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Abstract. We investigate the impact of high-rise buildings on the prevalence of obesity
in the US during 2011-2020 stratified by educated vs. non-educated populations. We use a
quadratic specification that accounts for non-monotonic variation. Findings demonstrate
that concentration of above 146 skyscrapers in a state is detrimental with regards to the
projected prevalence of obesity. The main public policy repercussions of our study are:
1) the promotion of education for medical literacy due to the fact that for each number of
skyscrapers the prevalence of obesity is lower among educated populations. 2) widening
pavements, pathways and open spaces following urban development.
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1 Background

Previous studies found fundamental differences in health behavioral patterns among dif-
ferent groups stratified by education levels. According to the allocated efficiency hypoth-
esis, higher level of human capital, proxied by education level, is positively associated
with accumulated health information and knowledge. This, in turn, permits more effi-
cient health choices and decisions (Grossman 1972, Muurinen 1982, Wagstaff 1986). Re-
cent empirical studies demonstrate that schooling is significantly associated with health
knowledge levels, which explain up to 69% of the education effect on health lifestyle in the
Philippines (Hoffmann, Lutz 2019). Higher education levels among women in Australia
promotes non-monetary benefits, such as, hedonic well-being, and reduced psychological
distress (Tran et al. 2021). Referring to acquired information from schools, Arbel et al.
(2022) discuss children-parents knowledge spillover in the context of the COVID19 pan-
demic. This context may be extended to include physical activity and healthy nutrition
so as to reduce obesity.

Another strand of the literature relates to the urban environment advantages and
disadvantages in terms of physical activity, nutrition and obesity. On the one hand, such
environments may promote walkability by including mixed uses of land, stairways, gyms,
green spaces and parks, bicycle and running tracks. Several studies stress the claim
that some built environment characteristics encourage people to increase their walking
distances (Handy et al. 2006, Chaix et al. 2014, Sun et al. 2014). In this context and
based on longitudinal study of Canadians, Wasfi et al. (2016) concluded that exposure
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to walkable neighborhoods in urban areas increases utilitarian walking. On the other
hand, crowded cities, characterized by high population densities, may discourage physi-
cal activity and provide more opportunities for increased consumption of ill-nutritional
food during the nights and concurrent sleep deprivation (Fatima et al. 2015, Winston
2015, Mayne et al. 2021). Given studies that found no correlation between specific built
environments and walking, Feuillet et al. (2016) suggested that more subtle analysis is re-
quired. Chen, Zhou (2016) found that the densities of 4-way intersections and more than
5-way intersections and land use mixture are positively correlated with the pedestrian
crash frequency and risk in Seattle, Washington. Recently, Nigg et al. (2021) demon-
strated that for each additional ten citizens per square kilometer in Germany, less positive
physical activity changes were observed during the first Covid-19 lockdown in April 2020
among children. Finally, referring to the older population in Japan, high walkability
neighborhood (i.e., high population density, proximity to railway stations) adversely af-
fected their step counts, whereas proximity to large parks had a positive effect during
the COVID19 state-of-emergency period (Hino, Asami 2021).

The objectives of the current study are twofold. The first objective is to link between
these two strands of the literature. This is done by investigation of the relationship
between the prevalence of obesity (the endogenous variable); the time variable (the first
exogenous variable) and the urban environment proxied by two variables: the number of
skyscrapers (the second exogenous variable); population density (the third exogeneous
variable). The former environmental variable is interacted with the education level (a
dummy variable that equals one for educated and zero for non-educated populations; the
fourth exogenous variables). Given the unclear relationship between built environments
and walkability, the second objective is to propose a simple methodology to address
this issue. We employ the quadratic model, which permits non-monotonic relationship
between the number of skyscrapers and obesity prevalence1. With the exception of Sun,
Yin (2018), we found no other paper that employs this methodology in this context. The
underlined research hypothesis is that up to (above) a certain level of population density,
the advantages (disadvantages) of agglomeration (congestion) effect dominates.

The validity of the number of skyscrapers as a measure of dense urban environments
derives from the economic theory as well as from a long series of empirical studies,
which show an association between high–rise construction and dense urban areas (for an
extensive review on urban spatial structure see, for example, Anas et al. 1998). According
to McDonald, McMillen (2011): “Residential buildings are typically built at a very high
density – tall buildings with many units built atop small land parcels” (page 121).

Practitioners and urban planners utilize similar metrics to gauge the density of urban
environments and the intensity of land use (McDonald, McMillen 2011, p. 128-131). One
such metric is the floor-area ratio (FAR), which is defined as the ratio of a building’s
total floor space to the area of the land it occupies. In Chicago, the R1 to R8 zoning
categories demonstrate a range of FAR values: for example, R1 allows for a FAR of 0.5
for detached units on lots of 6,250 square feet, meaning the maximum floor area of the
unit could be 3,125 square feet. In contrast, R8 zoning permits a FAR of up to 10 for
apartment buildings on lots as small as 115 square feet, allowing a 20-story building to
occupy 50% of the lot’s area.

Theoretically, there is a one-to-one match between population density and high-rise
buildings. The implication of high (low) population density is residence in high rise build-
ings at the city centers where land is expensive and scarce (land detached single-family
housing units in the suburbs, where land is cheap). This point is formally demonstrated,
for instance, in Mills, Hamilton (1989, p. 425-434).

The validity of the relationships between dense urban environments and walkability
comes from a long list of empirical studies (e.g., TRB 2005, Frank et al. 2010, Ewing
et al. 2014, Mulalic, Rouwendal 2020). In TRB (2005), the US Committee on Physical

1When the relationship between two variables is quadratic and we run: 1) a simple linear
model, and 2) a quadratic model, for the (former) latter model (R2 = 0 indicating no correlation)
R2 = 1 implying perfect correlation. (e.g., Kmenta 1997, page 241 panel (b)). As a simple exer-

cise, we artificially constructed a sample based on the following equation: Y = Ŷ = 6 + 5X2 for
X = −18,−17,−16, . . . , 16, 17, 18. While a simple linear regression between Y and X gives zero corre-
lation, a quadratic regression between Y , X and X2 yields a perfect fit (see Appendix C).
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Activity, Transportation, and Land Use, the Transportation Research Board, and the
Institute of Medicine identified the role of urban environments in physical activity levels
as a relative new field of study (page 5). Physical inactivity has been identified as one
of the leading risk factors for noncommunicable diseases, such as, obesity, mortality.

