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Abstract

Background—Neighborhood walkability (NW) has been linked to increased physical activity, 

which in turn is associated with lower concentrations of sex hormones and higher concentration of 

SHBG in women. However, no study has directly examined the association of NW with female sex 

hormone levels.

Objective—We conducted a cross-sectional study to evaluate the association between NW and 

circulating levels of sex hormones and SHBG in pre- and post-menopausal women.

Methods—We included 797 premenopausal and 618 postmenopausal women from the New York 

University Women’s Health Study (NYUWHS) who were healthy controls in previous nested 

case-control studies in which sex hormones (androstenedione, testosterone, DHEAS, estradiol and 

estrone) and SHBG had been measured in serum at enrollment. Baseline residential addresses 

were geo-coded and the Built Environment and Health Neighborhood Walkability Index (BEH-

NWI) was calculated. Generalized Estimating Equations were used to assess the association 

between BEH-NWI and sex hormone and SHBG concentrations adjusting for individual- and 

neighborhood-level factors.
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Results—In premenopausal women, a one standard deviation (SD) increment in BEH-NWI was 

associated with a 3.5% (95% CI 0.9%−6.1%) lower DHEAS concentration. In postmenopausal 

women, a one SD increment in BEH-NWI was related to an 8.5% (95% CI 5.4%−11.5%) lower 

level of DHEAS, a 3.7% (95% CI 0.5%−6.8%) lower level of testosterone, a 1.8% (95% CI 0.5%

−3.0%) lower level of estrone, and a 4.2% (95% CI 2.7%−5.7%) higher level of SHBG. However, 

the associations with respect to DHEAS and estrone became apparent only after adjusting for 

neighborhood-level variables. Sensitivity analyses using fixed effects meta-analysis and inverse 

probability weighting accounting for potential selection bias yielded similar results.

Conclusion—Our findings suggest that NW is associated with lower concentrations of 

androgens and estrone, and increased SHBG, in postmenopausal women, and lower levels of 

DHEAS in premenopausal women.
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1. Introduction

The built environment is defined as all the physical constituents of places where people 

live and work, such as buildings, streets, and open spaces (Centers for Disease Control 

and Prevention (CDC) National Center for Environmental Health 2011). There is growing 

evidence that neighborhood-level built environment can influence healthy behaviors such as 

engaging in physical activity. Substantial evidence indicates that neighborhood walkability 

(NW), which refers to a combination of urban characteristics that support pedestrian activity 

(Frank and Engelke 2001; Freeman et al. 2013), can have an influence on outdoor physical 

activity, walking, (Frank et al. 2004) and consequently, on obesity and risk of obesity-related 

diseases (Borrell et al. 2004; Corriere et al. 2014; Creatore et al. 2016; Frank et al. 2004; 

Gaglioti et al. 2018; Murphy et al. 2007; Sharifi et al. 2016). We recently found an 

association between NW and the risk of death due to obesity-related cancer mortality in 

the New York University Women’s Health Study (NYUWHS), a prospective cohort study 

of 14,274 women (India-Aldana et al. 2021). However, the putative biological mechanisms 

underlying the associations are understudied.

Sex steroid hormone levels are associated with risk of chronic diseases in women, including 

breast and endometrial cancers, and metabolic, and cardiovascular diseases (Boese et al. 

2017; Ding et al. 2009; Scarabin-Carré et al. 2012; Skafar et al. 1997; The Endogenous 

Hormones Breast Cancer Collaborative Group 2002). Physical activity may influence risk 

of cancer and other chronic diseases linked to obesity in part by altering sex steroid 

hormone levels (Cust 2011; Kaaks et al. 2002; Lukanova and Kaaks 2005; McTiernan 

2008). Exercise, including low-intensity activities such as walking, has been shown to 

decrease levels of sex hormones and increase levels of sex-hormone binding globulin 

(SHBG) (Bertone-Johnson et al. 2009; Cauley et al. 1989; Chan et al. 2007; Madigan et 

al. 1998; Anne McTiernan et al. 2004; A. McTiernan et al. 2004; McTiernan et al. 2006; 

Nagata et al. 1997; Rothenbacher et al. 2019; Tworoger et al. 2007; Verkasalo et al. 2001; 

Wu et al. 2001), a serum protein that binds to androgens and estrogens, thus reducing 

their bioavailable fractions. It is thus reasonable to hypothesize that the association of 
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NW with obesity-related diseases may be mediated, at least in part, through its impact on 

physical activity, which, in turn, influences sex hormones. While studies have observed the 

downstream effects of physical activity on hormone levels, no epidemiological research has 

evaluated whether a more distal risk factor such as NW is associated with steroid hormone 

levels.

