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Abstract

Background

Body-mass index (BMI) and blood pressure (BP) levels are rising in sub-Saharan African cit-

ies, particularly among women. However, there is very limited information on how much

they vary within cities, which could inform targeted and equitable health policies. Our study

aimed to analyse spatial variations in BMI and BP for adult women at the small area level in

the city of Accra, Ghana.

Methods and findings

We combined a representative survey of adult women’s health in Accra, Ghana (2008 to

2009) with a 10% random sample of the national census (2010). We applied a hierarchical

model with a spatial term to estimate the associations of BMI and systolic blood pressure

(SBP) and diastolic blood pressure (DBP) with demographic, socioeconomic, behavioural,

and environmental factors. We then used the model to estimate BMI and BP for all women

in the census in Accra and calculated mean BMI, SBP, and DBP for each enumeration area

(EA). BMI and/or BP were positively associated with age, ethnicity (Ga), being currently

married, and religion (Muslim) as their 95% credible intervals (95% CrIs) did not include
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zero, while BP was also negatively associated with literacy and physical activity. BMI and

BP had opposite associations with socioeconomic status (SES) and alcohol consumption.

In 2010, 26% of women aged 18 and older had obesity (BMI� 30 kg/m2), and 21% had

uncontrolled hypertension (SBP� 140 and/or DBP� 90 mm Hg). The differences in mean

BMI and BP between EAs at the 10th and 90th percentiles were 2.7 kg/m2 (BMI) and in BP

7.9 mm Hg (SBP) and 4.8 mm Hg (DBP). BMI was generally higher in the more affluent east-

ern parts of Accra, and BP was higher in the western part of the city. A limitation of our study

was that the 2010 census dataset used for predicting small area variations is potentially out-

dated; the results should be updated when the next census data are available, to the con-

temporary population, and changes over time should be evaluated.

Conclusions

We observed that variation of BMI and BP across neighbourhoods within Accra was almost

as large as variation across countries among women globally. Localised measures are

needed to address this unequal public health challenge in Accra.

Author summary

Why was this study done?

• The social, physical, and food environment influence the spatial distribution of non-

communicable diseases and their risk factors such as blood pressure (BP) and body-

mass index (BMI) within and across neighbourhoods in cities.

• In sub-Saharan Africa (SSA), where cities are growing rapidly and BMI and BP have

risen, there is limited information on within-city variation in cardiometabolic risk

factors.

• This information could inform targeted and equitable public health programmes.

What did the researchers do and find?

• We combined data from an epidemiological study that had randomly sampled women

in Accra and geospatial data on roads and community biomass fuel use to understand

how individual and household factors as well as residence predict BMI and BP.

• Data were analysed in a Bayesian spatial model and then used together with the data

from the census to predict BP and BMI levels for all women in Accra.

• Local area variation in BMI and BP is large within Accra, similar to patterns seen in

other cities and regions around the world.

• Average BMI was higher among women with higher socioeconomic status (SES), as

measured by ownership of assets and household infrastructure.
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What do these findings mean?

• The spatial variations in BMI and BP across neighbourhoods in Accra were almost as

high as variation seen between countries.

• Localised public health actions can help address these disparities and reduce the result-

ing overall public health burden.

Introduction

Elevated blood pressure (BP) and body-mass index (BMI) are important risk factors for non-

communicable diseases (NCDs), such as cardiovascular diseases (CVDs), diabetes, kidney dis-

ease, and dementia [1,2], and responsible for substantial burden of NCDs [3]. While high-

income countries have experienced declines in population levels of BP and hypertension over

the years, BP and hypertension in sub-Saharan Africa (SSA), the fastest urbanising region of

the world [4], is currently rising and at levels surpassing high-income countries [5,6]. BMI is

similarly rising in SSA, particularly among women [7,8]. Within SSA, raised BP and BMI

appear to be more prevalent in cities compared to rural areas [9–11]. Urban women in SSA are

the only group in the world whose average BMI is rising faster than their rural counterparts

[11].

Cities can facilitate health promotion and disease prevention [12]. However, inequalities

across neighbourhoods and social groups in access to diverse foods, quality healthcare, recrea-

tional and sports spaces, and clean and healthy environments are substantial [12,13] and may

lead to variable distribution of NCDs in urban areas [14]. Information on which individuals

and communities are at risk in cities can help target public health NCD interventions to where

the need is largest.

Previous research has highlighted urban–rural differences in BMI and BP in SSA and indi-

vidual socioeconomic determinants and inequalities [9–11,15–17]. In addition, a previous

study spatially modelled overweight and obesity for women across subregions in Ghana [18];

however, there is very limited information on within-city spatial variations in BMI and BP at

the small area level in SSA. We used data from a representative health survey of adult women’s

health in Accra, Ghana and a national census to understand factors associated with BMI and

BP and map the predicted levels across census enumeration areas (EAs) within the Accra Met-

ropolitan Area (AMA).

Methods

Ethics

The 10% random sample of the national Ghana census is freely and publicly available online

(https://statsghana.gov.gh). The original WHSA study protocol and data collection was

approved by the Harvard University Institutional Review Board in 2003. The current analysis

protocol was approved by the Imperial College London ethics committee in 2018 (18IC4885).

Study area and population

More than 50% of the population in Ghana now lives in urban areas [19]. AMA, the capital

and largest city (estimated population of 1.66 million in the 2010 national census) [20], has
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become a hub in Africa for business, technology, and education. In 2010, half of the residents

were younger than 24 years old, and 89% of individuals aged 12 years and older were literate

[20]. Previous studies have highlighted that Accra is at the crossroad of epidemiological transi-

tion, as the population is experiencing a burden of chronic and infectious diseases [21]. How-

ever, social and spatial disparities in access to basic urban resources and services exist in Accra

[19], which can create health inequalities. The highest prevalence of obesity in Ghana is in the

Greater Accra Region (25%), although little is known about within-city variations and inequal-

ities of obesity and other risk factors for NCDs [22].

Data sources

We used data from three sources: the Women’s Health Study of Accra (WHSA) survey, the

2010 national census, and a shapefile of the Accra road network [23].

We used community-based cross-sectional survey data, which are representative of adult

women living in Accra. The data were collected in 2008 to 2009 as part of the WHSA study

[24–27]. The sampling scheme of the WHSA survey (WHSA wave 2) built on the first WHSA

survey which was conducted in 2003 (WHSA wave 1). For the first survey, 3,200 women (�18

years old) from 200 EAs were originally sampled (Fig 1) to be representative of the adult female

population in Accra with a 2-stage cluster probability sampling scheme based on socioeco-

nomic status (SES) and age, following full listing of all households in the 200 EAs selected [27].

The number of women enrolled was calculated as described in [24], and the study achieved a

high response rate (3,183 of 3,200 women surveyed). Women older than 55 years were also

oversampled to ensure sufficient sample size for age-specific analysis [25]. The second survey

conducted in 2008 to 2009, which is used in this present analysis, consisted of 2,814 women.

Women who could not be followed up from wave 1 were replaced with new participants (995

women) of equivalent age and SES [27].

