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Sexually transmitted infections (STIs) tend to cluster in geographically definable core areas,
or risk spaces.(1–15) These core areas are often located in low socioeconomic status (SES)
urban neighborhoods,(4,7,9,16,17) suggesting that socio-cultural determinants of health may
influence the clustered spatial pattern observed for STIs.

Several socio-cultural risk factors have been associated with gonorrhea in urban
environments including individual level factors such as SES and community level (e.g.
county or state) factors such as prevalence of infection,(18) % urbanicity,(19) neighborhood
instability,(20) gender imbalance with more women than men, low social capital,(21,22) and
high % Black or Hispanic.(5,23) For instance, low SES can impair timely access to STI
services, thereby increasing the duration of infection and ultimately the prevalence of
infection within a sexual network. Prevalence of an STI has a direct impact on the incidence
of infection. As STI prevalence increases, the likelihood of finding a sexual partner that has
an STI also increases. The power to negotiate the terms and conditions around sex is
affected by both an imbalanced sex ratio, and the proportion of single parents in a
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community.(18) An imbalanced sex ratio with more women than men may increase the
practice of high risk behaviors including unprotected sex and the exchange of sex for
resources (money, food, shelter, father/mother figure, etc.).(24–26) The association between
the spatial distribution of socio-cultural factors with the spatial pattern of STIs has been
studied for urban environments, but not for rural environments.

Rurality may influence STI transmission through the low density and availability of partners
within a sexual network, as well as the culture and social norms around sex and relationships
within a community. Rurality may also act as a proxy for low physician density, poor access
to STI health services, or community racial/ethnic homogeneity and hence, partner STI
prevalence.

Race/ethnicity itself is not causally associated with STIs,(27) however, it can provide strong
predictive power of STI risk.(28–33) For instance, in North Carolina, racial/ethnic
differences in gonorrhea rates have persisted over time (18,29) suggesting that race/ethnicity
is a proxy for other STI risk factors. Possible explanatory factors include partner STI
prevalence, assortative mixing, historic segregation, racism, unequal access to healthcare, or
high incarceration rates.(18,29,32,34)

Our primary objective was to determine if the spatial pattern of gonorrhea observed for
North Carolina (NC) was influenced by neighbourhood-level socio-cultural determinants of
health (Figure 1). A secondary objective was to investigate the influence of race/ethnicity on
the spatial pattern of gonorrhea, after accounting for known, measurable social factors.

METHODS
Gonorrhea and population data

In North Carolina, health care providers and laboratories are required to report suspected
and newly identified cases of gonorrhea to the local health department. Basic demographic
information is collected for each case on a case report card that is forwarded to the local
health department, county health department, state health department, and finally to the
Centers for Disease Control and Prevention. The North Carolina Department of Health and
Human Services, Epidemiology Section, Branch of HIV/STD Prevention & Care, provided
individual-level, de-identified and geomasked (35,36) gonorrhea case data for this analysis.
These data were aggregated by race/ethnicity, census tract, and three-month time intervals
from January 1, 2005 to March 31, 2008.

Census tract level population estimates for the state of North Carolina were obtained from
the US Census Bureau for the year 2000 and from the Environmental Systems Research
Institute, Inc (Redlands, California) for the year 2007. A linear interpolation of population
estimates from 2000 to a projected estimate for 2007 and an extrapolation to 2008 were used
to approximate yearly underlying populations. Underlying population estimates were used as
the offset during Poisson modeling.

Social determinants
Male-to-female sex-ratio (males/females; sex ratio), % female head of household with a
child (single mother), and % renting were obtained at the neighborhood-level (census tract)
for the year 2000 from the US Census Bureau. The relative rate was a linear function of the
logged male-to-female sex-ratio with a change point at 1 (or 0 on the log scale) and constant
after 2 males per female. The proportion of renters was used as an indication of
neighborhood instability with the assumption that as this proportion increased, neighborhood
instability also increases because of higher neighbor turnover and resulting lowered social
capital. To construct an indicator for socioeconomic status (SES), we performed a principal
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components analysis of three census variables including % less than high school education,
% with a household income less than $30,000 per year, and % unemployed. Only the first
component was retained as a continuous indicator, which accounted for 66% of the total
variation.