We conducted a cross-sectional study to evaluate the association between NW and 

circulating concentrations of sex hormones in healthy women from the NYUWHS. We 

included circulating androgens (androstenedione, testosterone, and dehydroepiandrosterone 

sulfate (DHEAS)) and SHBG in both pre- and post-menopausal women, and estrogens 

(estradiol and estrone) in postmenopausal women.

2. Material and Methods

2.1 Study Population

The NYUWHS is a cohort of 14,274 women between the ages of 34 and 65 recruited 

at a mammography screening center in New York City between 1985 and 1991 (Toniolo 

et al. 1991). Women were not eligible for enrollment if they had used hormonal 

medications or had been pregnant or lactating in the previous 6 months. Subjects completed 

a baseline questionnaire capturing demographic, reproductive life, lifestyle, and health 

status information. Baseline residential addresses were obtained through self-report. BMI 

was calculated using weight and height which were also self-reported at baseline. Data 

on baseline physical activity were collected for mild, moderate, and vigorous exercise. 

Baseline outdoor walking was also collected through self-report. These data were converted 

to metabolic equivalent task (MET)-hours per week. Blood samples were collected at 

enrollment from all participants, and at subsequent visits (up to the year 1991) from 

participants who returned to the screening center. Participants included in the current study 

were 797 women premenopausal at enrollment who had been selected as controls for 

previous nested case-control studies on steroid hormone levels in relation to risk of breast 

cancer (n = 669) (Zeleniuch-Jacquotte et al. 2012), ovarian cancer (n = 52) (Lukanova et al. 

2003), and endometrial cancer (n = 82) (Clendenen et al. 2016), and 618 postmenopausal 

women selected as controls for nested case-control studies of breast cancer (n = 541) 

(Zeleniuch-Jacquotte et al. 2004), and ovarian cancer (n = 86) (Lukanova et al. 2003). 

Controls had been individually matched to cancer cases on the basis of age, menopausal 

status, number of blood donations and for premenopausal women, day and phase of 

menstrual cycle. This study was approved by the New York University School of Medicine 

and the Columbia Presbyterian Medical Center Institutional Review Boards (IRBs).

2.2 Outcomes: Sex hormones and SHBG measurements

Methods used for blood collection and hormone assays have been described in detail 

previously (Lukanova et al. 2003). Briefly, non-fasting peripheral venous blood was drawn, 

and serum samples were stored at −80°C for subsequent biochemical analyses. In the 

breast and ovarian cancer studies, assays were conducted at the International Agency 

for Research on Cancer (IARC) in Lyon, France. Androstenedione, estradiol, and estrone 

were measured by direct double-antibody radioimmunoassays (RIA) from DSL (Diagnostic 
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System Laboratories, TX, USA), testosterone and dehydroepiandrosterone sulfate (DHEAS) 

by direct radioimmunoassays from Immunotech (Marseille, France), and SHBG by a direct 

‘sandwich’ immunoradiometric assay (IRMA, Cis-Bio, Gif-sur-Yvette, France) (Lukanova 

et al. 2003; Zeleniuch-Jacquotte et al. 2004; Zeleniuch-Jacquotte et al. 2012). Assays for 

the endometrial cancer study were conducted at IARC in 2007 and at DKFZ in Germany 

in 2014 using the same assays and kits (IM1119, IM0729, DSL-3800, and SHBG-RIACT) 

used for the first batch at the IARC laboratory in 2007 (Clendenen et al. 2016) (Table S1). 

We only included premenopausal women from the endometrial cancer study because the 

assay used for postmenopausal women was different than that used in all other studies. For 

each hormone, we excluded 1–13 outliers that were above or below 3 times the interquartile 

range (IQR) of the log-transformed values within each sub-study. For some women (n = 

245 premenopausal and n = 352 postmenopausal), hormones were measured in two blood 

samples collected one year apart. The average of the two measurements was used in the 

statistical analysis.