In sum, this study addresses the following research questions:

1a) What are the relationships between sparse/dense urban environments (proxied by
the number of skyscrapers) and the prevalence of obesity?

1b) Are these relationships linear or quadratic?

2) Given that the urban environment is controlled, are the differences in obesity preva-
lences between educated and on-educated populations still preserved?

Based on a sample of 47 US States during 2011-2020, the outcomes show that, as antic-
ipated, for each number of skyscrapers, compared to non-educated population, projected
obesity is lower among educated population. For a model that includes standardized
normal distribution transformations of each variable, education has the highest weight
in explaining obesity prevalence. For both groups of educated and uneducated popula-
tions the model predicts a U-shaped curve. Yet, the incremental effect of each additional
skyscraper is steeper among the educated group.

An important contribution of this study is the use of a quadratic model. Compared
to the linear model, the quadratic model may describe more complex relationship. The
model allows the fall and rise of the dependent variable with the number of skyscrapers
thus demonstrating a crowding out effect in terms of obesity prevalence. Differently put,
obesity prevalence reaches its basin when the urban environment is relatively sparse. This
is represented by an amount of approximately 146 skyscrapers. This crowding out effect
cannot be investigated by employing the linear model. Failure to test the possibility of
quadratic relationships might cause a type two error namely non-rejection of the null
hypothesis where it should be rejected. This possibility is demonstrated in Appendix
C. In this context, Wilkins et al. (2019) argue that null association between obesity and
food environment dominated across all measurement methods comprising 76.0% of 1937
associations in total.

The remainder of this manuscript is organized as follows. Section 2 gives a literature
review on walkability, obesity and population density. Section 3 provides the descrip-
tion of data sources, the descriptive statistics of variables that are latter incorporated
in the empirical model and describes the empirical model. Section 4 gives the results
obtained from the empirical model. Section 5 provides robustness tests. Finally, Section
6 concludes and summarizes.

2 Literature Review (Walkability, Obesity and Population Density)

Walkability is a vital link between the number of skyscrapers and obesity. A few studies
have tried to define objective and subjective measures for ‘walkability’ in a built envi-
ronment. Mayne et al. (2013), for instance, stated that ‘walkability’ describes the ability
of a built environment to support walking for multiple purposes. Increasing local op-
portunities for walking and sports activities through strategic development and efficient
land use is a cornerstone of the city’s correct policy. Walking for utilitarian purposes
is related to the features of the built environment near certain destinations, mixed land
use, connectivity between the streets and population density. The authors developed an
objective measure of the ability to predict utilitarian walking in the city of Sydney.

In contrast, Rodrigue et al. (2022) developed a subjective index to measure the per-
ceived friendliness of walking in a certain area or, in other words, what is the subjective
‘walking experience’ in that area. For example, the ability to predict walking for the
purpose of a trip versus walking for the purpose of leisure or work at the street or neigh-
borhood level.

In the context of walkability, Baobeid et al. (2021) noted that the need for rigorous
assessment tools for policy evaluation and urban planning is important. Yet, there is no
unified universal standard walking theory.
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Other studies have indicated that the relationship between the built environment and
excess weight lies, among other things, in the ability to walk and the physical activity that
results from the infrastructures that exist in that environment. According to Mariela,
one of the factors that lead to the desire to walk, and exercise is socioeconomic status,
which prevents obesity and weight gain. Wei et al. (2016) also pointed out that one of
the factors influencing the “willingness to go” is socioeconomic status, while the use of
land has less influence on people’s behavior.

Baobeid et al. (2021) recommended the creation of incentive structure associated
with developing walking abilities for urban residents. This includes discouragement of
private vehicles owning and transportation consumption, thus creating long-term health
benefits from walking and physical activity. In addition, they examine objective and
subjective indicators of the built environment that make walking possible and desirable.
For example, connectivity, accessibility and proximity to destination points, the presence
of greenery and parks, commercial retail and proximity to transit hubs and stations.

Lopez, Hynes (2006) state that factors such as low density, poor street connectivity
and the absence of sidewalks will lead to a decrease in physical activity in the suburbs
and an increased risk of being overweight, while in dense neighborhoods high density,
excellent connectivity between streets and sidewalks will lead to obesity. In their opinion,
the reasons for the consulting paradox lie in the complex interaction between land use,
infrastructure and social factors that affect the city’s population.

In addition to the number of skyscrapers, another proxy for the urban environment
is population density. This variable is closely associated with but not identical to the
number of skyscrapers (e.g. Mills, Hamilton 1989, McDonald, McMillen 2011, Pomponi
et al. 2021). Net population density is defined as the ratio between population and land
allocated for residence. This can be discussed from two perspectives:

Theoretically, there is a one-to-one match between population density and high-rise
buildings. The implication of high (low) population density is residence in high rise build-
ings at the city centers where land is expensive and scarce (land detached single-family
housing units in the suburbs, where land is cheap). This point is formally demonstrated,
for instance, in Mills, Hamilton (1989, p. 425-434). Accordingly, the derivation procedure

yields the following solutions: R(u) = R̄etE(ū−u) and N(u)
L(u) = ER(u) where R(u) is the

land rent as a function of the distance from the city center (u), R̄ is the lowest land
rent at the city suburbs at the distance ū from the city center, t is the commuting cost
per two units of distance (either mile or km) and E is a parameter. Most importantly,
N(u) is population, L(u) is land allocated for residence, where both are functions of the

distance from the city center (u). Consequently, N(u)
L(u) is population density, which is

proportionate by a factor of E to the land rent. Differently put, as land price increases
at the city center, construction will become higher and population density will rise.

