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Abstract

Background: The objective of this analysis is to compare measurement methods – counts, 

proximity, mean distance, and spatial access – of calculating alcohol outlet density and violent 

crime using data from Baltimore, Maryland.

Methods: Violent crime data (n=11,815) were obtained from the Baltimore City Police 

Department and included homicides, aggravated assaults, rapes, and robberies in 2016. We 

calculated alcohol outlet density and violent crime at the census block (CB) level (n=13,016). We 

then weighted these CB-level measures to the census tract level (n=197) and conducted a series of 

regressions. Negative binomial regression was used for count outcomes and linear regression for 

proximity and spatial access outcomes. Choropleth maps, partial R2, Akaike’s Information 

Criterion, and root mean squared error guided determination of which models yielded lower error 

and better fit.

Results: The inference depended on the measurement methods used. Eight models that used a 

count of alcohol outlets and/or violent crimes failed to detect an association between outlets and 

crime, and three other count-based models detected an association in the opposite direction. 

Proximity, mean distance, and spatial access methods consistently detected an association between 

outlets and crime and produced comparable model fits.
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Conclusion: Proximity, mean distance, and spatial access methods yielded the best model fits 

and had the lowest levels of error in this urban setting. Spatial access methods may offer 

conceptual strengths over proximity and mean distance. Conflicting findings in the field may be in 

part due to error in the way that researchers measure alcohol outlet density.
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Introduction

Social disorganization theory proposes that the structural components of neighborhoods may 

increase violent crime through their effect on informal control (Stark, 1987). In this theory, 

collective efficacy (i.e., “social cohesion among neighbors combined with their willingness 

to intervene on behalf of the common good”) mediates the association between 

neighborhood characteristics and violent crime (Sampson et al., 1997). This means that 

higher levels of neighborhood disorganization can inhibit informal social control (i.e., the 

ability of residents to realize and enforce shared goals in a way that regulates individuals’ 

behaviors), which in turn may fuel violent crime (Sampson et al., 1997). Supporting this 

theory, there is a rich literature connecting the spatial distribution of alcohol outlets with the 

level of violent crime (Scribner et al., 1999, Scribner et al., 2000, Zhang et al., 2015, 

Jennings et al., 2014, Gruenewald et al., 2006, Gorman et al., 2017, Franklin et al., 2010, Yu 

et al., 2008, Yu et al., 2009, Livingston, 2008b, Livingston, 2008a).

Researchers recently challenged the alcohol outlet density field to increase the rigor of their 

measurement methods (Gmel et al., 2016, Holmes et al., 2014), which sparked an interesting 

discussion about how to advance measurement in this area (Morrison et al., 2016, Fry et al., 

2018, Lu et al., 2018). At a high level, all measurement methods aim to achieve a similar 

goal: to describe the spatial configuration of alcohol outlets. To help researchers identify the 

appropriate type of methods for alcohol outlet density research, the Centers for Disease 

Control and Prevention (CDC) recently published a guide on methods for measuring alcohol 

outlet density (Centers for Disease Control and Prevention, 2017b), referred to here as the 

CDC guide. However, providing evidence about the statistical performance of the available 

measurement techniques was beyond the scope of the guide.

The measurement methods described in the CDC guide are commonly used in alcohol outlet 

density research (Holmes et al., 2014) and more generally (Apparicio et al., 2008, Talen and 

Anselin, 1998, Handy and Niemeier, 1997). These measures can be broadly categorized as 

counts, proximity, mean distance, and spatial access. Counts are the simplest measure, and 

spatial access are the most complex. Counts capture the number of customers’ options (i.e., 

alcohol outlets) available in a given area (Handy and Niemeier, 1997). Counts weight all 

outlets equally, regardless of their location. Proximity measures (sometimes called 

“minimum distance” or “nearest neighbor”) are based on the minimum effort principle (Zipf, 

1949), and they are calculated as the distance (or another metric of opportunity cost such as 

time) between a reference point and the closest outlet. Mean distance measures use 

descriptive statistics (e.g., mean, median, mode) to summarize the distance to a given set of 
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outlets. Finally, spatial access measures (also called “gravity-based” measures) sum the 

inverse distances to a given set of outlets. By using inverse distance, spatial access measures 

assign higher weights to outlets that are closer to the reference point (Handy and Niemeier, 

1997). Each of these methods are described in greater detail in the methods section.