2.3 Neighborhood Walkability Index (BEH-NWI) and Neighborhood Variables

The construction of the Built Environment and Health Neighborhood Walkability Index 

(BEH-NWI) for the NYUWHS participants and its validation have been previously 

described (Rundle et al. 2019). Briefly, addresses at enrollment were geo-coded to the 

street address level and residential neighborhood was defined as a circle of 1-km radial 

buffer around the home, which is the estimated distance that is potentially accessible 

by pedestrians, (Rundle et al. 2016) correlated with neighborhood perceptions, and 

representative of a 10-min walk. (Hoehner et al. 2003; Lee and Moudon 2004) The score 

was composed of four items described below, based on urban planning Active Design 

literature indicating urban characteristics that promote walking as a mode of transport 

(Frank et al. 2006; Frank et al. 2010; Sallis et al. 2006). Thus, a higher walkability score 

would indicate that the neighborhood has higher levels of built environment features that 

promote pedestrian activity such as outdoor walking, as noted previously in the NYUWHS 

(Rundle et al. 2019). Residential density was measured using Decennial Census and 

American Community Survey (ACS) 1990 data (Crowder and South 2008; Crowder et 

al. 2011; Lovasi et al. 2011). Destination accessibility was captured using the National 

Establishment Time Series (NETS) data containing the Dun & Bradstreet (D&B) listing 

from 1990 (Kaufman et al. 2015; Neckerman et al. 2010; Rundle et al. 2009; Stark et 

al. 2013). Intersection density was measured for the NYC Tri-State Area using the 2007 

release of the Esri StreetMap Detailed Streets which depicts the 2003 street network. 

We used data from 2003 instead of 1990 to characterize baseline intersection density to 

increase accuracy from the pre-2003 street network data. The available digitized street 

network data sets depicting street networks in the NYUWHS prior to 2003 are of quite 

poor quality and therefore, creating street network buffers for 1990 would induce substantial 

measurement error (Rundle et al. 2019). Lastly, density of public transit was estimated using 

the Center for Transit-Oriented Development (CTOD) data for all rail transit station stops 

within 1-km of each NYUWHS participant’s residential address. The values of each of 

the four measures were z-score-transformed across the 1-km radial buffer neighborhoods. 

The final BEH-NWI score was then calculated for each woman by summing the four 

z-scored components corresponding to her neighborhood. Higher BEH-NWI scores have 
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been previously associated with greater levels of self-reported walking per week, lower 

body mass index, and lower risk of death due to obesity-related cancer in the NYUWHS 

participants (India-Aldana et al. 2021; Rundle et al. 2019).

Census data on neighborhood poverty rate (percent of population with income below the 

federal poverty level) for 1989 and percent of black population living in neighborhood in 

1990 were used to describe neighborhood SES. We excluded 45 subjects without data on 

BEH-NWI in the Tri-State area due to unavailable GIS geocoding or lack of NETS data 

coverage in Pennsylvania and Connecticut. As a result, only addresses in New York and 

New Jersey had geocoded 1-km radial buffers covered by NETS business establishments. 

A map depicting the geographic distribution of the levels of BEH-NWI (z-scores) for the 

NYUWHS participants included in the present study is presented in Figure 1.

2.4 Statistical Analyses

We used Generalized Estimating Equations (GEE) with exchangeable working correlation 

matrix and normal distribution to estimate effects of NW on sex hormone levels. Robust 

standard error estimation procedures were used to account for potential dependence of 

subjects living in the same counties. Hormone concentrations were log-transformed to 

improve normality of the distributions. GEE coefficients were exponentiated and multiplied 

by 100 after subtracting one, so that the estimates presented corresponded to percent 

increases in hormone levels. We modeled BEH-NWI walkability using tertiles and as a 

continuous variable that was scaled using its standard deviation (SD = 3.1). Analyses 

were conducted separately for premenopausal and postmenopausal women. We adjusted 

for the following variables, which were related to sex hormones and/or BEH-NWI: 

age at enrollment (continuous), educational attainment (high school or less, college or 

vocational school, and graduate school), race/ethnicity (non-Hispanic white, non-Hispanic 