Fig 1. Census (year 2000) EAs where women were sampled for the WHSA (2008 to 2009) in the AMA, Ghana. Accra and EA

boundaries are from the Ghana Statistical Service, and the background map of Africa and Ghana in the inset are made with Natural Earth

vector map data: https://www.naturalearthdata.com/downloads/110m-cultural-vectors/. AMA, Accra Metropolitan Area; EA,

enumeration area; WHSA, Women’s Health Study of Accra.

https://doi.org/10.1371/journal.pmed.1003850.g001
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BP was measured in participants’ homes with a battery-operated automated sphygmoma-

nometer. Two cuff sizes were available, and women sat in a resting upright position. Four BP

readings were taken on the same arm (left or right), and the average of the last three was used

for analysis. With lightweight clothing and no shoes, height was measured to the nearest 0.5

cm and weight on a calibrated scale to the nearest 0.1 kg. The WHSA gathered information on

demographic and socioeconomic variables, the living environment, and health behaviours,

which included, but went beyond, those captured in the census. Prior to model building, we

omitted women in the WHSA from the analysis who self-reported as pregnant at the time of

survey (n = 79). We also restricted the census dataset to women who were over 18 years of age

to match the WHSA survey participants.

We obtained and used a 10% random sample of the 2010 National Population and Housing

Census. In deviation from our original protocol, we restricted the analyses to the more recent

2010 census and did not use the 2000 census, which has used different EAs. The sample was

taken from the full census data such that 10% of households were randomly sampled within

each census EA. EAs are small geographical units with a median population of 800 people, 225

households, and area of 0.03 km2 within AMA (based on the 2010 census boundaries). The

census includes individual- and household-level variables related to demographics, socioeco-

nomic factors, and living environment.

We obtained shapefiles of EAs for the 2010 and 2000 censuses for Accra from the Ghana

Statistical Service. Since the 2010 geographic boundary of the Greater AMA was larger than

the 2000 census boundary, which was used for sampling in the WSHA study (Fig 1), we used a

subset of the area of 2010 that coincided with the geographic extent of the 2000 census where

WHSA participants lived. The resulting study area (275 km2) included 2,634 EAs. Finally, we

used a road network shapefile [23] and extracted all major roads (e.g., motorways) as a proxy

for road traffic air and noise pollution.

Statistical analysis

The analytical aims of our study were to estimate the associations of individual, household,

and area-level factors with BMI, systolic blood pressure (SBP) and diastolic blood pressure

(DBP) among women who participated in the WHSA accounting for spatial autocorrelation,

to predict BMI and BP for all women in the 10% sample of the census data, and to use the pre-

dictions to map mean BMI and BP for each EA.

All independent and dependent variables were inspected using univariate summaries and

graphs to check for implausible values. Additionally, we assessed dependent variables for nor-

mality in their distribution. For some independent variables, we combined variable categories

in order to harmonise between the census and the WHSA; for other variables, we used catego-

ries that are relevant for health (e.g., cooking fuel as whether biomass fuels or not [28,29]).

Missing data were generally uncommon, and observations were dropped from the analysis if

missing one or more variables. Nine women from the WHSA were omitted because they did

not have a BP and a BMI measurement. There were less than 2% of women missing data from

relevant variables in the WHSA (n = 58) and 3.8% in the 2010 census (n = 2,901).

Summary statistics, including arithmetic means, proportions, and measures of variance,

were first generated for all variables evaluated in the statistical models (Table 1) for the WHSA

and census separately. The demographics were generally similar between the census and

WHSA participants in Accra, but the WHSA participants had a higher percentage of women

who were of Ga ethnicity, illiterate, and older than 55 years compared with the 10% random

sample of the 2010 census (Table 1). Older women were by design oversampled in the WHSA

wave 1 and wave 2, which explains the difference in age structure and likely also explains
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Table 1. Summary statistics of SBP (mm Hg), DBP (mm Hg), BMI (kg/m2), and demographic, behavioural, socioeconomic, and environmental factors in the

WHSA and for women of similar ages living in Accra in the 10% random sample of the 2010 Ghana census.

WHSA (2008 to 2009) 10% census (2010)

Adult nonpregnant women with BP and/or BMI measurements� in

Accra

Adult women in

Accra

Total number of women 2,668 72,371

SBP (unweighted mean (SD)) 130.7 (23.9) -

DBP (unweighted mean (SD)) 83.9 (14.7) -

BMI (unweighted mean (SD)) 28.4 (6.9) -

Age (n (%))

18 to 24 733 (27) 17,532 (24)

25 to 34 567 (22) 22,517 (31)

35 to 54 697 (26) 22,873 (32)

55+ 671 (25) 9,449 (13)

Literate (n (%))

Yes 1,813 (68) 61,277 (85)

Currently married (n (%))

Yes 1,282 (48) 30,968 (43)

Religion (n (%))

Christian 2,141 (81) 60,061 (83)

Muslim 332 (12) 9,754 (13)

Other or no religion 195 (7) 2,556 (4)

Ethnicity (n (%))

Ga 1,057 (40) 19,668 (27)

Fante 335 (13) 8,426 (12)

Ewe 378 (14) 12,372 (17)

Other 898 (33) 31,905 (44)

Household uses biomass as primary cooking fuel (n (%)) Yes 1,640 (61) 37,684 (52)

Smoke tobacco (n (%)) Yes 22 (<1) -

Has ever drank alcohol (n (%)) Yes 1,410 (53) -

Spends majority of workday sedentary (n (%)) Yes 2,462 (92) -

SES PC1 (n (%))��

First quantile (low) 512 (19) 14,475 (20)

Second quantile 577 (22) 14,474 (20)

Third quantile 521 (19) 14,474 (20)

Fourth quantile 468 (18) 14,474 (20)

Fifth quantile (high) 590 (22) 14,474 (20)

SES PC2 (n (%))��

First quantile (low) 277 (10) 14,475 (20)

Second quantile 494 (19) 14,474 (20)

Third quantile 654 (24) 14,474 (20)

Fourth quantile 638 (24) 14,474 (20)

Fifth quantile (high) 605 (23) 14,474 (20)

Distance of EA of residence (centroid) to nearest major road in kilometres (median

(IQR))

0.67 (0.33, 1.30) 0.66 (0.31, 1.35)

Estimates and spatial distribution of diabetes prevalence among WHSA women are presented in Fig F in S1 Text.

� Final sample of WHSA women included in the models: Women were omitted from the analysis if they were pregnant at the time of the survey, did not have SBP, DBP,

and BMI measurements and if they were missing independent variable information to be used in the models.

�� Quantile breaks based off the distribution of PC1 and PC2 from the 2010 census. PC1 is the primary SES indicator.

%, percentage; BP, blood pressure; BMI, body-mass index; DBP, diastolic blood pressure; EA, enumeration area; IQR, interquartile range; mean, arithmetic mean; n,

number of observations; PC, principal component; SBP, systolic blood pressure; SD, standard deviation; SES, socioeconomic status; WHSA, Women’s Health Study of

Accra.

https://doi.org/10.1371/journal.pmed.1003850.t001
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differences in literacy. The overrepresentation of Ga women in the WHSA was not intentional

in the original study sampling design and may have been because EAs along the coast of Accra

where the Ga traditionally live were in the sample.