It is unlikely that any one method will perform the best in every setting. However, the 

measurement method used can ultimately determine the inference of study results, which 

underscores the importance of understanding how different methods introduce or remove 

error in specific settings (Apparicio et al., 2008). As described in the methods section, there 

are four key considerations that can help researchers with this determination: 1) the unit of 

analysis, 2) the aggregation method, 3) the measure of accessibility, and 4) the type of 

distance (Apparicio et al., 2008, Handy and Niemeier, 1997).

Two studies provide initial evidence to help evaluate alcohol outlet density measurement 

methods in an urban setting (Seattle, WA) (Grubesic et al., 2016, Groff, 2014). Both studies 

conclude that spatial access methods may have statistical advantages over counting the 

number of outlets (Grubesic et al., 2016, Groff, 2014). Groff was the first to compare spatial 

access and count methods to alcohol outlet density (Groff, 2013). Using street block data 

and a container-based approach with three buffer sizes (800 feet, 1,200 feet, and 2,800 feet), 

she concluded that a basic spatial access measure (including only the sum of the inverse 

distances to outlets) explained the greatest amount of variation when compared to a count 

and a more advanced spatial access measure that added sales information as a proxy for 

outlet attractiveness (Groff, 2013). Later, Grubesic, Wei, Miller & Pridemore compared 

several gravity models (a spatial access method that measures the interaction between two 

objects, in this case alcohol outlets and census tracts) to count methods using kappa statistics 

to measure agreement. They concluded that spatial access methods were more sensitive than 

counts (Grubesic et al., 2016). While informative, these existing analyses only tested a 

subset of measurement methods; they did not test proximity, mean distance, or spatial access 

methods that use a “choice set” approach.

This study statistically compares count, proximity, mean distance, and spatial access 

methods for measuring the alcohol outlet density and violent crime in Baltimore City, 

Maryland. Our regression models test the association between alcohol outlet density and the 

level of violent crime after adjusting for alcohol outlet clusters, markers of social 

disorganization (i.e., drug arrests, vacant housing, percent Black, and median annual 

household income), and general neighborhood context (i.e., percent aged 18–35 years old, 

population density). We will assess error and model fit to evaluate the statistical performance 

of these measures in Baltimore City.

Materials and Methods

Background

Setting.—With a 2017 population of 614,000 residents, Baltimore is the largest city in 

Maryland and the 29th largest city in the United States (US Census Bureau, 2017). In 2016, 

Baltimore had 1,780 violent crimes per 100,000 residents, (United States Department of 

Justice, 2017).

TRANGENSTEIN et al. Page 3

Alcohol Clin Exp Res. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Data Sources

Alcohol Outlets.—Liquor license information, including license type and address, was 

obtained for 1,218 alcohol outlets from the Board of Liquor License Commissioners for 

2016. Liquor license information was current as of June 4, 2016. Fourteen (1.1%) license 

types with atypical restrictions on locations, days/hours of sales and types of products that 

may be sold were excluded, including arenas (n=7), municipal (n=5), Pimlico Race Track 

(n=1), and the Baltimore Zoo (n=1). The addresses for the remaining 1,204 outlets were 

geocoded using ArcGIS10.6.1.

Violent Crimes.—Victim-based violent crime incident data for 2016 were obtained from 

the Baltimore Police Department (BPD), including type of crime and location. Violent 

crimes included homicide, aggravated assault (including non-fatal shootings), rape, and 

robbery (Federal Bureau of Investigation, 2016). These crimes were selected because police 

reports of serious crimes such as these are reliable indicators of the real crime rate (Gove et 

al., 1985). In 2016, there were 11,815 violent crimes (318 homicides [2.7%], 5,711 

aggravated assaults [48.3%], 285 rapes [2.4%], and 5,501 robberies [46.6%]). BPD 

publishes these data monthly and provide coordinates for each crime incident. BPD excludes 

crimes for which they were unable to geocode the incident location; the proportion of crimes 

that BPD was able to geocode is unknown.

Covariates.—We obtained most of our covariates from the 2016 American Community 

Survey (ACS) five-year estimates, which averaged data from 2012–2016. The ACS is an 

annual national survey that collects vital household information from nearly 2 million 

addresses each year (US Census Bureau, 2009).We also obtained 2016 drug arrest data from 

BPD and 2016 vacant housing locations from the Housing Authority of Baltimore via an 

online data sharing portal called OpenBaltimore.