African-American, Hispanic, or other), smoking (ever or never), average daily alcohol 

intake (above or below the Recommended Dietary Allowance for women (RDA: 14g/day)), 

parity (yes or no), neighborhood poverty rate (continuous), percent of black population 

living in neighborhood (continuous), and dummy variables representing the different nested 

case-control studies from which the study population derived. Prior to covariate inclusion, 

we tested for multicollinearity in linear regressions and no collinearity was found for 

either the individual-level or neighborhood-level variables (VIF<4; tolerance>0.1). We 

present models adjusting for age and study (Model 1), for all potential confounders 

at the individual level (Model 2), and for potential confounders at both individual and 

neighborhood levels (Model 3). Also, given that adiposity may be on the physical activity-

sex hormone pathway, we assessed the association between NW and hormone levels 

additionally controlling for body mass index (BMI) as a continuous variable (Model 4). 

We illustrated a directed acyclic graph (DAG) showing the causal framework between NW 

and sex steroid hormones including potential mediators, confounders, and hypothesized 

directionalities of the associations (Figure S1). Additional exploratory analyses assessing 

the interaction between NW and race (white/non-white) as well as interaction between NW 

and neighborhood-level SES variables (neighborhood percentage of Black population and 

neighborhood poverty) were conducted for hormones with apparent main effects of NW.
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Because the analytical sample for these analyses was comprised of women previously 

selected as controls in several nested case-control studies of sex hormones, we conducted 

sensitivity analyses to assess possible selection bias (Rundle et al. 2005). In order to 

take into account potential heterogeneity between studies, meta-analyses with fixed effects 

models were implemented for each of the hormones (all except estradiol, which was 

only available from one study). We used the ‘metagen’ package in R using the estimates 

and standard deviations from GEE analyses without controlling for study, and assessed 

heterogeneity across studies for each hormone. Second, in order to assess the potential for 

the observed association in our pooled study to systematically differ from the association 

that would have been observed in the whole cohort or in a random sample of the cohort, 

we conducted analyses incorporating inverse probability weighting (IPW) (Rundle et al. 

2005). Using the NYUWHS study population restricted to cancer-free participants, we built 

a logistic regression model including age, date of enrollment, race/ethnicity, education, and 

smoking status and estimated for each observation the probability of being selected as 

control into the nested case-control population. We then used the inverse of the predicted 

probabilities as weights in the GEE analyses. Exploratory mediation analyses accounting for 

clustering, (Nevo et al. 2017; Spiegelman 2017) and exposure-mediator (E-M) interaction 

(when applicable), (Valeri and Vanderweele 2013) were used for associations that were most 

consistent. Descriptive, GEE, and IPW analyses were implemented using SAS (version 9.4; 

SAS Institute Inc., Cary, NC) whereas fixed effects meta-analyses were conducted in R 

(version 3.6.1).

3. Results

Table 1 shows the characteristics of the women included in the study, overall and by 

BEH-NWI tertiles. The participants were 34–65 years old at enrollment (mean age 51), most 

were white (78.9%), well-educated (68.0% with education beyond high school), non-obese 

(89% of women with BMI<30), and parous (69.5%) (Table 1). The mean BMI was lowest 

in women whose residence fell in the highest BEH-NWI tertile, while mean outdoor walking 

and mean physical activity were highest in women whose residence fell in the highest tertile 

of BEH-NWI. Other variables that were found to be associated or marginally associated 

with BEH-NWI are shown in the table. These included age, race/ethnicity, education, parity, 

smoking, alcohol intake and the two neighborhood-level variables. For instance, smoking 

and daily alcohol intake were more prevalent in women in the top BEH-NWI tertile, 

compared with those in the lower tertiles. The distribution of demographic and lifestyle 

factors in the study group was similar to the distribution in the overall NYUWHS (Table S2). 

Mean sex hormones concentrations did not differ across the sub-studies (Table S3–S4).

Analyses in premenopausal women are shown in Table 2. In the model adjusted for 

individual-level covariates only (Model 2), no association was found for BEH-NWI 

in relation to any of the hormones. In the model adjusted for both individual- and 

neighborhood-level covariates (Model 3), BEH-NWI was inversely associated with DHEAS. 