The models were Bayesian and spatial in structure. Models were run at the individual level

and included random intercepts for EAs to account for unmeasured area variations on BMI

and BP. Specifically, the observed measurement of SBP, DBP, or BMI for each woman i, living

in EA j, is given by Yi and modelled as follows:

Yi ¼ b0 þ �j þ
Pc¼n

c¼1
bc � Covariateci þ εi;

where β0 is the overall intercept, ϕj is the spatial term for EA j, βc is the coefficient for covariate

c, Covariateci is the value of covariate c for woman i, and n is the total number of independent

variables in the model. The term εi accounts for the variance not captured by other terms and

is specified with a Gaussian distribution with variance σ2.

We used a conditional autoregressive (CAR) prior on the random intercepts in order to

allow neighbouring EA’s to share information as unmeasured effects are likely to vary

smoothly in space [30]. The spatial random effect for EA j, ϕj, is specified via an intrinsic CAR

prior

�jj�� j � N �
�

j ;
s2
�

mj

 !

;

where �
�

j is the mean of the ϕj of the contiguous neighbours of EA j, and mj is the number of

contiguous neighbours of EA j. Neighbouring EAs, irrespective of size, were assigned equal

weights.

We used weakly informative priors so that inference on the parameters was driven by the

data. Priors for the residual and spatial random effects variances were specified via wide uni-

form distributions on the standard deviation scale, σ2~U[0,20] and s2
�
� U½0; 10�, respectively.

We used N(0,10000) as the prior for the overall intercept and coefficients for the covariates.

We used Markov chain Monte Carlo (MCMC) methods to obtain samples from the posterior

distribution of the parameters in the models. We ran the models with 2 chains until conver-

gence to a stationary distribution. Convergence of the chains was visually assessed with trace

plots. Diagnostic checks on residuals were conducted including checking for normality in dis-

tribution, random, and constant variance across fitted values, spatial distribution of residuals

across EAs, and influential observations. We assessed the predictive accuracy of the models

using mean error (ME), which measures the extent of bias in predictions, and median absolute

error (MAE), which measures any deviation in predictions. We report these metrics for the

entire samples as well as stratified by age group.

We first estimated the associations of individual-level BMI and BP with demographic,

socioeconomic, behavioural, and environmental variables that were determined a priori from

previous studies [17,31–34]. We present the associations for a core and extended set of inde-

pendent variables in the models. The core set of variables are those that were measured both in

the WHSA and the census and included: age (years), marital status (currently married yes/no),

literacy (literate yes/no), ethnicity (Ga, Fante, Ewe, and other), religion (Christian, Muslim,

and other), relative SES index (principal component analysis based on household assets; see

Fig A in S1 Text), and proxies of environmental exposures including household primary use of

biomass for cooking (yes/no; proxy for women’s exposure to household air pollution), per-

centage of households in each EA cooking primarily with biomass fuels (proxy for woman’s

exposure to community air pollution from biomass burning), and distance of EA centroid to
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nearest major road (km; proxy for exposure to road-traffic air and noise pollution). The

extended set comprised of the core variables plus additional factors that were collected in the

WHSA but not the census, including alcohol consumption (ever) (yes/no), current tobacco

smoker (yes/no), sedentary for most of the workday (yes/no), and moderate and/or vigorous

physical activity for leisure during a typical week (yes/no). In addition, the BP models with the

extended set of variables included BMI as an independent variable. For the second step in the

analysis, we used the models with the core set of variables to predict BMI and BP levels for

women in the 2010 census in Accra.

We present the mean posterior associations of the core and extended set of independent

variables with BMI and BP with 95% credible intervals (95% CrIs) around the mean estimate.

We also report the posterior probability (PP) of excluding zero for that association. Model pre-

dictions of BMI, SBP, and DBP were summarised from the posterior samples as means with

95% CrIs for all women in the city and stratified by age groups. We further calculated the per-

centage of women who had obesity (BMI� 30 kg/m2) as per the World Health Organization’s

(WHO) criteria and the percentage of women with uncontrolled hypertension (SBP�140 mm

Hg and/or DBP�90 mm Hg) in Accra [35]. Uncontrolled hypertension is also referred to as

having raised SBP and/or DBP, following WHO Global Monitoring Framework for Non-

Communicable Diseases [5,35]. Uncontrolled hypertension includes those women taking

medication for hypertension (20% of the WHSA sample) but with BP levels above the target

[5,36]. We note, however, that in a clinical setting, diagnosis of hypertension tends to involve

measurements conducted over multiple visits which is different from health surveys when

measurements are taken at a single occasion. For each EA, we calculated the mean levels of

BMI and BP and the percentage of women with uncontrolled hypertension and obesity.

Finally, we also calculated the probability that mean BMI and BP levels were greater than the

city-wide mean based on posterior samples, which takes into account uncertainty in the

predictions.

Software

Data preparation, cleaning, and visualisation was done in R (version 3.5.1). One map was cre-

ated using ArcGIS software by Esri. All models were implemented in WinBUGS (version

1.4.3).

Reporting

This study is reported as per the Strengthening the Reporting of Observational Studies in Epi-

demiology (STROBE) guideline (S1 STROBE Checklist).

Results

Associations of BMI and BP with demographic, socioeconomic,

behavioural, and environmental variables

Among the extended set of variables, BP was positively associated with age (PP� 0.99), ethnic-

ity (Ga, ref other) (PP� 0.99), BMI (PP� 0.99) and negatively associated with literacy

(PP� 0.99), alcohol consumption (PP� 0.99), and moderate and/or vigorous physical activity

(PP� 0.99), as the 95% CrIs did not include zero (Fig 2). BMI was positively associated with

age (PP� 0.99), alcohol consumption (PP� 0.99), ethnicity (Ga, ref other) (PP = 0.98), rela-

tive SES (PP� 0.99), religion (Muslim, ref other) (PP = 0.99), and marital status (PP� 0.99).

The associations of BMI and BP with physical activity were both in the negative direction,

although the 95% CrI for BMI included zero (PP = 0.73). Several variables had opposite
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associations in the BMI versus BP models. For example, literacy was weakly positively associ-

ated with BMI (PP = 0.90) but negatively associated with BP; SES (first and second principal

components) was positively associated with BMI and weakly negatively associated with DBP

(first principal component) (PP = 0.88); alcohol consumption was positively associated with

BMI and negatively associated with BP. BMI and BP were not significantly associated with

proxy variables for indoor and outdoor air and noise pollution as their 95% CrIs included

zero. Although in some cases, such as SBP and distance away from major road (PP = 0.93) and

DBP and biomass fuel use (PP = 0.90), the 90% credible intervals did not include zero. Associa-

tions of BMI and BP with the core set of variables used for prediction were similar to the

extended variable set (Fig B in S1 Text).