Measures

This section outlines four considerations to explain the methods used in this study: 1) 

geographic unit, 2) method of aggregation, 3) type of accessibility measure, and 4) type of 

distance.

Geographic Units.—By definition, ecologic analyses like the present study compare 

populations or communities with a geographic unit of analysis. Sometimes called 

“containers,” these units can be either administrative/geopolitical boundaries (e.g., census 

tract [CT], ZIP Code) or user-defined areas (e.g., a buffer zone around a respondent’s 

house). The two primary concerns that guide determination of the most appropriate unit of 

analysis are aggregation bias (Hewko et al., 2002) and data availability. In urban settings like 

Baltimore City, accessibility can vary widely over short distances, and bias arises when 

measures average across heterogeneous areas (Hewko et al., 2002, Waller and Gotway, 

2004). The potential for aggregation bias increases as the size of the geographic unit gets 

larger (Hewko et al., 2002). To minimize aggregation bias, we calculated alcohol outlet 

density, violent crime, drug arrests, and vacant housing at the census block (CB) level 

(n=13,488). ArcGIS was unable to calculate spatial measures for 472 CBs, resulting in an 
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analytic sample of 13,016 CBs. Of the 472 excluded CBs, 393 did not contain any violent 

crimes, 256 had a population of zero, and 59 CBs did not contain roads.

ACS does not publish unrestricted data at the CB level, so we downloaded demographic 

covariates using a larger unit of analysis (CTs) and aggregated our CB-level measures to the 

CT level. To do this, we calculated area-weighted averages of CBs within CTs: 
1

n Ai
A j

Xi

where Ai is the area of CBi in square miles, Aj is the area of CTj in square miles, Xi is the 

CB-level measure (e.g., alcohol outlet density) in CBi, and n is the number of CBs in CTj. 

We used CTs over census block groups (CBGs) for the unit of analysis for the ACS data, 

because there is a higher margin of error in ACS data at the CBG level. There are 200 CTs in 

Baltimore City, and 197 of these CTs had complete data and were able to be included in the 

analysis.

Methods of Aggregation.—There are two primary methods of aggregation: 1) counting 

numbers of outlets inside the unit of analysis and 2) measuring distance(s) to a set of outlets 

from reference points in each geographic unit (Apparicio et al., 2008, Handy and Niemeier, 

1997). In this analysis, we calculate and compare four count-based variables and four 

distance-based variables (referred to as proximity, mean distance, and spatial access 

measures below).

Counts.: As the name implies, counts sum the number of outlets in a given area. Counts are 

often weighted by a measure of space or reach (e.g., population, square miles). These are 

among the easiest measures to calculate, do not require street-level data, are intuitive, and 

permit comparisons across communities (Centers for Disease Control and Prevention, 

2017a). However, aggregating point-level data by counting the number of points make an 

implicit assumption that points (outlets) are uniformly distributed throughout the container. 

If outlets cluster together, this method will not be able to detect it (Centers for Disease 

Control and Prevention, 2017a).

In the present study, we summed the number of alcohol outlets and violent crimes located in 

each CB. For the alcohol outlet density measures, we created four count variables using 

different denominators: 1) no denominator, 2) population denominator, 3) area denominator 

(measured in square miles), and 4) roadway miles denominator. For violent crime, we 

calculated one count variable, which was the total number of violent crimes per CB.

Reference Points and Distances.: One common alternative to counting outlets combines 

reference points and distances to a set out outlets. Commonly, these measures use centroids 

as the reference points, and there are two main types of centroids: geometric and population-

weighted. Geometric centroids are the middle of the geographic unit. They are straight-

forward to calculate using geographic information systems, but can introduce bias if people 

don’t live or interact across the entire geographic unit (Hewko et al., 2002). Population-

weighted centroids can reduce this bias, but they require information about the distribution 

of populations. It is also important to note that a limitation of these methods is that the 

results that researchers obtain using methods with reference points may depend on the type 

of reference point (e.g., centroid, mean center) used (Waller and Gotway, 2004).When using 
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a design with reference points and distances, there is one additional design consideration 

that will determine the type(s) and level(s) of measurement error. This is whether a design is 

“container-based” or smoothed.