The association persisted, though attenuated, after adjusting for BMI (Model 4): the two 

highest tertiles of BEH-NWI were associated with 2.3% and 10.9% lower levels of DHEAS, 

respectively, compared to the bottom tertile (p-trend<0.001) (Table 2; Model 4). When 

BEH-NWI was analyzed as a continuous variable, one standard deviation (SD) increment in 

India-Aldana et al. Page 6

Environ Res. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BEH-NWI was associated with 3.5% (95% CI 0.9%−6.1%) lower DHEAS concentration. In 

addition, we observed a marginal association of BEH-NWI with SHBG: the top BEH-NWI 

tertile was associated with 8.0% (95% CI 0.2%−16.5%) higher levels of SHBG, compared to 

the bottom tertile (Model 3). The association was no longer significant after controlling for 

BMI (Model 4). BEH-NWI was not related to levels of androstenedione or testosterone in 

models adjusting for potential confounders.

In postmenopausal women, BEH-NWI was associated with SHBG in models adjusting 

for individual-level covariates (Table 3, Models 1–2). This association persisted after 

adding neighborhood-level potential confounders (Model 3). While no associations were 

observed when adjusting only for individual-level variables (Models 1–2), BEH-NWI was 

inversely associated with levels of androstenedione, DHEAS, estrone, and testosterone in 

models including both individual- and neighborhood-level variables (Model 3). In models 

adjusting for potential confounders at both the individual- and neighborhood-level, the direct 

association of BEH-NWI with SHBG persisted and, in addition, BEH-NWI was inversely 

associated with levels of androstenedione, DHEAS, estrone, and testosterone (Model 3). 

The associations remained after adjusting additionally for BMI (Model 4). The top vs. 

bottom tertile of BEH-NWI was related to lower levels of androstenedione (12.7%, 95% 

CI 3.4%−21.1%), testosterone (10.6%, 95% CI 0.8%−19.5%), DHEAS (16.1%, 95% CI 

7.5%−23.9%), and estrone (3.7%, 95% CI 1.23%−6.1%) (Model 4). For every one SD 

increment in BEH-NWI the reduction in hormone concentrations, ranged from 1.8% (for 

estrone) to 8.5% (for DHEAS), though the association was not statistically significant for 

androstenedione. In the model including BMI (Model 4), BEH-NWI was associated with 

a 5.3% higher SHBG in tertile 2 and 9.3% higher SHBG in tertile 3, compared to tertile 

1 (p-trend<0.001). A standard deviation (SD) increase in BEH-NWI was associated with 

4.2% (95% CI 2.7%−5.7%) higher SHBG levels, after adjusting for BMI. BEH-NWI was 

not associated with estradiol concentration.

In exploratory mediation, the result suggested that outdoor walking or BMI mediate 

the association between NW and DHEAS in both premenopausal and postmenopausal 

women (Table S5–S6). Additionally, a potential mediation effect by BMI largely was 

observed in the association between BEH-NWI and SHBG in postmenopausal women 

(Table S5). In fixed effects meta-analyses combining the associations observed in each 

study, results were similar (Table S7–S8). For instance, a SD increase in BEH-NWI was 

associated with 4.5% lower DHEAS levels in premenopausal women (Table S7; Model 

3). In postmenopausal women, one SD increment in BEH-NWI was associated with 

2.0% to 8.9% lower concentrations of sex hormones, and a 7.7% higher concentration 

of SHBG (Table S8; Model 3). Analyses using inverse probability weighting to reduce 

potential selection bias resulting from including controls from previous nested case-control 

studies yielded similar estimates (Table S9–S10). For instance, for every SD increment 

in BEH-NWI, there were 1.5% to 8.8% lower concentrations of sex hormones, and a 

4.0% higher concentration of SHBG in postmenopausal women (Table S10). In exploratory 

analyses assessing interaction between NW and race (white/non-white), the effect of NW 

on SHBG among postmenopausal non-White women was stronger than that among White 

women (Table S12). In analyses assessing interaction between NW and percentage of 
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Black population in the neighborhood (Table S13–S14), there were no consistent pattern 

of associations indicating effect-modification.