Empirically, these two variables are closely associated, but not identical. McDonald,
McMillen (2011, p. 120-122) distinguish between gross and net population density. As

the authors demonstrate, gross population density is equal to N(u)
L(u) where all land uses

are included. Consequently, the tendency of population density is to rise until a certain
distance from the city center, and then fall. Pomponi et al. (2021) argue that increasing
population densities without construction of taller buildings will end up in reduction of
green-house-gas (GHG) emission. A possible method to increase the population den-
sities without heightening the structures is simply to populate larger families in each
apartment.

Pomponi et al. (2021) stress further the difference between population density and tall
buildings. According to the authors, part of the difference is the regulatory requirements
to preserve public areas (staircases, elevators), preserve reasonable standards of daylight
within the high-rise buildings, space between adjacent structures and green spaces and
parks. Consequently, there is no maximum utilization of the area and therefore maximum
urban density is not generated.
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Table 1: Descriptive Statistics

Variable Obs. Mean Std.Dev. Min Max

Obesity prevalence Prevalence of population in the
US state that suffers from obe-
sity (BMI ≥ 30 where ) mea-
sured in percentage points

928 22.54 6.55 7.6 37.6

(Year− 2011) The year in which the preva-
lence of obesity was measured
in the state

928 4.53 2.86 0 9

Educated 1=Educated (College Educa-
tion); 0=Non-Educated (Less
than high-school education)

928 0.5 0.50 0 1

Skyscrapers Number of skyscrapers in the
state

928 15.86 42.87 0 267

Pop Density (in square km.) 928 192.68 629.95 0.5 4,361

Notes: The statistical test of Non-Educated vs. Educated obesity prevalence difference of means with
unequal variances is given in Table 2.

3 Methods

3.1 Description of Data

Data for this study were obtained from several sources. Obesity prevalence data were
provided by the CDC website. Prevalence of obesity is calculated as the ratio of obese per-
sons (i.e., with BMI ≥ 30) and the group population. Data for the number of skyscrapers
in each state were obtained from MapPorn. The population densities of the US states
were obtained from the United States Census Bureau (2010, 2020).

Appendix A describes the data structure and stratification by states. Referring to obe-
sity prevalence, the data includes up to ten years per state (Year= 2011, 2012, . . . , 2020)
for the most educated vs. most uneducated group. Consequently, the full sample per-
state includes 20 observations (10 yearsÖ2 obs. for educated and non-educated in each
state). There are 44 US states with the full sample of 20 observations (44 × 20 = 880),
and three US states with missing observations: (Idaho – 14 obs., North Dakota – 18 obs.
and Utah – 16 obs.) The total sum is: 880 + 14 + 18 + 16 = 928.

In addition, originally the CDC dataset includes four groups: 1) College graduates;
2) High School graduates; 3) Less than high school; and 4) Some college or technical
schools. To simplify and avoid confusion, we chose to analyze only the two most extreme
groups (the most uneducated – group 3; and the most educated – group 1). Appendix B
demonstrate graphically the outcomes obtained for the four groups when the mid-range
groups are not omitted.

3.2 Descriptive Statistics

Table 1 reports the descriptive statistics of the dependent variable and the predictors
that are later incorporated in the empirical model. The variable (year-2011) is defined as
the number of years (minus one) in which the prevalence of obesity was measured in the
state starting from 2011. Note that following this transformation, the constant term in
the empirical model displayed in the subsequent section becomes the baseline projected
prevalence of obesity at states without skyscrapers in 2011 (Ramanathan 2002, Hoaglin
2016a,b)2. The sample mean of (year-2011) is 4.53, the standard deviation is 2.86, the
minimum is 0 and the maximum is 9. The implication is that referring to the prevalence
of obesity the sample covers 10 years.

Table 2 gives the outcomes of the difference of means statistical test. This is a crude
measure for educated vs. non-educated differences of obesity prevalence without adjust-

2In this context, Hoaglin (2016a) states that: “Many presentations tend to use the same letters in
models that involve different sets of other predictors, which makes it easy to overlook the role of the
other predictors in the definition of the coefficient of each predictor. For example, if 2x+5t is a good fit
to the data on y, then −3x+5(t+x) is also a good fit to those data (it gives exactly the same predicted
values).” (page 7)
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Table 2: Obesity Prevalence: Test of Non-Educated vs. Educated

Group Obs. Mean Std.Err. Std.Dev. 95% Conf.Intervall

Educated 464 24.1321 0.213697 4.60317 23.71218 to 24.55205
Non-Educated 464 33.9748 0.192328 4.14286 33.59684 to 34.35273
combined 928 29.0535 0.21626 6.58796 28.62903 to 29.47787
diff -9.8427 0.2875 -10.40691 to -9.278437

Notes: diff = mean(Educated)−mean(Non-Educated); Ho: diff = 0; Satterthwaite’s degrees of freedom:
915.908. The calculated t-value with 915.908 degrees of freedom is -34.2354, compared to the 1% critical
value of -2.5812.

Table 3: Pearson Correlation Matrix

Obesity Prevalence (Year− 2011) Educated Skyscrapers Pop Density

Obesity prevalence 1.0000

(Year− 2011) 0.2365*** 1.0000
(<0.01)

Educated -0.7474*** 0.0000 1.0000
(<0.01) (1.000)

Skyscrapers -0.1220*** -0.0042 -0.0000 1.0000
(0.0002) (0.8987) (1.0000)

Pop Density -0.0886*** 0.0036 -0.0000 0.2323*** 1.0000
(0.0069) (0.9122) (1.0000) (<0.01)

Notes: P -values for the rejection of zero correlation are given in parentheses. Number of observations:
928. ***: p < 0.01

ments to other predictors3. The test clearly demonstrates an average lower prevalence of
obesity among educated population in the state by 9.8427% (95% confidence interval of
[-10.40691, -9.278437]). The null hypothesis of zero difference of means is clearly rejected.
The calculated t-value with 915.908 degrees of freedom is -34.2354, compared to the 1%
critical value of -2.5812.