Rural Urban Commuting Areas
Rural Urban Commuting Areas (RUCAs) at the census tract level were used to define
rurality.(37) RUCAs are separated into 10 primary and 30 secondary categories and
classified according to population density, urbanization, as well as the % of residents that
commute daily to an urban area. RUCAs were used as opposed to other classifications of
rurality, such as % rural, because they account for daily commuting patterns, which may be
an important factor when considering social and sexual networks. For the purpose of this
analysis, RUCAs were grouped into four categories: metropolitan census tracts had more
than 5% of the population commuting daily into an urbanized area (according to the US
census bureau); micropolitan census tracts had more than 5% commuting into a large town;
small town census tracts had more than 5% commuting into a small town; and rural census
tracts had no primary flow (> 5%) into a urban core, large town, or small town (Figure 2a).
{Hall, 2006 #480}

Mountain vs. non-mountain
Physiographically and socio-culturally, North Carolina can be divided into three regions:
mountain in the west, Piedmont in the center, and coastal in the east. The mountain area of
Western NC is known to have substantially lower gonorrhea rates than the rest of the state.
NC was divided into the mountain region and non-mountain region for modeling purposes to
avoid having the low rates in the mountains dominate the effect of rurality on gonorrhea
rates for the entire state.

Statistical Analyses
Initially, the spatial distribution of gonorrhea was assessed qualitatively by visually
interpreting and comparing maps of yearly, unadjusted gonorrhea rates, cumulative
gonorrhea incidence, and socio-cultural factors mapped at the census tract level. Next, a
three-level generalized linear mixed model with spatial random effects (38) was fit to
quantify which social factors were associated with cumulative gonorrhea incidence and
hence influenced the observed spatial pattern (Figure 1). Level 1 modeled the rate at which
an individual contracts gonorrhea according to their age and sex and the rate for their race/
ethnic group (Hispanic, Black, White, or American Indian) within their neighborhood. Level
2 modeled the relative rate for each race/ethnicity group within a neighborhood dependent
on rurality (RUCA’s), mountain/non-mountain category, sex ratio, % renting, % single
mothers, and SES. Interactions between rurality and race, as well as rurality and mountain/
non-mountain region, were included. Level 3 modeled a neighborhood-level, spatially
varying, random relative rate surface.(39)

Case age and gender were not available at the individual or census tract level because of
concern that this information may breech confidentiality. Therefore, to adjust for age and
gender, each individual’s rate was assumed to be proportional to the overall rate for their
age, sex and ethnic group in North Carolina (averaged for 2005 to 2007) as obtained from
the Center for Disease Control and Prevention. Each individual’s rate was modeled as the
product of the average rate for their age/sex/ethnic group, a race-specific intercept term, the
exponentiated sum of the fixed effects for levels 1 and 2 listed above, and the spatial relative
rate surface.
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Spatial variation in relative rate was modeled with a Besag, York and Mollie model,(39)
where each census tract’s relative rate was log normally distributed and depended on the rate
in adjacent census tracts.(38) This treatment of the overall rates for age, sex and ethnic
group reduced the individual-level model described above to one where the case counts for
each ethnic group in each census tract was modeled as Poisson distributed with an offset
parameter related to these average rates and the population. Model fitting was done using
Bayesian inference with the software WinBUGS and the glmmBUGS package in the
statistical software package R.(40)

RESULTS
Between January 1, 2005 and March 31, 2008, a total of 45,745 gonorrhea cases were
diagnosed and reported to the NC HIV/STD Treatment & Prevention Branch. The analysis
presented here is based on the 39,529 cases (86.4%) successfully geocoded and geomasked.
Over this time, the gonorrhea rate remained fairly stable at about 160 cases per 100,000
person-years, except for the first and last two quarters during the study period, which had
lower rates. Low rates in the first quarter may be explained in part by the state’s transition to
an electronic surveillance reporting system. Low rates in the last two quarters may be a
result of reporting delays. Maps of unadjusted gonorrhea rates indicated clustering of high
rates in the northeastern and southern parts of the state (Figure 2b).