Spatial patterns of BMI and BP among women in Accra in 2010

City-wide mean predicted BMI, SBP, and DBP for adult women were 28 kg/m2 (95% CrI 28,

29), 128 mm Hg (95% CrI 127, 129), and 83 mm Hg (95% CrI 82, 84), respectively. An esti-

mated 26% (95% CrI 21, 31) of women were obese, and 21% (95% CrI 17, 24) had uncontrolled

hypertension (Table 2). Moreover, 8% of women were classified as both obese and having

uncontrolled hypertension. Among women aged 18 to 24 years old in Accra, less than 1% were

obese and/or had uncontrolled hypertension. Overall mean BMI and BP among WHSA

women were slightly higher than the mean of the modelled predictions among census women,

possibly because older women had been oversampled in the WHSA (Table A in S1 Text).

There were inequalities in mean BMI and BP across EAs within Accra. The differences in

mean levels between EAs at the 10th and 90th percentiles of the distribution was 2.7 kg/m2

Fig 2. Associations of BP and BMI with demographic, behavioural, socioeconomic, and environmental factors in the WHSA. The figure includes the

extended variable set. For each variable, the figure shows the posterior mean association and the 95% CrI. Associations among the core variable set are in Fig B

in S1 Text. The prevalence of women who smoke tobacco in Accra was very low (<1% in WHSA), resulting in the large uncertainty around the mean

associations. 95% CrI, 95% credible interval; BMI, body-mass index; BP, blood pressure; EA, enumeration area; PC 1 and 2, principal components 1 and 2; ref,

reference for categorical variables; SES, socioeconomic status; WHSA, Women’s Health Study of Accra.

https://doi.org/10.1371/journal.pmed.1003850.g002
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(BMI), 7.9 mm Hg (SBP), and 4.8 mm Hg (DBP). Similarly, the EAs at the 10th and 90th per-

centiles of the distribution of the prevalence of women with obesity and uncontrolled hyper-

tension had prevalence’s ranging from 4% to 50% and 3% to 32%, respectively.

BMI and BP were spatially patterned across Accra. EAs with the highest mean BMI were

mostly concentrated in the higher-income eastern areas of Accra (e.g., Cantonments, Osu, and

Airport City) with some small clusters in the southwest (e.g., Chorkor and Dansoman) and

near the University of Ghana (north central) (Fig 3). Conversely, the EAs with the highest

Table 2. Predicted SBP, DBP, BMI, and percentage of women classified as having obesity and uncontrolled hypertension among adult Accra women in the 2010

census (10% random sample) from hierarchical spatial Bayesian models.

Mean (95% CrI) Percent above cutoff (95% CrI)

Age range BMI kg/m2 SBP mm Hg DBP mm Hg Obesity % Uncontrolled hypertension %

All ages 28.1 (27.8, 28.5) 127.6 (126.5, 128.6) 83.0 (82.3, 83.8) 26% (21, 31) 21% (17, 24)

18 to 24 25.1 (24.5, 25.6) 115.9 (114.3, 117.6) 75.8 (74.5, 76.8) <1% (0, 2) <1% (0, 1)

25 to 34 28.2 (27.6, 28.7) 122.4 (120.7, 124.3) 81.2 (79.9, 82.4) 18% (9, 26) <1% (0, 2)

35 to 54 30.0 (29.5, 30.5) 135.1 (133.5, 136.8) 87.7 (86.7, 88.7) 51% (41, 61) 31% (22, 42)

55+ 29.0 (28.4, 29.5) 143.7 (141.9, 145.2) 88.2 (86.9, 89.6) 30% (20, 40) 80% (70, 90)

Summaries from the WHSA survey are presented in Table A in S1 Text.

Obesity: BMI� 30 kg/m2, uncontrolled hypertension: SBP� 140 mm Hg, and/or DBP� 90 mm Hg.

95% CrI, 95% credible interval; BMI, body-mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure; WHSA, Women’s Health Study of Accra.

https://doi.org/10.1371/journal.pmed.1003850.t002

Fig 3. Spatial distribution of BP and BMI among women in Accra. The maps on the left represent the mean EA predicted BMI

(kg/m2), SBP (mm Hg), and DBP (mm Hg) for adult women in Accra. The maps on the right represent the posterior probabilities

that the mean EA BMI, SBP, and DBP values are greater than the mean values for all EAs. Predictions are missing for 4 EAs (grey)

where the sample of women in the census were missing independent variable data. Accra and EA boundaries for the 2010 census are

from the Ghana Statistical Service. BMI, body-mass index; BP, blood pressure; DBP, diastolic blood pressure; EA, enumeration area;

SBP, systolic blood pressure.

https://doi.org/10.1371/journal.pmed.1003850.g003
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predicted mean SBP were largely concentrated in the west of the city (e.g., Lapaz and Asylum

Down) including the crowded old city core (Jamestown and Usshertown) and some large slum

areas. There were also some concentrated pockets of EAs with higher mean SBP in the east,

particularly in the southeast areas of Osu and Labadi. DBP had a similar spatial distribution as

SBP, but the spatial patterns were more distinct (Figs C and D in S1 Text). The spatial distribu-

tion of BMI and BP in Accra was partly the result of the spatial distribution of some of the

independent variables, such as ethnicity and relative SES as well as the spatial component in

the model that captured spatial influences on the outcomes that are not due to the variables

included in the model. While the median age of women in the 10% random sample of the cen-

sus did vary across EAs, there was no spatial pattern (Fig E in S1 Text), and EA mean BMI had

a similar spatial pattern among women younger and older than 35 years of age (Fig 4); this was

the same for BP.

The MAE and the ME for the models with the core and extended variable set were similar

(Table B in S1 Text). The MAE for the models with the core set of variables was 4.0 kg/m2 (BMI

model), 12.5 mm Hg (SBP model), and 8.5 mm Hg (DBP model). The models’ MEs, a measure

of bias, were close to zero. The lowest MAE was among the youngest age group (18- to 24-year-

old women) and the highest among women older than 55 years (Table C in S1 Text).

Discussion

We estimated that over a quarter of the adult women in Accra were classified as obese in 2010,

and close to a quarter as having uncontrolled hypertension, with distinct spatial patterns

between the two key NCD risk factors. Demographic (age, ethnicity, religion, and marriage

status), socioeconomic (household assets and literacy), and behavioural factors (alcohol con-

sumption and physical activity) had distinct associations with BMI and BP. We also observed

that the variation of BMI and BP, and the prevalence of uncontrolled hypertension and obe-

sity, across neighbourhoods within Accra was almost as large as variation across countries

among women globally in 2010 [5–7].

Our estimate of the BMI of women in Accra in 2010 was similar to what was found in the

2006 WHO STEPs survey [37] and was higher than the estimated national average for

Fig 4. Relationship between mean EA BMI (kg/m2), SBP (mm Hg), and DBP (mm Hg) for women younger than 35 years and those 35 years and older in

Accra in 2010. The position of each point along the x-axis and y-axis represents the mean BMI or BP among women in each age group within each EA. The

colours of the points represent tertiles (33% increments) of mean EA relative SES based on household assets of women in the census. The SES measure, based on

the first principal component (PC 1), was used as described in Methods. BMI, body-mass index; BP, blood pressure; DBP, diastolic blood pressure; EA,

enumeration area; PC 1, principal component 1; SBP, systolic blood pressure; SES, socioeconomic status.

https://doi.org/10.1371/journal.pmed.1003850.g004
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Ghanaian women at that time [7], which is consistent with the evidence of higher BMI in

urban compared with rural areas in Ghana [18] and SSA [11]. Similarly, the prevalence of

women with uncontrolled hypertension in Accra was slightly higher than the crude prevalence

among women in Ghana [5]. Accra is a city with large variations and inequalities in wealth,

diversity of languages, ethnicities, and demographic makeup [19], largely due to migration

into the city from other parts of Ghana and West Africa [19], which may partly underlie the

spatial variation in BP and BMI.