Container-Based Designs.: Container-based designs only measure accessibility within the 

unit of analysis. For example, counts are container-based designs, because they define an 

area in which to count. One limitation of container-based designs is that the results of 

analyses that use them will depend on the size and shape of the container used, which is a 

statistical challenge known as the “modifiable areal unit problem” (MAUP) (Waller and 

Gotway, 2004). Container-based methods are also prone to edge effects, which means that 

alcohol outlets across a container boundary may influence the level of violent crime inside 

the container but the measures wouldn’t capture it because they cannot reach across the unit 

borders (Centers for Disease Control and Prevention, 2017a). Lastly, when using 

administrative containers, researchers should consider whether the containers are related to 

the association of interest. In particular, measuring variables using administrative boundaries 

that are unrelated to the association of interest can change or obscure patterns in the data 

(Talen and Anselin, 1998, Carlos et al., 2017). In addition to the container-based count 

variables, this analysis includes one additional container-based variable for both alcohol 

outlets and violent crime that summed the inverse distances to all outlets/crimes located 

within a 0.25-mile buffer from the CB centroid.

Smoothed Estimates.: The alternative to container-based design is a smoothed design. 

These measures are not confined to geographic units; rather, they pool information located 

within and/or beyond unit boundaries. The advantage of this approach is that drawing 

information from surrounding areas may help produce more stable estimates in sparse areas 

(Waller and Gotway, 2004). Spatial smoothing can also help avoid limitations of container-

based designs, but it is not without its own drawbacks. Researchers must determine how 

many outlets/crimes to include for each unit of analysis, which can be subjective. This 

analysis includes three types of smoothed estimates: the distance to the nearest outlet/crime, 

the mean distance to the seven nearest outlets/crimes, and a spatial access measure that also 

uses distances to the seven nearest outlets/crimes (as described below).

Measures of Accessibility.—Only designs that combine distances with reference points 

need to consider measures of accessibility, because counting is both a method of aggregation 

and accessibility. This analysis compares three measures of accessibility: proximity, mean 

distance, and “gravity-based” spatial access methods (also called spatial accessibility indices 

[SAIs]).

Proximity.: Proximity methods measure the distance between a reference point and the 

closest outlet/crime, which is a smoothed design so the reference point and the outlet/crime 

do not need to be in the same geographic unit. One appeal of these measures is that they 

only require two data points. However, proximity measures cannot account for “spatial 

polygamy” or the cumulative influence of a cluster of outlets/crimes on a given location 

(Grubesic et al., 2016). In this analysis, we calculated one proximity variable for both 

alcohol outlets and violent crimes.
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Mean Distance.: Mean distance measures are calculated as the arithmetic mean (though 

other summary measures like total, median, or mode are also possible) of the distances from 

a reference point to a set of outlets (Talen and Anselin, 1998, Handy and Niemeier, 1997). 

One appeal of these measures is that the unit is standard (e.g., miles, feet) and easy to 

understand. Mean distance methods may be container-based or smoothed.

In this study, we calculated one smoothed mean distance variable with a set of alcohol 

outlets/crimes (called a “choice set”). We defined the size of the choice set using literature 

about consumer decision making. Consumers consider seven plus or minus two options 

when making choices or evaluating settings (see Zhang, Lu, & Holt, 2011, for discussion). 

Thus, our mean distance variable calculated as the average distance from the CB centroid to 

the seven nearest outlets.

Spatial Access Measures.: Spatial access methods are derived from gravity-based models, 

which have been commonly used to determine locations for retail stores (Reilly, 1931) and 

understand population dynamics (Stewart, 1941). In general, gravity models follow this 

format: 

j = 1

n
1

di j
β  where dij is the distance between reference point i and j, and β is a friction 

parameter that summarizes how that distance decays over time/distance. The appeal of 

spatial access measures is that they use inverse distance. This is a strength because it weights 

outlets/crimes that are closer to the reference point more highly than those that are further 

away. In other words, inverse distances discount measures of alcohol outlet/violent crime 

accessibility for distance (Groff, 2013). However, spatial access measures that use inverse 

distance weighting cannot include coincident reference points and outlets/crimes, because 

the inverse of zero is undefined. One hundred and forty-four (144, 12.0%) outlets and eight 

crimes (8, <0.1%) were coincident with CBs centroids in our study, and we excluded these 

outlets/crimes from the spatial access measures.