3.3 The Pearson Correlation Matrix

Prior to the estimation of the empirical model, Table 3 reports the Pearson correlation
matrix. This is considered important information regarding the relationships between
variables. High Pearson correlations between independent variables might distort the
sign and significance of the coefficients.

It may be readily verified that the highest Pearson correlation is between the variables
Education and Obesity Prevalence (-0.7474) and the null hypothesis of zero correlation
is clearly rejected (p < 0.01). The implication is the decrease in obesity prevalence
with higher education level. In addition, there is a positive correlation between obesity
prevalence and the Year variable (+0.2365) and the null hypothesis of zero correlation is
clearly rejected (p < 0.01). The indication here is the increase of obesity prevalence with
the time variable. Finally, the Pearson correlations between obesity prevalence and the
number of skyscrapers and density has the “correct” minus sign. This indicates a drop
in obesity prevalence with densely populated environment. For both variables, the null
hypothesis of zero correlation is clearly rejected (p = 0.0002 and p = 0.0069).

The Pearson correlation between the variables skyscrapers and population density
measured in square kilometers is +0.2323. Despite the fact that: a) the null hypothesis
of zero correlation is rejected, and b) the sign of the correlation is in the right direction;
this measure is not considered to be a very high Pearson correlation. As discussed in the
literature review section, these variables are similar but not identical.

3This is the correct terminology that should replace the terminology of “control of other explanatory
variables”. The correct interpretation actively keeps in view the adjustments for the contributions of the
other predictors (Hoaglin 2016a,b).
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3.4 The Empirical Model

Consider the following interaction model consisting of the structural equation:

Obesity Prevalence = a
′

1(Year− 2011)2 + a
′

2(Year− 2011) + a1Skyscrapers
2 +

a2Educated× Skyscrapers2 + b1Skyscrapers+

b2Educated× Skyscrapers+ c1Educated+ d1Pop Density+

c2 + µ1 (1)

where Obesity Prevalence is the dependent variable, (Year − 2011)2, (Year − 2011),
Skyscrapers2, Skyscraper, Educated and Pop Density are the independent variables, a

′

1,
a1, a2, b1, b2, c1, c2, d1 are the parameters, and µ1 is the classical random disturbance
term.

According to Chiang, Wainwright (2005, p. 229-231), the general form of the quadratic
function is: y = ax2 + bx+ c (a ̸= 0) with a second derivative equals to 2a. Given that
this derivative will always have the algebraic sign of the coefficient a, a U-shaped curve

with a global minimum at (−b
2a ,

−b2+4ac
4a ) is obtained if a > 0, and an inverted a U-shaped

curve with a global maximum at (−b
2a ,

−b2+4ac
4a ) is obtained if a < 0.

Compared to the linear model, the quadratic model may describe more complex
relationships. The model allows the fall and rise of the dependent variable with the
number of skyscrapers thus demonstrating a crowding out effect in terms of obesity
prevalence. Differently put, and as demonstrated below, obesity prevalence reaches its
basin when the urban environment is relatively sparse. This is represented by an amount
of approximately 146 skyscrapers. This crowding out effect cannot be investigated by
employing the linear model.

In their review, Wilkins et al. (2019) argue that null association between obesity and
food environment dominated across all measurement methods comprising 76.0% of 1937
associations in total.

A possible interpretation for the domination of this null association is the linear
restriction imposed on the empirical model. In his econometric textbook, Kmenta (1997)
demonstrates a quadratic relationship between variables. However, the imposition of
linear restriction yields a poor fit, namely, no association between Y and X (page 241).

To demonstrate this point, we now performed the following exercise. We constructed
a tailored made quadratic function Ŷ = 6 + 5X2 and ran a linear and a quadratic
regression. The outcomes are given in Appendix C. As can be seen, while the quadratic
relationship exhibits a perfect fit, the linear model exhibits no fit at all.

To test whether the specification of the model is appropriate, namely, whether the
model excludes important omitted variables, we employ the Ramsey’s RESET procedure,
where the RESET stands for Regression Specification Error Test (e.g., Ramanathan
2002, p. 270). This procedure is based on two steps. The first step of the procedure

is the construction of vector of predictions (Ŷ ) from the model given in equation (1).

The second step is the incorporation of Ŷ 2, Ŷ 3 and Ŷ 4 in equation (1) as additional
independent variables and testing the joint null hypothesis that their coefficients equal
zero. If the null hypothesis is not rejected, one could argue that the model specification
is appropriate.

Another concern the empirical model addresses is the possibility of spurious or non-
sense correlation in time series analysis. This is done by incorporation of the time variable
(Year− 2011). According to Johnston, DiNardo (1997, p. 9), series, responding to unre-
lated mechanisms, such as, death rates in England and Wales and the proportion of all
marriages solemnized in the Church of England from 1866 to 1911 (Yule 1926), may dis-
play contemporaneous upward or downward movement4. This problem may be addressed
by fitting trends to such series.