Higher SES and literacy were associated with higher BMI and lower BP. This divergent

trend between BP and BMI has been found in other studies in SSA [10,15–18,38–41]. Higher

SES in SSA may lead to a higher caloric consumption and less energy expenditure in work and

commute (e.g., commuting by private car [42]) that are risk factors for elevated BMI [15,43].

While perhaps a more diverse diet (e.g., higher consumption of fruits and vegetables) and bet-

ter healthcare could facilitate lowering or control of BP at the same time [38,44].

Identifying as ethnically Ga was positively associated with increased BMI and BP, corrobo-

rating similar Accra- and Ghana-wide findings in the early 2000s [42,45]. This may be due to

difference in diets and lifestyle compared with other ethnic groups. For example, within the

Ga community in Accra, the primary income generating activities include fishing and food

preparation and sales [46,47]. The Ga traditionally consume a local dish called Kenkey (fer-

mented ground white corn), which is a high-energy food [39]. In addition, a previous study

conducted in some traditional Ga communities in Accra (e.g., Jamestown and Usshertown)

found that the local food environment was rich in high caloric foods and low in fresh fruits

and vegetables [39]. Identifying as Muslim compared with other religious groups was also pos-

itively associated with BMI. In Accra, religion in some cases indicates ethnicity; for example,

Muslim communities in Accra often originate from northern Ghana or other parts of West

Africa and many speak a language called Hausa [20]. However, specific behavioural and nutri-

tional differences between this group and other ethnicities have had limited study, although

associations with lower physical activity levels have been found among young adults in Nigeria

[48].

We found that BMI was positively associated with alcohol consumption among women in

Accra, which has had mixed results in other studies in SSA [10,49]. However, we found that

BP was negatively associated with alcohol consumption, which contrasts with a well-estab-

lished association [50]. The negative association between BP and alcohol consumption among

Accra woman could be due to the binary classification of general alcohol consumption ever,

which may have categorised more women as exposed to this risk factor compared to measures

based on frequency (e.g., number of drinks per day and type of drink) [51]. We also found that

engaging in moderate and/or vigorous physical activity during a typical week was negatively

associated with BP, which is consistent with other studies in SSA and elsewhere [52–55],

which have found immediate and longer-term reductions in BP as a result of exercise. There is

a well-established link between physical activity and BMI [10,39,49,55–58]. The association in

our models was in the expected direction (i.e., negative association), but the 95% CI included

the null association. Finally, women’s age was associated with both BP and BMI, consistent

with vast literature in these areas [59].

Our study has a number of strengths. It presents a novel spatial analysis of BMI and BP lev-

els among urban women in a region undergoing an epidemiological transition. We synthesised

multiple data sources with a spatial model to estimate BMI and BP for all women in Accra and

summarised at the small area level. Our study also has several limitations. We were restricted

to analysis among women as the health survey was female focused. It is possible that the spatial

patterns and factors associated with BMI and BP levels in Accra differ for men. While we were

able to include many demographic, socioeconomic, and environmental variables in the
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prediction model, we were limited to what was included in both the WHSA surveys and the

census and thus had to omit some of the behavioural variables. We did not have information

on distance to local health centres or services, and how accessible they are, which could have

an influence on some of the observed spatial patterns of BMI and BP via access to treatment

and medication. Although we expect this impact on our study findings, if any, to be minimal

as the size of the AMA is relatively small, and primary care, which is the level at which hyper-

tension is often diagnosed and managed, is spread throughout the city [60]. As a result, house-

hold and individual socioeconomic factors, which were included in our model, are likely to

have bigger influence on access to care and treatment, which remain much lower in SSA than

in other regions [6,61,62]. Furthermore, we did not have robust information on typical or

long-term dietary features, which are known determinants of BMI and BP [17,32]. We were

also limited in our ability to accurately characterise noise and air pollution exposures, as we

could only use proxy variables such as EA distance to major road and primary fuel used for

cooking, which could explain the null associations (P< 0.95) with the outcomes. BP in partic-

ular is associated with air and noise pollution from road-traffic sources and air pollution from

solid/biomass fuel use, in other studies [28,31]. We excluded pregnant women in the WHSA

because pregnancy alters BMI and BP [63]. We did not have that same information for the

census. Thus, the predictions should be interpreted as that of women in Accra at the time that

they are not pregnant. Although in reality, we would expect approximately 6% of women in

Accra to have altered BMI and BP due to pregnancy [64].

Finally, we were restricted to using the 2010 census and a health survey done around the

same time as the census. It would be ideal to analyse the spatial patterns of NCD risk factors

over time, using repeated population-based surveys and censuses. The 2020 census in Ghana

has been delayed due to the Coronavirus Disease 2019 (COVID-19) pandemic, and its release

date was unknown at the time of this article. Although the absolute levels of BMI and BP

change over time, the spatial patterns are likely to do so more gradually because some dynam-

ics are shared across population subgroups, while the others are distinct. We compared our

2010 estimates in AMA to the Demographic and Health Survey (DHS) among urban women

in the Greater Accra Region conducted in 2014 (Table D in S1 Text) and found that the two

sets of mean BMI were similar with BMI differences in different age groups ranging from −0.9

to 1.2 kg/m2, SBP differences from 7.8 to 12.1 mm Hg, and DBP differences from 3.0 to 3.8

mm Hg. The reasons for the observed differences may be because the DHS has a relatively

small sample size (n = 416) and because the sample of women in the DHS was from the entire

Greater Accra Region, and the census estimates were made for the AMA, which is more

urban. Alternatively, differences could be due to actual changes in BMI and BP. For example,

for BP, national level estimates have shown slight reductions from 2010 to 2015 by 1.7 mm Hg

for age-standardised mean SBP and 0.5 mm Hg for age-standardised mean DBP [5]. This may

have been due to changes in diet, e.g., more year-around availability of fruits and vegetables, or

higher coverage of BP lowering treatment, which in Ghana increased more than most other

countries in SSA [17]. Both BMI and BP have a well-known positive association with age [59].

As the age distribution of adult women in Accra is shifting towards older age over time—with

median age among women 18 to 49 years old in the 2008 DHS as 29 (interquartile range

(IQR): 23 to 36) and in the 2014 DHS as 32 (IQR: 25 to 38)—we would expect based on popu-

lation age dynamics alone that BMI and BP would be higher on average in present day Accra

than what we estimated. For example, national estimates indicate that age-standardised mean

BMI of urban women in Ghana increased by 0.7 kg/m2 from 2010 to 2017 [11].