Spatial access methods may be either container-based or smoothed. Container-based spatial 

access measures sum the inverse distances between a reference point and a set of alcohol 

outlets/crimes that fall inside a container (e.g., a 0.25-mile buffer around a CB centroid). In 

this study, we calculated a container-based spatial access measure for both alcohol outlets 

and crime that summed the inverse distances from the CB centroid to all outlets/crimes 

located inside a 0.25-mile buffer. In contrast, the smoothed spatial access design defined a 

set of alcohol outlets/crimes using the choice set approach described in the mean distance 

section, which summed of inverse distances from the CB centroid to the seven nearest 

outlets/crimes.

Type of Distance.—Finally, there are three types of distance to consider when calculating 

the distance between centroids and points: 1) Euclidian (straight-line or “as the crow flies”), 

2) Shortest network (road-based) distance, and 3) Shortest network time. Based on Zipf’s 

Principle of Least Effort (Zipf, 1949), we use the shortest network distance for our distance-

based measures.
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Control Variables.—Neighborhood contextual factors were included as covariates in the 

regression models, and were selected based on the social disorganization theory (Stark, 

1987, Sampson et al., 1997). Demographic covariates included percent Black, median 

annual household income, population density, and percent of population aged 18–35 years, 

all of which came from the ACS. We adjusted for percent Black because Blacks tend to 

drink less than whites (Substance Abuse and Mental Health Administration, 2017), and the 

Baltimore population is predominately Black (US Census Bureau, 2017).

We also included three environmental covariates: alcohol outlet clusters, drug arrests, and 

vacant buildings. We adjusted for alcohol outlet clusters, because the association between 

alcohol outlet density and violent crime may differ in these pockets of high density. Seventy-

nine percent of alcohol outlets were located less than 0.1 miles from the nearest alcohol 

outlet. Following the methods used in Zhang et al. (2015), we created and merged 0.1-mile 

buffers around each alcohol outlet and defined sets of overlapping buffers that included 50 or 

more alcohol outlets as high-density clusters. This approach classified 44 CTs (22.3%) as 

high-density areas. We created a binary variable to identify these high-density CTs.

We selected vacant housing and drug arrests as measures of disorganization, because 

Baltimore has high levels of vacant houses and drug use. For both drug arrests and vacant 

buildings, we summed the number of arrests/buildings per CB, constructed a weighted 

average to the CT level (following the same measures as those used for the alcohol outlet 

density variables), and performed a natural log transformation of the area-weighted counts.

Statistical Analysis

Regression was used to determine the association between different permutations of the 

alcohol outlet density and violent crime variables. These analyses were conducted using 

Stata version 14 (StataCorp, 2015). We used a natural log-transformation for the measures of 

alcohol outlet density to reduce the positive skew and to mitigate the influence of outliers. 

Count methods added 0.0001 to the variables before applying the natural log transformation 

because there were CBGs with no outlets. The rest of the statistical analyses depended on 

the way we measured violent crime, and a total of 32 models were tested. These models are 

summarized in Table 1. All regressions used a q-value estimated with the Simes-Benjamini-

Hochberg correction for multiple testing (Newson, 2010). Akaike’s Information Criterion 

(AIC) and the partial R2 guided determination of which model yielded the best fit for the 

data, where smaller AICs and larger R2 values indicated better fit. We also used a 10-fold 

cross-validation process to compare actual and predicted levels of crime using root mean 

squared error (RMSE).

Count Outcomes.—Negative binomial regression was used for models 1–8. Deviance 

goodness of fit analyses confirmed that Poisson regressions did not provide an adequate fit 

to the data. The negative binomial regressions used the natural log of the 2016 population as 

the offset.

Proximity & Spatial Access Outcomes.—Linear regression was used for models 9–32. 

Both the dependent and independent variables were log-transformed, so the regression 
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coefficients can be interpreted as elasticities, which measure the change in a variable Y that 

is associated with a given change in variable X.