4Referring to Yule (1926), Johnston, DiNardo (1997) state that: “However, no British politicians
proposed closing down the church of England to confer immortality on the electorate.” (page 10)
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Table 4: Regression Analysis

Individual Effect Time Dummies (1) (2) (3)
(Full/Stepwise) No (Full) No (Stepwise) Yes (Stepwise)

Obesity Obesity Obesity
Variables Prevalence Prevalence Prevalence

(Year− 2011)2 0.00768 - -
(0.655) - -

(Year− 2011) 0.472*** 0.542*** -
(0.00261) (<0.01) -

Skyscrapers2 0.000139** 0.000145** 0.000146**
(0.0172) (0.0136) (0.0139)

EducatedÖ Skyscrapers2 0.000323*** 0.000323*** 0.000323***
(1.55Ö10-5) (1.49Ö10-5) (1.58Ö10-5)

Skyscrapers -0.0407*** -0.0426*** -0.0426***
(0.00532) (0.00383) (0.00406)

EducatedÖSkyscrapers -0.0933*** -0.0933*** -0.0933***
(1.13Ö10-6) (1.06Ö10-6) (1.20Ö10-6)

Educated -9.036*** -9.036*** -9.036***
(<0.01) (<0.01) (<0.01)

Pop Density -0.000115 - -
(0.703) - -

Constant 31.99*** 31.89*** 31.90***
(<0.01) (<0.01) (<0.01)

Observations 928 928 928
R-squared 0.667 0.667 0.667

Minimum Obesity College Education
Skyscrapers 145 [141, 149] 145 [142, 149] 145 [141, 149]
Projected Prevalence of Obesity 17 [16, 18] 15 [14, 17] 15 [14, 17]

Minimum Obesity less than High School Education
Skyscrapers 146 [122, 169] 146 [109, 183] 146 [110, 183]
Projected Prevalence of Obesity 30 [28, 31] 31 [29, 33] 31 [29, 33]

Notes: The Educated variable receives 1 for college education and zero for less than high school education
in the state. The Ramsey’s RESET (Regression Specification Error Test – see Ramanathan 2002, p.
270) procedure is based on two steps. The first step of the procedure is the construction of vector of

predictions (Ŷ ) from the model. The second step is the incorporation of Ŷ 2, Ŷ 3 and Ŷ 4 as additional
independent variables and testing the joint null hypothesis that their coefficients equal zero. If the null
hypothesis is not rejected, one could argue that the model specification is appropriate. According to
this procedure, the null hypothesis is not rejected (F (3, 918) = 2.59; p = 0.0514). Robust p-values are
given in parentheses. 5% confidence intervals are given in square brackets. *: p < 0.1; **: p < 0.05; ***:
p < 0.01.

4 Results

Table 4 reports the regression outcomes. The table is divided to three columns. Column
(1) gives the outcomes of the full model described by equation (1). Column (2) provides
the outcomes obtained from the stepwise regression. This procedure gradually omits
variables with the most insignificant coefficients (one variable for each step), until we
are left with significant coefficients at a pre-determined level. Finally, column (3) gives
the results obtained from the stepwise model, where the time variable is replaced with
dummies for each year.

As can be seen from Table 4, 66.7% of the variance of the dependent variable (at
the US States) is explained by the independent variables of education levels, the time
variable and the number of skyscrapers. Application of the RESET procedure supports
the conclusion that the incorporation of Ŷ 2, Ŷ 3, and Ŷ 4, is unnecessary at the 5% and
1% levels (F (3, 918) = 2.59; p = 0.0514). Consequently, according to the statistical test,
the specification of the empirical model described by equation (1) is appropriate.

The outcomes of column (1) in Table 4 demonstrate that the coefficient of the variable
(Year− 2011)2 is statistically insignificant (p = 0.655). In addition, the coefficient of the
“control” variable population density, where land area is measured in square km., has
the “correct” minus sign, but the variable is statistically insignificant (p = 0.703).

According to column (2) in Table 4, the 2011 baseline projected obesity prevalence
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(a) Obesity Prevalence by Education (b) Difference

Notes: Figure 1b refers to the difference between projected obesity prevalence of educated minus non-
educated populations at the same US states obtained from column (2) in Table 4. All the projection
differences are statistically different from zero at the 1% level and range between −16 and −9.

Figure 1: Impact of Skyscrapers on the Prevalence of Obesity: Educated vs. Non-
Educated

for non-educated population in regions without skyscrapers is 31.89 percent (p < 0.01).
Projected obesity prevalence rises by 0.542 percent per annum (p < 0.01) and drops by
9.036 percent (p < 0.01) with a shift from the non-educated to the educated population
after the adjustment of contributions of other predictors5. When we add the variable
population density measured in square kilometers to the regression analysis as a “control”
variable, the parameter has the “correct” minus sign, but the variable is statistically
insignificant (p = 0.703).

Figure 1 reports the impact of skyscrapers, as a proxy of denser urban environment,
on the prevalence of obesity among educated vs. non-educated persons. Figure 1a is based
on the outcomes obtained from column (2) in Table 4. Figure 1b refers to the difference
between projected obesity prevalence of non-educated minus Educated populations at
the same US states obtained from Table 1. All the projection differences are statistically
different from zero at the 1% level and range between −16 and −9.

In line with previous literature, Figure 1b indicates lower projected obesity prevalence
among educated population, where projections are adjusted for the number of skyscrap-
ers. The gap ranges between 9 and 16 percent in favor of the educated population. A
possible explanation to these outcomes is that as part of more efficient health literacy,
compared to non-educated, educated people make more extensive use in urban infras-
tructure, such as, stairways, gyms, green spaces and parks, bicycle and running tracks.

Figure 1a demonstrates a U-shaped curve for both groups. The implication is that
within the range of 0 to 146 (146 to 267), skyscrapers projected obesity prevalence drops
(rises) with the number of skyscrapers. Very few studies tested the possibility of non-
monotonic change. Based on population density analysis in China, Sun, Yin (2018)
demonstrated similar outcomes to our Study. The authors demonstrate that within the
range of population density of 50 to 1255 (1,255 to 202,800) persons per square kilometer,
projected obesity decreases (increases).

Figure 1 may be interpreted in the following manner:

1. The descending part of the graph: educated persons exploit the urban infrastruc-
ture more efficiently. Urban infrastructure includes bicycle and walking lanes;
benches and gym installations in parks; the possibility to engage in utilitarian
walk on the way to work and on the way from work. This is possible as long as
congestion effect is weak and the extent of crime incidences are low.