Cities in SSA are experiencing rapid changes due to migration into urban areas and trans-

formations of the social, physical, and food environment, which can impact the development,

progression, and distribution of NCDs and their risk factors [10,33,65,66]. Information on the
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spatial heterogeneity and inequalities in NCD risk factors, such as BMI and BP, can guide pub-

lic health policy, actions, and interventions within SSA cities. Specifically, our results suggest

that some of the actions to address elevated BMI and BP among women in Accra should be

localised community-based approaches, such as encouraging health centres in specific neigh-

bourhoods to prioritise measurement and provision of medicines, which are underutilised in

SSA compared to other regions [6], or behavioural advice or working through community net-

works and groups in specific communities and social, ethnic, and religious groups to encour-

age care seeking and behavioural change.

Supporting information

S1 STROBE Checklist. STROBE Checklist. STROBE, Strengthening the Reporting of Obser-

vational Studies in Epidemiology.

(DOC)

S1 Text. Supporting information Figs A–F and Tables A–D. Fig A: Factor loadings for PC 1

and PC 2 for the 2010 census. Fig B: Associations of BP and BMI with demographic, socioeco-

nomic, and environmental factors. Fig C: Geographic areas in Accra. Fig D: Cumulative densi-

ties of predicted BMI (kg/m2), SBP (mm Hg), and DBP (mm Hg) for census women stratified

by older (35 and older) and younger (less than 35 years old) age groups. Fig E: Median age for

adult (�18 years) women in the 10% random sample of the census included in the analysis

within each EA. Fig F: Spatial distribution of the prevalence of diabetes in Accra from the

WHSA 2008 to 2009. Table A: Summaries of SBP, DBP, and BMI among adult nonpregnant

women in the WHSA (2008 to 2009). Table B: Comparison of prediction error between the

model predictions with the extended and core variable set. Table C: Model prediction error

using the core set of variables, by age group. Table D: Mean BMI and BP for women in the

DHS 2014 survey in urban areas in Greater Accra. BMI, body-mass index; BP, blood pressure;

DBP, diastolic blood pressure; DHS, Demographic and Health Survey; EA, enumeration area;

PC, principal component; SBP, systolic blood pressure.

(DOCX)

Author Contributions

Conceptualization: Sierra N. Clark, James E. Bennett, Raphael E. Arku, Allan G. Hill, Günther

Fink, Richard M. Adanu, Richard B. Biritwum, Rudolph Darko, Rosemary B. Duda, Majid

Ezzati.

Data curation: Sierra N. Clark, Raphael E. Arku, Allan G. Hill, Günther Fink, Richard M.

Adanu, Richard B. Biritwum, Rudolph Darko, Rosemary B. Duda.

Formal analysis: Sierra N. Clark, James E. Bennett, Majid Ezzati.

Funding acquisition: Sierra N. Clark, Allan G. Hill, Majid Ezzati.

Methodology: Sierra N. Clark, James E. Bennett, Majid Ezzati.

Supervision: James E. Bennett, Majid Ezzati.

Visualization: Sierra N. Clark, James E. Bennett, Majid Ezzati.

Writing – original draft: Sierra N. Clark, James E. Bennett, Majid Ezzati.

Writing – review & editing: Raphael E. Arku, Allan G. Hill, Günther Fink, Richard M.

Adanu, Richard B. Biritwum, Ayaga Bawah, Rosemary B. Duda.

PLOS MEDICINE Small area modelling of blood pressure and body-mass index of adult women in Accra, Ghana

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003850 November 11, 2021 14 / 18

http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003850.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003850.s002
https://doi.org/10.1371/journal.pmed.1003850


References
1. Olsen MH, Angell SY, Asma S, Boutouyrie P, Burger D, Chirinos JA, et al. A call to action and a life-

course strategy to address the global burden of raised blood pressure on current and future genera-

tions: the Lancet Commission on hypertension. Lancet. 2016; 388:2665–712. https://doi.org/10.1016/

S0140-6736(16)31134-5 PMID: 27671667

2. Singh GM, Danaei G, Farzadfar F, Stevens GA, Woodward M, Wormser D, et al. The age-specific

quantitative effects of metabolic risk factors on cardiovascular diseases and diabetes: a pooled analy-

sis. PLoS One. 2013; 8(7):e65174. https://doi.org/10.1371/journal.pone.0065174

3. The Global Burden of Metabolic Risk Factor of Chronic Diseases Collaboration. Cardiovascular dis-

ease, chronic kidney disease, and diabetes mortality burden of cardiometabolic risk factors from 1980

to 2010: a comparative risk assessment. Lancet Diabetes & Endocrinology. 2014; 2(8):634–647.

PMID: 24842598 PMCID: PMC4572741 https://doi.org/10.1016/S2213-8587(14)70102-0

4. United Nations. World Urbanization Prospects. 2018. Available from: https://population.un.org/wup/

Publications/Files/WUP2018-KeyFacts.pdf

5. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in blood pressure from 1975 to 2015: a

pooled analysis of 1479 population-based measurement studies with 19�1 million participants. Lancet.

2017; 389: 37–55. https://doi.org/10.1016/S0140-6736(16)31919-5 PMID: 27863813

6. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in hypertension prevalence and prog-

ress in treatment and control from 1990 to 2019: a pooled analysis of 1201 population-representative

studies with 104 million participants. Lancet. 2021; 398: 957–980. https://doi.org/10.1016/S0140-6736

(21)01330-1 PMID: 34450083

7. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in body-mass index, underweight, over-

weight, and obesity from 1975 to 2016: a pooled analysis of 2416 population-based measurement stud-

ies in 128�9 million children, adolescents, and adults. Lancet. 2017; 390: 2627–2642. https://doi.org/10.

1016/S0140-6736(17)32129-3 PMID: 29029897

8. Amugsi DA, Dimbuene ZT, Mberu B, Muthuri S, Ezeh AC. Prevalence and time trends in overweight

and obesity among urban women: An analysis of demographic and health surveys data from 24 African

countries, 1991–2014. BMJ Open. 2017; 7:1–12. https://doi.org/10.1136/bmjopen-2017-017344 PMID:

29079606

9. Bosu WK. Epidemic of hypertension in Ghana. BMC Public Health. 2010; 10:418. https://doi.org/10.

1186/1471-2458-10-418 PMID: 20626917

10. Agyemang C, Boatemaa S, Frempong GA. Aikins A de-G.Obesity in Sub-Saharan Africa Metabolic

Syndrome. 2015. https://doi.org/10.1007/978-3-319-12125-3

11. NCD Risk Factor Collaboration (NCD-RisC). Rising rural body-mass index is the main driver of the

global obesity epidemic in adults. Nature. 2019; 569:260–4. https://doi.org/10.1038/s41586-019-1171-x

PMID: 31068725

12. Ezzati M, Webster CJ, Doyle YG, Rashid S, Owusu G, Leung GM. Cities for global health. BMJ. 2018;

3794:k3794. https://doi.org/10.1136/bmj.k3794 PMID: 30282765

13. Kjellstrom T, Friel S, Dixon J, Corvalan C, Rehfuess E, Campbell-Lendrum D, et al. Urban environmen-

tal health hazards and health equity. J Urban Health. 2007; 84:86–97. https://doi.org/10.1007/s11524-

007-9171-9 PMID: 17450427

14. Oni T, Smit W, Matzopoulos R, Hunter Adams J, Pentecost M, Rother HA, et al. Urban health research

in Africa: Themes and priority research questions. J Urban Health. 2016; 93:722–30. https://doi.org/10.