Spatial Analyses.—All spatial analyses were performed in R. Moran’s Index (Moran’s I) 

was calculated on the measures of violent crime and regression standardized residuals using 

a first order Queen adjacency matrix requiring at least two adjacent sides to determine 

spatial dependence. A Monte Carlo estimation process was used for the proximity and 

spatial access measurements. The unadjusted regression models should be approximately 

accurate, because the initial regressions accounted for more than 50% of the spatial 

dependence, the remaining residual spatial variation is small (Moran’s I = 0.04–0.19, see 

Table 3), and the negative binomial regression accounts for overdispersion. We calculated 

spatial lags as the mean of that variable in the neighboring CBGs (Waller and Gotway, 

2004). The lagged terms for the alcohol outlet density variables and covariates did not 

account for any additional spatial dependence, but many of these terms were significant, so 

they were included in the final models.

Collinearity between the covariates was not a problem, as all variance inflation factors were 

less than two (Sheather, 2009). We scaled the covariates to aid interpretation, so a one-unit 

increase represented a 10% increase in percent Black and percent aged 18–35 years, 100 

houses for count of vacant housing, and $10,000 for median annual household income.

Results

On average, CBs were 0.01 square miles (range: <0.01–0.57 square miles) and contained 47 

residents (range: 0–3,369 residents) (see Table 2). The percent of the residents in CTs that 

were Black had a bimodal distribution (mean 62.6%, range 0.4–99.5%), suggesting trends of 

racial segregation. The median annual household income was $46,744 (range: $12,279-

$202,813). Baltimore CBs contained between 0 and 14 alcohol outlets with an average of 

less than one outlet in each CB. Many CBs had no or low counts of alcohol outlets.

Figure 1 shows the geographic distribution of the alcohol outlets and alcohol outlet density 

variables. Overall, the different measurement methods produced similar trends: alcohol 

outlet density was highest in the city center (downtown) and adjacent to the Inner Harbor 

(which is an entertainment area just south of downtown) as well as roughly two miles east 

and west from the city center. All methods captured the pockets of high density in east and 

west Baltimore, though these areas appeared smallest with the count variables and largest 

with mean distance and the SAI using a choice set. The starkest difference between the 

measurement methods is that counts produced maps that were more monochromatic than the 

other methods. This is visual evidence that counts classified almost all CBs as low density 

(light colors), whereas the other methods classified a minority of CBs (~20%) this way. The 

methods also conflicted in how they characterized the density in larger CBs, which is 

evident in downtown and southeast Baltimore. Counts using an area-based or roadway miles 

denominator had lower density levels downtown, which CBs are larger and have more 

businesses but fewer residences. Similarly, the raw counts and the counts with a population 

denominator categorized the large CBs in southeast Baltimore as high availability while the 

proximity and spatial access methods categorized them as low.
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The inference depended on the method with which alcohol outlet density and violent crime 

were calculated (see Table 3). Twelve models concluded that there was no association 

between alcohol outlet density and violent crime, and all of these models used a count to 

measure at least one variable. None of the models that used a raw count (models 1, 9, 17, 

and 25) or a count divided by total roadway miles (models 4, 12, 20, and 28) found a 

significant association between alcohol outlet density and violent crime. Three models that 

measured either the dependent (model 5) or independent variable (models 18 and 26) found 

an association in the opposite direction -- that is that higher alcohol outlet density is 

associated with lower violent crime.

Seventeen models found an association between alcohol outlet density and violent crime in 

the expected direction. Fourteen (82.4%) of these models used an aggregation method that 

combined centroids and distances for the independent variable, and 15 (88.2%) used this 

type of method to measure the dependent variable.

Table 4 shows the model fit statistics, including partial R2 for the alcohol outlet density 

variables as well as the RMSE and AIC values for each model fit. Measures of alcohol outlet 

density that used centroids and distances consistently explained the most variation in the 

outcomes. Among the models that used the count of violent crime as the outcome (models 

1–8), the models with SAIs for alcohol outlet density explained the most variation in the 

outcome. However, among the models that used the proximity (models 9–16) or container-

based SAI to measure violent crime (models 25–32), the proximity and mean distance 

variables for alcohol outlet density explained the most variation in the outcome.

Comparing the RMSE using cross-validation methods showed that the count-based models 

(models 1–8) had the highest absolute error between actual and expected outcomes. The 

RMSE was below 1 for all the other models. Within the models that used proximity, mean 

distance or spatial access methods to measure violent crime (models 9–32), proximity and 

mean distance tended to have the lowest RMSE values. However, the RMSE values for the 

SAIs are very similar. Finally, among models 1–8, model 3 with the count of alcohol outlets 

divided by area had the lowest absolute error.