In the year 2000, North Carolina was a heterogeneous state with slightly more women than
men, nearly one-third of adults renting their living accommodations, and about 8% of
households being headed by a single female with children (Table 1). The highest male to
female population imbalances were observed in neighborhoods in urban centers of North
Carolina; Raleigh, Durham, and Greensboro (more females than males) and areas with a
military base (more males than females in counties with Fort Bragg and Camp Lejeune
Military Bases). Single mothers comprised 57% of the households in one urban
neighborhood in Durham, North Carolina. More than 85% of census tracts had at least 5% of
the population commuting daily to a major metropolitan area (Figure 2a). Small town and
rural neighborhoods accounted for 13.8% of the population and only 8.7% of gonorrhea
cases (Table 1).

Neighborhoods with high SES were associated with low gonorrhea incidence rates; whereas
neighborhoods with more women than men and a high % of single mothers were associated
with high gonorrhea rates (Figure 3). In the model with race/ethnicity, an increase from the
25th to 75th neighborhood percentile increased the relative rate (RR) for % single mothers by
1.18 (95% CI 1.12, 1.25), and decreased relative rate for SES by 0.89 (95% CI 0.84, 0.95).
The male-female sex ratio has a change point at the 1:1 value, coincidentally the 75th

percentile. A threshold effect was observed where the relative rate of gonorrhea was
consistently higher for neighborhoods with more women than men. However at the 1:1
change point, the relative rate of gonorrhea decreased as the proportion of men increased.
The influence of the proportion single mothers was greatly attenuated after race/ethnicity
was accounted for. The proportion of individuals renting was not associated with gonorrhea
rates RR 1.03 (95% CI 0.97, 1.10).

Comparing the mountain region with the non-mountain region over the study period, the
mountains reported a gonorrhea rate of 42.5 cases per 100,000 person-years and the non-
mountain region reported a gonorrhea rate of 145.9 cases per 100,000 person-years. The
mountain region had a lower % renting (21.6% mountain vs 30.8% non-mountain), a lower
% of single mothers (5.2% mountain vs. 8.0% non-mountain) and a lower proportion of
males (sex ratio of 95.3 mountain vs 99.7 non-mountain). Less than 5% of the population in
the mountain region was Black compared to more than 25% in the non-mountain region.
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The non-mountain region of NC accounted for 90.0% of the population and 97.5% of
gonorrhea cases.

Spatial variation in gonorrhea rates remains even after adjustment for the age, sex, race/
ethnicity, rurality, sex-ratio, % single mother, % renting, mountain and non-mountain region
(Figure 4). Plotted are the predicted values of the random spatial component of the model,
equivalent to the rate ratios relative to the state average after adjustment for the social and
environmental risk factors. For example, neighborhoods with a rate ratio (RR) of 2.0 had
twice the rate of gonorrhea as the estimated state average for census tracts with the same
demographic, social and environmental factors as the neighborhood in question.

Blacks had the highest gonorrhea incidence rates in North Carolina followed by Native
Americans (Figure 5). Hispanics and Whites had relatively low rates. In general, gonorrhea
rates decreased or remained constant with increasing rurality, except for Native Americans
living in the non-mountain region. Native Americans residing in more rural parts of central
and eastern NC had a higher incidence of infection than Native Americans residing in
metropolitan neighborhoods. Mountain residence was associated with reduced gonorrhea
incidence for all races/ethnicities (Figure 5).

The map of residual spatial variation in gonorrhea rates for the model without race (not
shown) has considerably more variation than that for the model with race (Figure 4).
Including race in the model explained a substantial amount of the spatial variation in rate;
the variance of the random spatial component decreased by 47% after adjustment for race/
ethnicity. The large differences between the fitted rates for the different racial groups
(Figure 5) are further illustrations of the predictive power gained by including race in the
model.

DISCUSSION
In North Carolina, the spatial pattern of gonorrhea rates appear to be influenced by
neighborhood-level socio-cultural determinants of health, primarily those indicative of
neighborhood deprivation (high % of single mothers, more women than men, and low SES).