5In this context see footnote 3. Hoaglin (2016b) states that: “If one wants to estimate the effect of
making a unit change in x while holding w constant, one must have data in which values of x differ by
one unit and w remains constant, so that one can actually observe that effect. Designed experiments in
applied science often do this.” (page 32).
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Notes: The graphs are based on the outcomes reported on column (2) in Table 4. The Educated variable
receives 1 for college education and zero for less than high school education in the state.

Figure 2: Incremental impact of Skyscrapers on the Prevalence of Obesity among Edu-
cated vs. Non-Educated populations

2. The ascending part of the graph: As urban areas become more crowded, the urban
infrastructure are exploited beyond their capacity (the congestion effect). This
is particularly true for tourist attractions, which bring more people. The growth
of cities avoids utilitarian walking in shaded parks at night due to increased crime
rates. Consequently, educated persons gain weight and return to their initial weight.

Our interpretation to the educated vs. non educated difference is the following: the
construction and study of the exploitation of the urban infrastructure evolves with the
development of the urban areas. Walkable lanes are constructed at a later stage. Conse-
quently, the mid-range of skyscrapers captures the full relative advantage of the educated
population, where congestion effect is still weak.

Finally, based on the same regression analysis, Figure 2 displays the incremental
impact of skyscrapers on the prevalence of obesity among Educated vs. Non-Educated
populations. According to the figure, the incremental change of one additional skyscraper
is steeper among the educated population. Up to 146 skyscrapers, the exclusion of in-
dividuals from the group of obese population with each additional skyscraper is faster
among educated persons. While the first skyscraper reduces the expected proportion
of obese population by 14% among educated persons, the equivalent figure is only 4%
reduction among non-educated persons. But the picture reverses above 146 skyscrapers.
For 260 skyscrapers, the other extreme, while the last skyscrapers increases the antici-
pated proportion of obese population by 12% among the educated population, the rise
among non-educated becomes only 4%.

5 Robustness Tests

To further corroborate the relative contribution of education on the reduction of obesity
prevalence we run a robustness test. We transformed the variables given in equation
(1) to the standard normal distribution function. The analysis enables equals units of
measurement of one standard deviation increase for each explanatory variable. This gives
the possibility to rank the explanatory power of variables based on the absolute values
of the coefficients. Results of this exercise are given in Table 5.

The outcomes show that education has the highest explanatory power (0.6862 in
absolute value), followed by the number of skyscrapers (0.2771 in absolute value) and
the time variable (0.2352). To offset the impact of the education drop on projected
obesity prevalence, an increase of almost three standard deviations are required in the
time variable.

As an additional robustness test, Table 6 includes a random effect regression for the
educated vs. non-educated groups. This procedure corrects the serial correlation between
the generic dummies for each state and the independent variables and thus improves the

REGION : Volume 11, Number 2, 2024



Y. Arbel, Y. Arbel, A. Kerner, M. Kerner 109

Table 5: Regression Analysis: Beta Coefficients

(1)
Variables Z(Obesity Prevalence)

Z(Year− 2011) 0.2352***
(<0.01)

Z(Educated) -0.6862***
(<0.01)

Z(Skyscrapers) -0.2771***
(0.000623)

Z(EducatedÖSkyscrapers) -0.4440***
(1.29Ö10-7)

Z(SkyscrapersÖSkyscrapers) 0.2312***
(0.00428)

Z(EducatedÖSkyscrapersÖSkyscrapers) 0.3664***
(7.84Ö10-6)

Constant 0
(<0.01)

Observations 928
R-squared 0.667

Notes: The Z(.) is the standard normal distribution transformation with zero mean and standard
deviation of 1. P -values are given in parentheses. *: p < 0.1; **: p < 0.05; ***: p < 0.01.

Table 6: Random effect Regressions

(1) (2)
Educated Non-Educated

Variables Obesity prevalence Obesity prevalence

(Year− 2011) 0.598*** 0.481***
(<0.01) (<0.01)

SkyscrapersÖSkyscrapers 0.000467*** 0.000145
(0.000614) (0.266)

Skyscrapers -0.135*** -0.0424
(0.000206) (0.233)

Constant 22.59*** 32.16***
(<0.01) (<0.01)

Observations 464 464
Number of States 47 47

Notes: The random effect regression corrects for serial correlation between the 46 dummy variables
included in the random disturbance term (one for each state with the exception of the base category)
and the independent variables. Robust p-values are given in parentheses. 5% confidence intervals are
given in square brackets. *: p < 0.1; **: p < 0.05; ***: p < 0.01.

efficiency of the model (e.g., Wooldridge 2009, 489-491). The outcomes remain robust
with respect to previous procedures.

As can be seen from Table 6, obesity prevalence initially drops by 0.135 percent
(p = 2.0610−4) for the educated group and by only 0.0424 percent (p = 0.233) per
additional high-rise building for the uneducated group. Moreover, for the uneducated
population, the random effect regression makes the skyscrapers variables irrelevant.

Finally, one issue that warrants attention is the validity of the relationships among
the variables. The validity of using the number of skyscrapers as a proxy for dense urban
environments is supported by economic theory and a considerable body of empirical stud-
ies that demonstrate a correlation between high-rise construction and dense urban areas
(for an extensive review on urban spatial structure, see, for example, Anas et al. 1998).
According to McDonald, McMillen (2011), “Residential buildings are typically built at a
very high density—tall buildings with many units built atop small land parcels” (p. 121).
High-rise buildings and skyscrapers are distinctive forms of construction that have been
infrequently explored in academic literature. The development of skyscrapers generates
a blend of residential and commercial uses, job opportunities, and cultural amenities
(Brueckner et al. 1999) and influences the behaviors of residents in these areas. This
necessitates specialized planning characterized by pedestrian access between buildings
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and decreased reliance on automobiles.