We conducted a sensitivity analysis using the variables from model 23 (a choice set SAI for 

both alcohol outlet density and violent crime) to test statistical advantages of different choice 

set sizes. To do this, we fixed the choice set size for violent crime (seven crimes) and 

systematically varied the choice set size for the alcohol outlet density variable. Across these 

regressions, the AIC decreased by about one unit until the set included 25 outlets, where it 

stabilized.

Discussion

The measurement method determined whether or not models detected an association 

between alcohol outlets and violent crime. Some counts of alcohol outlets explained almost 

no variation in violent crime (R2<0.1), and models that used counts were the least likely to 

detect an association. When they did, it was often in the opposite direction. Proximity and 

spatial access methods consistently detected the underlying association and yielded models 
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with better fit. Accessibility methods that combine reference points and distances – 

proximity, mean distance, and spatial access methods – offer statistical advantages when 

quantifying the alcohol environment in an urban setting. Although their statistical 

performance was similar, spatial access methods also have conceptual strengths; they can 

detect clustering, they are more intuitive because density increases when spatial access 

measures increase, and they provide a gravity-based design that can integrate measures of 

outlet attraction (e.g., size, sales). For these reasons, we conclude that spatial access methods 

were most appropriate for this urban setting.

Counts mischaracterized large CBs because they were unable to detect the distribution of the 

outlets. These CBs often had several outlets located along the CB boundary. Counts treated 

these outlets as if they were distributed evenly across the CB, which led the method to 

conclude there was high availability when the majority of the CB had relatively low access. 

In addition, proximity methods showed evidence of random error in pockets of the city with 

greater numbers of outlets. This appeared as a peppering effect on the choropleth maps, and 

is likely the result of the simplicity of proximity methods. These methods only use the 

distance to one alcohol outlet, and determining the nearest outlet is a somewhat random 

process.

The two SAIs had different strengths and weaknesses. The SAI that used the choice set 

approach performed better in areas with low alcohol outlet density, while the container-

based spatial access measure had advantages in high-density areas. Because it used spatial 

smoothing, the choice set SAI drew data from adjacent areas to measure density in these 

areas. The container-based SAI couldn’t reach beyond geographic boundaries, so it assigned 

zeroes to areas with no outlets/crimes within 0.25 miles. This created a variable with a 

bimodal distribution that had one peak for CBs with no alcohol outlets within the buffer and 

another peak for CBs that had at least one alcohol outlet within this range.

The container-based SAI had a wider range, which provided a more detailed summary of 

areas with high outlet/crime density. The choice set SAIs characterized some of high-density 

areas as having lower density than their container-based alternatives. This difference likely 

arises because the container-based approach accounts for both the number and the 

distribution of the alcohol outlets in the area, while the number is fixed in the choice set 

SAIs.

Prior studies have debated about how to best refine count methods through a reasoned choice 

of a denominator (Livingston, 2008a, Scribner et al., 1999, Yu et al., 2008, Romley et al., 

2007, Hay et al., 2009, Badland et al., 2016, Kavanagh et al., 2011, Milam et al., 2013). This 

analysis compared the most common denominators for counts of alcohol outlet density. For 

the majority of models, the area-based denominator tended to have the highest R2. This 

pattern was reversed in the AICs, suggesting that the area-based denominator performed the 

best in this setting. However, counts cannot detect clustering of alcohol outlets and 

systematically inflate the density in large CBs. The results from these analyses suggest that 

this debate misses the larger issue of how researchers can integrate measures of accessibility 

into their research if they have street-level data.
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There are conflicting findings in the alcohol outlet density literature that have not yet been 

reconciled. For example, it is unclear whether on-premise (e.g., bars, restaurants) (Lipton 

and Gruenewald, 2002, Livingston, 2008b, Toomey et al., 2012, Gruenewald et al., 2006) or 

off-premise outlets (e.g., liquor stores) (Snowden, 2016, Livingston, 2008b, Branas et al., 

2009, Pridemore and Grubesic, 2013, Gorman et al., 2005, Liang and Chikritzhs, 2011, 

Livingston, 2011) have stronger associations with the levels of harms. There is also 

disagreement about whether alcohol consumption mediates the association between alcohol 

outlet density and related harms, where some authors conclude there is (Scribner et al., 

2008) and others conclude there is not (Iritani et al., 2013, Waller et al., 2013). Given that 

the majority of these studies use a count to measure alcohol outlet density (Holmes et al., 

2014), measurement bias and error may contribute to these conflicts.