As observed in other communities,(41) percent single mothers was the strongest predictor of
high gonorrhea rates before adjusting for race/ethnicity. However, after accounting for race/
ethnicity, the association was greatly attenuated. Neighborhood level % single mothers and
% Black were strongly correlated (R = 0.79) suggesting that neighborhoods with a high
proportion of single Black mothers were carrying the burden of infection.

Consistent with previous work in NC,(34) this study found that census tracts with more
women than men were associated with increased gonorrhea rates. This association may
represent destabilized family structures and relationship dynamics. Sex ratio imbalances
with more women than men could decrease women’s power to negotiate sex, thereby
increase concurrent sexual partnerships, high risk sexual behaviors, and reduced condom
use. Similarly, census tracts with more men than women could increase a woman’s power to
negotiate sex in turn decreasing concurrent partnerships and high risk behaviors. Sex ratio
may also act as a proxy for higher incarceration rates and mortality rates among Black men.
(18,29)

As expected, neighborhoods with low SES were associated with a higher relative rate of
gonorrhea (Figure 3). Low SES is associated with relationship instability and fewer eligible
bachelors, which, similar to neighbourhood sex ratio imbalances, facilitates concurrent
partnerships and decreases a woman’s power to negotiate sex and condom use. Low SES
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may also present barriers to STI treatment through the availability and affordability of
healthcare.(42)

Race/ethnicity captured factors associated with gonorrhea incidence that other social
variables did not. Part of this can be explained by high partner STI prevalence, facilitated by
Blacks being less likely to form sexual partnerships across racial boundaries (32) and more
likely to form dense sexual networks with higher concurrency compared to other race/
ethnicities.(33,43) However, the spatial component of this study would account for sexual
networks to some extent. Another explanation is that race serves as a proxy for the effects of
disproportionate incarceration rates, unequal access to health care, poor education, chronic
joblessness, and social disorganization.(18,29,34) resulting from geographic, social, and
economic segregation.(18)

For incident gonorrhea cases, rurality was protective for all races/ethnicities in the mountain
region and for Blacks in the non-mountain regions of North Carolina (Figure 5). The varied
effect of rurality and mountain residence suggests that the social, cultural, and economic
characteristics of a rural environment that influence sexual networks and risk behaviors can
both vary by community and influence STI patterns differently. We hypothesize that in the
subsistence farming communities of the mountain region of North Carolina, rural
communities are too isolated and small for STI epidemics to persist at endemic levels. As a
result, the main pathway of STI transmission is from interconnected metropolitan areas to
isolated rural areas, which explains why rurality (defined as areas where few people
commute to a large town) is protective in the mountain region, while a similar dynamic
cannot clearly be identified across all ethnic groups in the non-mountain region of North
Carolina.

Spatial variation in gonorrhea rates still exhibited a considerable amount of spatial
dependence, after accounting for social factors and race/ethnicity. That is, adjacent census
tracts tended to have more similar rate ratios than census tracts further apart. This residual
spatial dependence may be explained in part by the tendency for people to choose local
sexual partners as opposed to partners further away.(15)

Neighbourhood instability was hypothesized to influence STI rates by affecting the pool of
susceptible and infected residents, social support structures, and neighbourhood cohesion in
a community. The percent renting was used as a proxy for neighbourhood instability, but
was not an important predictor of gonorrhea rates in either the model with or without race/
ethnicity. Percent renting may not fully capture the concept of neighbourhood instability.
For example, % renting would not capture a sudden or drastic change in neighbourhood
population over time, which could disrupt neighbourhood stability as seen with core areas of
syphilis in Baltimore, Maryland.(4)

Census tracts were used to approximate neighborhoods for our study; however the accuracy
of this approximation has been debated.(31,44) Census tracts are still commonly used to
delineate neighborhoods.(23,45–47) Our findings indicate that census tracts are a
meaningful resolution in this context given the identification of substantial associations.