The validity of the connection between dense urban environments and walkability
is substantiated by a substantial number of empirical studies (e.g., TRB 2005, Frank
et al. 2010, Ewing et al. 2014, Mulalic, Rouwendal 2020). In TRB (2005), the US
Committee on Physical Activity, Transportation, and Land Use, and the Institute of
Medicine recognized the influence of urban environments on physical activity levels as an
emerging field (p. 5). Physical inactivity is recognized as one of the leading risk factors
for non-communicable disease-related mortality (Ewing et al. 2014, WHO 2022). The
probability of mortality is projected to increase by 20% to 30% due to insufficient physical
activity (WHO 2022). It is expected that physical activity levels will decline over time
due to the ongoing decentralization of urban areas, resulting in longer travel distances and
making private vehicles the most convenient mode of transport. Indeed, in 2005, 55% of
the US adult population reported not meeting the recommended standard of 30 minutes
of daily brisk walking (TRB 2005, p. 2). In urban planning, compact development (i.e.,
dense construction) is linked to decreased automobile dependence (Ewing et al. 2014).

Other confounding factors include access to healthcare services. In this context,
Hamidi et al. (2020) investigate the relationship between COVID-19 infection and dense
urban environments in the United States. One the one hand, dense areas lead to more
face-to-face interaction among residents. On the other hand, dense areas may have
greater implementation of social distancing practices and policies and better access to
health care facilities. Indeed, as the authors suggest, counties with higher densities have
significantly lower virus-related mortality rates than do counties with lower densities,
possibly due to superior health care systems.

Using a worldwide examination, Arbel et al. (2023b) found that a one STD increase
in the population density and the number of beds is expected to decrease the STD of
COVID-19 mortality rate by 0.127 and 0.0920, respectively.

In addition to the aforementioned justifications, we conducted a cross-validation pro-
cedure as illustrated in Table 7. This method stems from the foundational work of Milton
Friedman (Friedman 1966, p. 9), who differentiated between “on sample,” “off-sample,”
and “out-of-sample” groups, where the latter pertains to anticipated future events (fore-
casts) and the former relates to past events—whose outcomes remain uncertain due to
insufficient information (predictions)6. The cross-validation procedure is applicable only
to cross-sectional datasets because the off-sample subset is randomly selected from the
entire sample pool. In time series analysis, the sequence is critical, preventing the proce-
dure from sampling a random subset. The cross-validation process generates a prediction
vector, denoted as P̂ , where each of the five folds randomly assigns a portion of the off-
sample group and performs an OLS regression on the training on-sample group. The
vector P̂ comprises only predictions from the off-sample group. The table presents the
Pearson correlations between Obesity Prevalence and P̂ . The markers † (p < 0.01), indi-
cate the rejection of the null hypothesis of zero correlation. The results of this procedure
revealed a Pearson correlation coefficient ranging from 0.2926 to 0.7109. In all cases, the
null hypothesis of zero correlation was rejected at the 1% level.

6 Discussion

A possible interpretation of the outcomes is the failure to utilize the urban infrastructures
(e.g., bicycle and walking lanes; pedestrian pavements; benches and gym installations
in parks) due to congestion problems at a densely populated urban environments (a
possibility that cannot be considered in an empirical study that imposes a linear and a
monotonic restriction). Up to 146 skyscrapers, the density is sufficiently low to facilitate

6According to Friedman (1966): “To avoid confusion, it should perhaps be noted explicitly that the
‘predictions’ by which the validity of a hypothesis is tested need not be about phenomena that have not
yet occurred, that is, need not be forecasts of future events; they may be about phenomena that have
occurred but observations on which have not yet been made or are not known to the person making the
prediction. For example, a hypothesis may imply that such and such must have happened in 1906, given
some other known circumstances. If a search of the records reveals that such and such did happen, the
prediction is confirmed; if it reveals that such and such did not happen, the prediction is contradicted.”
(page 9)
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Table 7: Cross Validate for Educated vs. Non-Educated

Rounds 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 Total

First 0.6222† 0.3821† 0.7109† 0.3847† 0.4650† 0.4957† 0.5938† 0.5012† 0.3563† 0.2926†

Obs. 90 90 92 94 94 94 94 94 92 94 928

Notes: The cross-validation procedure can only be performed on cross-sectional datasets. This procedure
creates a vector of predictions denoted as P̂ where each of the five folds randomly assigns a subset of the
off-sample group and runs an OLS regression on the training on-sample group. Vector P̂ contains only
the predictions from the off-sample group. The table shows the Pearson correlations between Obesity
Prevalence and P̂ . †: p < 0.01, for the rejection of the null hypothesis of zero correlation.

the use of the urban infrastructures within and outside the high-rise buildings. In terms of
density of people per pathways, it is more convenient to use staircases and gyms inside the
high-rise buildings, where population densities (proxied by the number of skyscrapers) are
low. Under such circumstances, it is still convenient to walk on pavements, use the bicycle
and running tracks, swimming pools, basketball halls and engaging in recreational sport.
As the number of skyscrapers (a proxy for population density) become higher, the type
and objective of walking modifies. The pace of walking becomes slower due to elevated
density, so that it can no longer be considered walking for the objectives of physical
activity. The public transportation system also becomes crowded. The convenience in
delivery services, along with the disincentive for walking, promotes the consumption of
innutritious food and the reduction in physical activity. Combined with the slower pace
of walking, the multitude of stimuli outside the perimeter (restaurants, food stands) and
availability of fast-food increase food consumption. These reasons, in turn, promote the
obesity prevalence of the population. The growth of cities avoids utilitarian walking in
shaded parks at night due to increased crime rates. Consequently, educated persons gain
weight and return to their initial weight with the evolution of the urban environment.

7 Summary and Conclusions

The objective of the current study is to examine the relationship between the prevalence
of obesity and the urban environment proxied by the number of skyscrapers and strati-
fied by education level (educated vs. non-educated populations). The study is based on
a sample of 47 US States during 2011-2020. A unique feature of this study is the employ-
ment of a quadratic model, which permits non-monotonic change in obesity prevalence
with the number of skyscrapers. With one exception (Sun, Yin 2018), we are unaware
of any study in the field that employed a quadratic model.