1007/s11524-016-0050-0 PMID: 27184571

15. Ziraba AK, Fotso JC, Ochako R. Overweight and obesity in urban Africa: A problem of the rich or the

poor? BMC Public Health. 2009; 9:1–9. https://doi.org/10.1186/1471-2458-9-1 PMID: 19121216

16. Fruhstorfer BH, Mousoulis C, Uthman OA, Robertson W. Socioeconomic status and overweight or obe-

sity among school-age children in sub-Saharan Africa—a systematic review. Clin Obes. 2016; 6:19–32.

https://doi.org/10.1111/cob.12130 PMID: 26781602

17. Zhou B, Perel P, Mensah G, Ezzati M. Global epidemiology, health burden and effective interventions

for elevated blood pressure and hypertension. Nat Rev Cardiol. 2021:1–70. https://doi.org/10.1038/

s41569-020-00473-5 PMID: 33169005

18. Asosega KA, Adebanji AO, Abdul IW. Spatial analysis of the prevalence of obesity and overweight

among women in Ghana. BMJ Open. 2021; 11:1–8. https://doi.org/10.1136/bmjopen-2020-041659

PMID: 33455932

19. World Bank. Rising through Cities in Ghana: Ghana Urbanization Review. Washington DC; 2015.

20. Ghana Statistical Service. Ghana Population and Housing Census. 2010. Available from: http://www.

statsghana.gov.gh/nada/index.php/catalog/51

PLOS MEDICINE Small area modelling of blood pressure and body-mass index of adult women in Accra, Ghana

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003850 November 11, 2021 15 / 18

https://doi.org/10.1016/S0140-6736%2816%2931134-5
https://doi.org/10.1016/S0140-6736%2816%2931134-5
http://www.ncbi.nlm.nih.gov/pubmed/27671667
https://doi.org/10.1371/journal.pone.0065174
http://www.ncbi.nlm.nih.gov/pubmed/24842598
https://doi.org/10.1016/S2213-8587(14)70102-0
https://population.un.org/wup/Publications/Files/WUP2018-KeyFacts.pdf
https://population.un.org/wup/Publications/Files/WUP2018-KeyFacts.pdf
https://doi.org/10.1016/S0140-6736%2816%2931919-5
http://www.ncbi.nlm.nih.gov/pubmed/27863813
https://doi.org/10.1016/S0140-6736%2821%2901330-1
https://doi.org/10.1016/S0140-6736%2821%2901330-1
http://www.ncbi.nlm.nih.gov/pubmed/34450083
https://doi.org/10.1016/S0140-6736%2817%2932129-3
https://doi.org/10.1016/S0140-6736%2817%2932129-3
http://www.ncbi.nlm.nih.gov/pubmed/29029897
https://doi.org/10.1136/bmjopen-2017-017344
http://www.ncbi.nlm.nih.gov/pubmed/29079606
https://doi.org/10.1186/1471-2458-10-418
https://doi.org/10.1186/1471-2458-10-418
http://www.ncbi.nlm.nih.gov/pubmed/20626917
https://doi.org/10.1007/978-3-319-12125-3
https://doi.org/10.1038/s41586-019-1171-x
http://www.ncbi.nlm.nih.gov/pubmed/31068725
https://doi.org/10.1136/bmj.k3794
http://www.ncbi.nlm.nih.gov/pubmed/30282765
https://doi.org/10.1007/s11524-007-9171-9
https://doi.org/10.1007/s11524-007-9171-9
http://www.ncbi.nlm.nih.gov/pubmed/17450427
https://doi.org/10.1007/s11524-016-0050-0
https://doi.org/10.1007/s11524-016-0050-0
http://www.ncbi.nlm.nih.gov/pubmed/27184571
https://doi.org/10.1186/1471-2458-9-1
http://www.ncbi.nlm.nih.gov/pubmed/19121216
https://doi.org/10.1111/cob.12130
http://www.ncbi.nlm.nih.gov/pubmed/26781602
https://doi.org/10.1038/s41569-020-00473-5
https://doi.org/10.1038/s41569-020-00473-5
http://www.ncbi.nlm.nih.gov/pubmed/33169005
https://doi.org/10.1136/bmjopen-2020-041659
http://www.ncbi.nlm.nih.gov/pubmed/33455932
http://www.statsghana.gov.gh/nada/index.php/catalog/51
http://www.statsghana.gov.gh/nada/index.php/catalog/51
https://doi.org/10.1371/journal.pmed.1003850


21. Agyei-Mensah S, De-Graft AA. Epidemiological transition and the double burden of disease in Accra

Ghana. J Urban Health. 2010; 87:879–97. https://doi.org/10.1007/s11524-010-9492-y PMID:

20803094

22. Ofori-Asenso R, Agyeman AA, Laar A, Boateng D. Overweight and obesity epidemic in Ghana—A sys-

tematic review and meta-analysis. BMC Public Health. 2016; 16. https://doi.org/10.1186/s12889-016-

3901-4 PMID: 27938360

23. Weeks JR, Hill AG, Stoler J, editors. Spatial inequalities: Health, poverty, and place in Accra, Ghana.

London: Springer; 2013. https://doi.org/10.1007/978-94-007-6732-4

24. Hill AG, Darko R, Seffah J, Adanu RMK, Anarfi JK, Duda RB. Health of urban Ghanaian women as iden-

tified by the Women’s Health Study of Accra. Int J Gynecol Obstet. 2007; 99:150–6. https://doi.org/10.

1016/j.ijgo.2007.05.024 PMID: 17628563

25. Duda RB, Kim MP, Darko R, Adanu RMK, Seffah J, Anarfi JK, et al. Results of the Women’s Health

Study of Accra: Assessment of blood pressure in urban women. Int J Cardiol. 2007; 117:115–22.

https://doi.org/10.1016/j.ijcard.2006.05.004 PMID: 16887210

26. Duda RB, Anarfi JK, Adanu RMK, Seffah J, Darko R, Hill AG. The Health of the “Older Women” in

Accra, Ghana: Results of the Women’s Health Study of Accra. J Cross Cult Gerontol. 2011; 26:299–

314. https://doi.org/10.1007/s10823-011-9148-8 PMID: 21695397

27. Douptcheva N, Hill AG, Adanu R, Anarfi J, Blanchard K, Fink G, et al. Women’s Health Study of Accra:

Wave II (WHSA-II). 2011. Available from: https://geog.sdsu.edu/Research/Projects/IPC/publication/

WHSA-91.PDF.