4. Discussion

We found that higher levels of NW, as measured by the BEH-NWI, were associated with 

lower levels of DHEAS in premenopausal women. In postmenopausal women, higher 

levels of NW were associated with lower concentrations of androgens (androstenedione, 

testosterone, DHEAS), and estrone, and higher levels of SHBG. With the exception of 

SHBG in postmenopausal women, associations became apparent only after adjusting for 

neighborhood poverty rate and neighborhood black population percentage. The associations 

were still present, though slightly attenuated, after controlling for BMI.

The hormonal pattern associated with lower NW (higher levels of androgens and estrone, 

and lower levels of SHBG) in postmenopausal women is also associated with overweight/

obesity (Baglietto et al. 2009) and higher risk of breast (Endogenous Hormones and Breast 

Cancer Collaborative Group 2015; He et al. 2015; The Endogenous Hormones Breast 

Cancer Collaborative Group 2002) and endometrial (Lukanova et al. 2004; Michels et 

al. 2019) cancers, as well as of type 2 diabetes (Ding et al. 2006; Ding et al. 2009). 

Observational studies and randomized clinical trials have shown that physical activity in 

post-menopausal women can reduce levels of androgens and estrogens and increase levels 

of SHBG (Bertone-Johnson et al. 2009; Cauley et al. 1989; Chan et al. 2007; Madigan et 

al. 1998; Anne McTiernan et al. 2004; A. McTiernan et al. 2004; McTiernan et al. 2006; 

Tworoger et al. 2007; Verkasalo et al. 2001; Wu et al. 2001). Our findings support the 

hypothesis that exposure to walkable neighborhoods may foster a higher level of outdoor 

physical activity (Frank et al. 2004) and a lower level of BMI, which could influence levels 

of sex steroid hormone levels, particularly in postmenopausal women. However, further 

prospective studies are needed to confirm the findings. Presumably increased NW would be 

accompanied with a reduction in incidence of breast and gynecologic cancers (endometrial 

and ovarian cancers), (Conroy et al. 2017; India-Aldana et al. 2022) through changes in 

overweight/obesity-associated sex hormone levels. This study warrants further research on 

the effect of NW on diseases related to sex-hormones such as female cancers.

In premenopausal women, we observed an association only with DHEAS. It is possible 

that physical activity has less of an impact on concentrations of sex hormones and SHBG 

before than after menopause (Tworoger et al. 2007). The association of sex hormones with 

disease and health in premenopausal women is also less clear than in postmenopausal 

women (Drummond et al. 2022; El Khoudary et al. 2015). We observed that in both pre- 

and post- menopausal women, NW was associated with adrenal androgen DHEAS, while 

NW was associated with ovarian androgen testosterone only in postmenopausal women but 

not in premenopausal women. In premenopausal women, levels of testosterone is determined 

greatly by the adrenal glands, fluctuating throughout the course of the menstrual cycle. 

Therefore, the effect of NW on the hormone may not be apparent.

We explored why including in the models neighborhood percent poverty rate and black 

population percentage in the neighborhood led to observing inverse associations between 
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NW and sex hormones that were not present before including these variables. This appeared 

due to the fact that neighborhood percent poverty was positively associated with both NW 

(Table 1) and sex hormones (Table S11), thus, omitting to adjust for this variable resulted in 

negative confounding (Mehio-Sibai et al. 2005). Consistent with our data (Table 1), higher 

walkability has been reported in high-poverty urban areas due to higher street connectivity 

(A Carpenter 2010; King and Clarke 2015). Lower SES at the individual-level has been 

linked to anovulation and higher estrogen levels in women (Trichopoulos et al. 1980). Other 

studies including neighborhood-level factors are consistent with the notion that being a 

minority or living in poor neighborhoods is associated with altered levels of sex steroid 

hormones, including estrogens and SHBG (Assari et al. 2020; Bleil et al. 2015). While the 

association of neighborhood poverty rate with sex hormones was somewhat unexpected, 

most studies on correlates of sex hormones have focused on proximal, i.e. individual and 

physiological, characteristics (Key et al. 2011; Shafrir et al. 2014). Studies focusing on distal 

determinants of sex hormones, including social environment variables, would be of interest 

in the future to confirm the observed association between neighborhood percent poverty and 

hormone levels.