The public policy repercussions of our study may be divided into the short and long
run. The long run objectives should be the increase and improvement of the education
attainment and level. This type of solution was proposed or indicated inter alia by
Ross, Wu (1995), Devaux et al. (2011), and Tran et al. (2021). Using data from France,
Devaux et al. (2011) find support to a causal relationship from education to obesity, and
not vice versa. Their argument is based on the minimal effect on the strength of the
association when reduced educational opportunities for those who are obese in young
age are considered (page 140).

Given the difficulty to raise the education levels, particularly among the adult pop-
ulation, the short run objectives should be acquired health literacy via the media and
schools. Another possibility is the use of pharmacological means and bariatric surgeries
in extreme cases combined with proper nutrition and physical activity (Cannon, Kumar
2009).

In sum, the role of the government should be manifested in the following fields:

1. Improving urban planning in the areas of establishing schools and academic edu-
cational institutions, cultural institutions, educational youth movements. All these
issues will fall into the realm of land allocation for urban educational development,
including health institutions, sports infrastructure of all kinds, and programs for
teaching medical literacy. The planning should include provisions on educational
and health infrastructure.
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2. Children-parents knowledge spillover via special nutritional and physical activity
training programs in schools.

3. Popular training courses, particularly for uneducated populations.

4. Generating a new index, which accounts for optimal exploitation of urban infras-
tructure for health objectives with respect to congestion.

5. Constructing an incentive structure to encourage walkability instead of transporta-
tion.

Like any other research this study has its strength and limitations. A possible limita-
tion is the grid at the US statewide level. Yet this grid has its advantage and disadvan-
tage. Another limitation is the potential problem of omitted variable. Yet, the RESET
test rejects the possibility of an additional independent variables.

Strengths

A comparison across US states permits a global perspective. This comparison controls
for weather, economic and cultural differences and intensity of land use, particularly
given the generic dummies for each state used in a random effect regression framework
(see Table 6).

A cross comparison at a country level (a higher grid than our own research) is a very
well-known and a conventional methodology. Three examples are Barro et al. (2020)
and Arbel et al. (2023a,b). Barro et al. (2020) compared the mortality rate from the
Spanish flue pandemic during the Great Influenza Pandemic, 1918-1920 and War Death
Rates for Military in Combat during World War I, 1914-1918 at a country level. Arbel
et al. (2023a,b) investigated a data source at a country level and demonstrated that from
the examined independent variables the most influential on COVID19 morbidity and
mortality is the age variable.

Moreover, this is the first article that investigates the relationship between educa-
tion, the urban environment and obesity – using a non-linear model, which allows non-
monotonic increase or decrease, and relaxes the linear restrictions. Results show that
a quadratic model better fits the data particularly as far as the educated population is
concerned. For the uneducated population. the random effect regression, given in Table
6, makes the skyscrapers variables irrelevant. The outcomes also demonstrate that: 1)
the few independent variables explain 66.7% of the variance of the dependent variable
and 2) the RESET (Regression Specification Error Test – see Ramanathan 2002, p. 270)
procedure supports the absence of omitted variables.

Limitations

Given the data structure at a macro level, incorporating additional “control” variables
is problematic – because there is a one-to-one match between the independent and de-
pendent variable. Differently put, if we compare education with gender, for instance,
the numerical prevalence of obesity (the dependent variable) for the same state will be
different. Note, however, that the RESET procedure clearly supports the null hypothesis
that all the empirical models employed in this article are correctly specified.

The grid of the data might be considered too high. Average data might be exposed
to aggregation bias and information loss referring to the variance of variables at a lower
grid of the data. Future research should employ datasets at a lower grid, at least at a
city level.

Finally, future research regarding non-linearities in the data could be benefitted from
the employment of non-parametric or semi-parametric methodologies instead of the para-
metric ones. These methodologies are beyond the scope of the current research.
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A Appendix: Data Structure

Table A.1: US states and observation numbers

Number State Observations Number State Observations

1 Alabama 20 25 Missouri 20
2 Alaska 20 26 Montana 20
3 Arizona 20 27 Nebraska 20
4 Arkansas 20 28 Nevada 20
5 California 20 29 New Jersey 20
6 Colorado 20 30 New Mexico 20
7 Connecticut 20 31 New York 20
8 DC 20 32 North Dakota 18
9 Florida 20 33 Ohio 20
10 Georgia 20 34 Oklahoma 20
11 Hawaii 20 35 Oregon 20
12 Idaho 14 36 Pennsylvania 20
13 Illinois 20 37 Rhode Island 20
14 Indiana 20 38 South Dakota 20
15 Iowa 20 39 Tennessee 20
16 Kansas 20 40 Texas 20
17 Kentucky 20 41 Utah 16
18 Louisiana 20 42 Vermont 20
19 Maine 20 43 Virginia 20
20 Maryland 20 44 Washington 20
21 Massachusetts 20 45 West Virginia 20
22 Michigan 20 46 Wisconsin 20
23 Minnesota 20 47 Wyoming 20
24 Mississippi 20 Total 928

Notes: The full sample per-state includes 20 observations (10 yearsÖ2 obs. for educated and non-educated
in each state).

B Appendix: Four Educational Groups

Notes: the CDC dataset includes four groups: 1) College graduates (the most educated); 2) High School
graduates; 3) Less than high school (the least educated); and 4) Some college or technical schools.

Figure B.1: Four Educational Groups

REGION : Volume 11, Number 2, 2024



Y. Arbel, Y. Arbel, A. Kerner, M. Kerner 117

C Appendix: Simple Exercise of a Quadratic vs. Linear Relationship

Figure C.1: A Scatter Diagram of the Quadratic Model Ŷ = 6 + 5X2

Table C.1: Regression outcomes

Quadratic Linear
Coefficient of Y Y

X2 5 -
-

X 0 0
(8.037)

Constant 6 591.83
(86.99)

R-squared 1 0

Notes: Number in parentheses are standard errors.
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