To date, the authors are unaware of any guidance for the optimal number of outlets to use to 

define a choice set for SAIs. We found that the SAIs with larger choice set sizes 

characterized high-density areas more accurately. While this provides statistical evidence of 

some benefit for larger numbers of observations in SAIs, this benefit may evaporate in the 

face of real-world conditions. The average CB had less than one outlet, which means a 

choice set of seven approximately averaged across seven CBs and a choice set of 25 outlets 

smoothed across 25 CBs. This yielded a statistically stable estimate but measured a meso-

level effect instead of a local, micro-level effect. This means researchers may want to make 

context-specific decisions that account for the number of alcohol outlets and the unit of 

analysis regarding choice set size.

This analysis has several limitations. First, it only assessed total alcohol outlet density and 

did not disaggregate by outlet type. While this facilitated comparisons, it is possible that the 

statistical advantages of the respective methods could depend on the types of outlet and 

different methods more accurately capture dynamics of subtypes of outlets. We were also 

unable to determine whether all alcohol outlets were still open at the time of the analysis, as 

it is possible that some outlets closed in the 16 months between data generation and analysis. 

Also, the BPD data only include crimes that were reported to the police, so it is possible that 

there is underreporting. Future research may want to consider using population-weighted 

centroids, as this may capture access more accurately (Waller and Gotway, 2004). Lastly, 

these analyses began by defining Baltimore as a container, and therefore may suffer from 

edge effects. It is possible that the level of violent crime in the CBGs located along the 

Baltimore City boundaries may be associated with the access to alcohol outlets located in 

Baltimore County, which is a separate jurisdiction that surrounds Baltimore City.

Finally, it is possible that the relative advantages and disadvantages of these methods depend 

on the context. Findings described here are specific to Baltimore, which has unique 

demographics and history. Baltimore’s population has steadily fallen since its peak of 

950,000 residents in the 1950s (Bureau of the Census, 1950, Bureau of the Census, 2018). 

During this population decline, the number of alcohol outlets remained fairly constant, 

leading Baltimore residents to have high exposure to alcohol outlets. Departure of numerous 

residents also led to large swaths of vacant homes, which contributed to social 

disorganization that has been exacerbated by active drug markets and high poverty rates. 

Baltimore is also a city comprised of a patchwork of neighborhoods, which can cause 
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demographics to shift substantially across small geographic areas. Consequently, Baltimore 

has substantial health disparities, which may or may not map accurately to individual CBs; 

life expectancy differs by as much as 20 years across neighborhoods (Baltimore 

Neighborhood Indicators Alliance, ND). Detecting an association between alcohol outlet 

density and violent crime in a city with high crime, poverty, and a range of social issues 

suggests that the association between alcohol outlets and violence is robust. While 

researchers reached similar conclusions to those arrived at here using data from Seattle, 

Washington, (Grubesic et al., 2016), future research could be conducted to determine 

whether spatial access methods are superior analytically in cities with different 

demographics.

Measuring the number and location of alcohol outlets are critical for understanding and 

predicting the potential negative impact of those outlets on surrounding communities. 

Effective, evidence-based policy begins with accurate measurement of the alcohol 

environment. This paper confirms that the way researchers measure alcohol outlet density 

and related outcomes matters in order to accurately describe the relationship between 

alcohol outlets and associated harms. In particular, these study findings are consistent with 

Grubesic et al.’s findings that spatial access methods offer statistical advantages over 

alternatives. The advantages over count or proximity methods appear substantial for both 

measures of alcohol outlet density and violent crime, at least in this urban setting. SAIs with 

a choice set appear to be the most versatile tool, capturing variability in both high and low-

density areas. However, proximity methods appear to be a reasonable alternative that are 

easier to calculate and may offer statistical advantages in sparse areas. Similarly, container-

based spatial access measures may be more accurate in dense areas. In the end, the findings 

from this study may provide additional support for researchers’ decisions about which 

methods to use when characterizing the number and locations of alcohol outlets in other 

jurisdictions.
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Figure 1. 
Distribution of Alcohol Outlets and Alcohol outlet density Variables
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