitive decline is not known.  If green space 

exposure outside the time frame used in this study is more relevant, additional exposure 

measurement error could have been introduced.  Finally, differential exposure measurement error 

could conceivably have been present if, for example, the elderly with the lowest CASI scores 
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spent more time indoors and therefore had little green space exposure, regardless of their NDVI 

measure. 

 

Control for site location resulted in attenuation of the effect of NDVI on CASI and substantial 

loss of precision of the effect estimate.  As seen in the scatterplots of NDVI, NDVI is strongly 

associated with city; the association between site and CASI was not nearly as strong.  

Controlling for site resulted in the analysis being essentially a within-city analysis, with 

substantial loss of the variability in NDVI that was present between cities.  This reduction in 

exposure variability likely explains the impact of control for city on the observed associations.  

On the other hand, if one is not confident that differences between city that could potentially 

confound the association between NDVI and CASI have not been adequately captured by the set 

of variables included in the fully adjusted model, then control for city would be necessary to 

control for such unmeasured variables.  This uncertainty introduces another limitation to the 

interpretation of the study findings. 

 

Regarding the interaction by ApoE genotype, because of the small number of subjects who were 

homozygous for the e4 allele, we had limited power to assess the interaction.  Studies in other 

populations with a higher prevalence of the e4 allele might better address the effect of ApoE 

polymorphisms. 

 

In spite of these limitations, there are great strengths in this study.  We had access to a robust 

population dataset.   The size of the population allowed for analysis with significant power.  Both 

exposure and outcome measures are objective.  The outcome measure has been validated for use 
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in dementia screening and correlated with disease severity.  We were also able to introduce 

interesting covariates, including apolipoprotein E allele polymorphisms and predicted PM 2.5, 

and uncovered an important interaction between the apolipoprotein E allele polymorphisms and 

the association between greenspace and cognition.  The finding that residing in greenspace may 

be associated with improved cognition on a screening test used to screen for and assess the 

severity of Alzheimer’s dementia, supports further investigation into the utilization of nature in a 

preventive fashion.  Additionally, the finding that this association may be stronger in those with 

the highest genetic predisposition to Alzheimer’s dementia, further supports this investigation, as 

the predicted burden of Alzheimer’s dementia is so great. 

 

CONCLUSION 

Increased proximal (250-500m) residential greenspace, as measured by NDVI, was positively 

associated in an elderly population with better performance on cognitive testing validated for 

dementia screening as measured by CASI.  The association was strongest among those with two 

copies the apolipoprotein E4 allele, a polymorphism associated with higher rates of developing 

Alzheimer’s disease dementia.   
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