We expected an attenuation of the associations of BEH-NWI with sex hormones and SHBG 

in postmenopausal women after adjusting for BMI, as BMI is part of the hypothesized 

pathway. Adipose tissue is the main site of estrogen production in postmenopausal women 

through aromatization of androgens (Hutton et al. 1979; Judd et al. 1974; Lorincz and 

Sukumar 2006). We did observe such an attenuation for the third tertile of estrone, 

though not when we modeled estrone on the continuous scale. We also observed a modest 

attenuation of the association of BEH-NWI with testosterone and DHEAS, and a stronger 

attenuation of BEH-NWI with SHBG, when including BMI in the models. Neighborhood 

walkability may be influencing hormone levels through BMI or obesity-related markers 

of disease, including diabetes markers. (Howell and Booth 2022). Though androgens and 

SHBG are not produced in adipose tissue, androgens are positively, and SHBG inversely, 

correlated with BMI (Oh et al. 2021; Tin Tin et al. 2020), perhaps due to increased liver 

fat content (Simó et al. 2015) or hyperinsulinemia (Nestler et al. 1991; Pasquali et al. 1997) 

suppressing SHBG and leading to increased levels of androgens, such as free testosterone. 

Weight reduction has been shown in randomized clinical trials to lead to a decrease of 

androgens and an increase in SHBG (Campbell et al. 2012; Duggan et al. 2019).

There were limitations in our study. First, this study was a cross-sectional study, and 

therefore we were not able to evaluate whether changes in NW are related to changes in 

hormone concentrations. Second, we quantified testosterone levels with radioimmunoassays 

(RIAs), which may be suboptimal to other current analytical liquid chromatography mass-

spectrometry (LC-MS) approaches when ascertaining low testosterone levels in women. 

(Rosner et al. 2007) This could lead to potential measurement errors of low-level 

testosterone concentrations in women, (Taieb et al. 2003) which could lead to a bias towards 

the null. We also conducted analyses using data pooled from previous studies. However, 

serum samples had all been collected and stored using the same procedures, all studies 

used similar assays, and no substantial heterogeneity was detected across studies. It is 

also possible that the observed associations are not representative of what would have 

been observed in the whole NYUWHS cohort, given that the participants included in this 
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study were selected to match cases of cancer that arose in the cohort. However, analyses 

incorporating IPW to account for this selection process generated similar results. Lastly, 

the study population was not diverse, as the majority of women enrolled in our study were 

White. However, analyses assessing interaction between NW and race did not indicate that 

race was an apparent effect modifier, though the sample size was limited and warrant future 

larger studies. We also note that we used data from 2003 instead of 1990 to characterize 

baseline intersection density. The spatial accuracy and network connectivity data of older 

street network shape files created before 2003 are often poor. We have previously described 

that the higher spatial and network connectivity accuracy of the more recent street network 

shape file may provide more accurate estimates of intersection density for an earlier time 

period

Our study also has strengths. While most measures of NW are based on data collected in 

recent years (Frank et al. 2006; Frank et al. 2010; Hirsch et al. 2013; Hirsch et al. 2016), 

we computed the BEH-NWI using data collected in years as close as possible to the years 

of blood collection. We had data available for multiple sex steroid hormones and data on 

potential individual- and neighborhood-level confounding factors. Our study also included a 

large number of premenopausal and postmenopausal women.

5. Conclusions

In conclusion, our findings suggest an association between NW and levels of sex 

endogenous hormones and SHBG in women. Given the etiological role of endogenous 

sex hormones in obesity-related diseases, these findings provide biological support for 

the role of neighborhood walkability in diseases related to obesity and physical activity. 

Given that this is the first study examining these associations, additional studies, including 

prospective studies with longitudinal monitoring of neighborhood walkability, as well as 

other neighborhood-level variables and sex hormones, are warranted.
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Fig. 1. 
Map showing different neighborhood walkability levels in the NYUWHS subset. Each 

dot denotes an observation that is color coded indicating higher (white) and lower (red) 

neighborhood walkability levels. Each observation represents a reported residential location 

of the participant within the tri-state area
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