The demographic and socio-cultural data available for intercensus years were incomplete.
Consequently, we had to assume that socio-cultural data available from the census for the
year 2000 was a reasonable approximation of the socio-cultural characteristics of
neighborhoods for the years 2005 to 2008 – the timeframe for our gonorrhea data. For the
majority of communities, the socio-cultural characteristics of a neighborhood do not change
that rapidly. We do not expect the differential bias to change our results so much that it
would change our interpretation of them.
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North Carolina rates of gonorrhea by age, sex, and race/ethnic group were used to calculate
expected case counts for census tracts. Our analyses assumed the influence of each covariate
on neighborhood gonorrhea was the same for all age, sex, and race/ethnic groups, which
may oversimplify the relations. More interactions between social covariates and individual-
level confounders could have been included, as could a multivariate model with different
relative rate surfaces. However, each additional component of the model creates further
potential problems in model identifiability, providing easily interpretable results, and in
reducing power. The model used reflects a compromise between simplicity and
completeness by including known risk factors (i.e. age, sex), variables central to the
hypothesis (race, ses), and variables whose importance was demonstrated during exploratory
analyses (race – rurality interaction).

Neighborhood-level socio-cultural factors explained a significant proportion of the spatial
pattern of gonorrhea in both urban and rural communities of North Carolina. Nonetheless,
residual spatial dependence remains, suggesting that prevention activities must be effective
at a local level. Similar to other studies, race/ethnicity relates to social and cultural factors
that are not captured by measures of socioeconomic status alone. Until these factors can be
identified and properly measured, race/ethnicity will remain a poor, yet necessary substitute
to better understand how social, cultural and economic factors affect sexual behaviors and
the spread of STIs.
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STIs Sexually Transmitted Infections

SES Socio-economic status

NC North Carolina

RUCAs Rural-Urban Commuting Area codes

RR Relative Rate
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Figure 1.
Conceptual model of the social and environmental factors thought to influence
neighbourhood gonorrhea rates in North Carolina and how they were modeled in a
generalized linear mixed model with spatial random effects.

Sullivan et al. Page 11

Ann Epidemiol. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
(A) Average quarterly gonorrhea rate by census tract (neighborhood) for January 1, 2005 to
March 31, 2008. (B) North Carolina census tracts by Rural Urban Commuting Area codes.
(33) Major highways, cities, and military bases are indicated.
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Figure 3.
Posterior means and interquartile range for the relative gonorrhea rate between two census
tracts (neighborhoods) with the values of the social variables equal to the 1st quartile and 3rd

quartile (see Table 1) with all other factors being equal; derived from the generalized linear
mixed model with spatial random effects for the model with race/ethnicity (left) and without
(right). The male-female ratio additionally shows the relative rate for census tracts in the
75th and 95th percentiles.
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Figure 4.
Census tract level gonorrhea incidence rate ratio predicted by the generalized linear mixed
model with spatial random effects, relative to the rate predicted by each census tract’s social
and environmental risk factors and race/ethnicity.
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Figure 5.
Standardized gonorrhea yearly incidence rate per 100,000 by race/ethnicity, mountain/non-
mountain location and rurality with 95% credible intervals based on a generalized linear
mixed model with spatial random effects for North Carolina, January 1, 2005 to March 31,
2008.
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Table 1

Socio-Cultural Characteristics of Neighborhoods in North Carolina, 2000 (N=1,554) and Proportion of
Gonorrhea Cases from January 2005 to March 2008.

Covariate Mean (IQR) Range

Male to female ratio 0.99 (0.90, 1.00) 0.48 – 33.82

% FHH with child 7.74 (4.56, 9.43) 0.00 – 57.05

% Renting 29.84 (16.10, 40.16) 1.29 – 100.00

SES 57.85 (47.4, 68.8) 0.00 – 100.00

Rural Urban Commuting Areas Proportion of census tracts Proportion of gonorrhea cases

 Metropolitan 65.8% 69.6%

 Micropolitan 20.3% 21.6%

 Small Town 7.0% 5.6%

 Rural 6.8% 3.1%

Region

 Non-mountain 90.0% 97.5%

 Mountain 10.0% 2.5%
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