28. Arku RE, Ezzati M, Baumgartner J, Fink G, Zhou B, Hystad P, et al. Elevated blood pressure and house-

hold solid fuel use in premenopausal women: Analysis of 12 Demographic and Health Surveys (DHS)

from 10 countries. Environ Res. 2018; 160:499–505. https://doi.org/10.1016/j.envres.2017.10.026

PMID: 29107891

29. Baumgartner J, Carter E, Schauer JJ, Ezzati M, Daskalopoulou SS, Valois MF, et al. Household air pol-

lution and measures of blood pressure, arterial stiffness and central haemodynamics. Heart. 2018;

104:1515–21. https://doi.org/10.1136/heartjnl-2017-312595 PMID: 29440184

30. Gelfand AE. Proper multivariate conditional autoregressive models for spatial data analysis. Biostatis-

tics. 2003; 4:11–5. https://doi.org/10.1093/biostatistics/4.1.11 PMID: 12925327

31. Baumgartner J, Brauer M, Ezzati M. The role of cities in reducing the cardiovascular impacts of environ-

mental pollution in low- and middle-income countries. BMC Med. 2020; 18:1–11. https://doi.org/10.

1186/s12916-019-1443-1 PMID: 31898501

32. Steyn NP, Mchiza ZJ. Obesity and the nutrition transition in Sub-Saharan Africa. Ann N Y Acad Sci.

2014; 1311:88–101. https://doi.org/10.1111/nyas.12433 PMID: 24725148

33. Peer N, Bradshaw D, Laubscher R, Steyn N, Steyn K. Urban-Rural and gender differences in tobacco

and alcohol use, diet and physical activity among young black South Africans between 1998 and 2003.

Glob Health Action. 2013; 6. https://doi.org/10.3402/gha.v6i0.19216 PMID: 23364100

34. Hendriks ME, Wit FWNM, Roos MTL, Brewster LM, Akande TM, de Beer IH, et al. Hypertension in Sub-

Saharan Africa: Cross-sectional surveys in four rural and urban communities. PLoS ONE. 2012;7.

https://doi.org/10.1371/journal.pone.0032638 PMID: 22427857

35. World Health Organization. Global action plan for the prevention and control of noncommunicable dis-

eases.2013-2020:2013. https://doi.org/10.1016/j.pcad.2013.09.001 PMID: 24267438

36. Ma G, Campbell N, Sarrafzadegan N, Jafar T, Khalsa T, Mangat B, et al. Standards for the uniform

reporting of hypertension in adults using population survey data: Recommendations from the World

Hypertension League Expert Committee. J Clin Hypertens. 2014; 16:773–81. https://doi-org.iclibezp1.

cc.ic.ac.uk/10.1111/jch.12387

37. World Health Organization. Accra-Ghana STEPS survey. Fact Sheet. 2006: 2006.

38. Opie LH, Seedat YK. Hypertension in Sub-Saharan African populations. Circulation. 2005; 112:3562–8.

https://doi.org/10.1161/CIRCULATIONAHA.105.539569 PMID: 16330697

39. Dake F, Thompson AL, Ng SW, Agyei-mensah S, Codjoe SNA. The local food environment and body

mass index among the urban poor in Accra. Ghana J Urban Heal. 2016; 93:438–55. https://doi.org/10.

1007/s11524-016-0044-y PMID: 27091736

40. Lartey ST, Si L, Otahal P, de Graaff B, Boateng GO, Biritwum RB, et al. Annual transition probabilities

of overweight and obesity in older adults: Evidence from the World Health Organization Study on global

AGEing and adult health. Soc Sci Med. 2020; 247. https://doi.org/10.1016/j.socscimed.2020.112821

PMID: 32018114

41. Agbeko MP, Akwasi KK, Andrews DA, Gifty OB. Predictors of overweight and obesity among women in

Ghana. Open Obes J. 2013; 5:72–81. https://doi.org/10.2174/1876823701305010072

PLOS MEDICINE Small area modelling of blood pressure and body-mass index of adult women in Accra, Ghana

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003850 November 11, 2021 16 / 18

https://doi.org/10.1007/s11524-010-9492-y
http://www.ncbi.nlm.nih.gov/pubmed/20803094
https://doi.org/10.1186/s12889-016-3901-4
https://doi.org/10.1186/s12889-016-3901-4
http://www.ncbi.nlm.nih.gov/pubmed/27938360
https://doi.org/10.1007/978-94-007-6732-4
https://doi.org/10.1016/j.ijgo.2007.05.024
https://doi.org/10.1016/j.ijgo.2007.05.024
http://www.ncbi.nlm.nih.gov/pubmed/17628563
https://doi.org/10.1016/j.ijcard.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16887210
https://doi.org/10.1007/s10823-011-9148-8
http://www.ncbi.nlm.nih.gov/pubmed/21695397
https://geog.sdsu.edu/Research/Projects/IPC/publication/WHSA-91.PDF
https://geog.sdsu.edu/Research/Projects/IPC/publication/WHSA-91.PDF
https://doi.org/10.1016/j.envres.2017.10.026
http://www.ncbi.nlm.nih.gov/pubmed/29107891
https://doi.org/10.1136/heartjnl-2017-312595
http://www.ncbi.nlm.nih.gov/pubmed/29440184
https://doi.org/10.1093/biostatistics/4.1.11
http://www.ncbi.nlm.nih.gov/pubmed/12925327
https://doi.org/10.1186/s12916-019-1443-1
https://doi.org/10.1186/s12916-019-1443-1
http://www.ncbi.nlm.nih.gov/pubmed/31898501
https://doi.org/10.1111/nyas.12433
http://www.ncbi.nlm.nih.gov/pubmed/24725148
https://doi.org/10.3402/gha.v6i0.19216
http://www.ncbi.nlm.nih.gov/pubmed/23364100
https://doi.org/10.1371/journal.pone.0032638
http://www.ncbi.nlm.nih.gov/pubmed/22427857
https://doi.org/10.1016/j.pcad.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24267438
https://doi-org.iclibezp1.cc.ic.ac.uk/10.1111/jch.12387
https://doi-org.iclibezp1.cc.ic.ac.uk/10.1111/jch.12387
https://doi.org/10.1161/CIRCULATIONAHA.105.539569
http://www.ncbi.nlm.nih.gov/pubmed/16330697
https://doi.org/10.1007/s11524-016-0044-y
https://doi.org/10.1007/s11524-016-0044-y
http://www.ncbi.nlm.nih.gov/pubmed/27091736
https://doi.org/10.1016/j.socscimed.2020.112821
http://www.ncbi.nlm.nih.gov/pubmed/32018114
https://doi.org/10.2174/1876823701305010072
https://doi.org/10.1371/journal.pmed.1003850


42. Amoah AG. Sociodemographic variations in obesity among Ghanaian adults. Public Health Nutr. 2003;

6:751–7. https://doi.org/10.1079/phn2003506 PMID: 14641945

43. Danaei G, Singh GM, Paciorek CJ, Lin JK, Cowan MJ, Finucane MM, et al. The global cardiovascular

risk transition: Associations of four metabolic risk factors with national income, urbanization, and west-

ern diet in 1980 and 2008. Circulation. 2013; 127:1493–502. https://doi.org/10.1161/

CIRCULATIONAHA.113.001470 PMID: 23481623

44. Rahimi K, Emdin CA, MacMahon S. The epidemiology of blood pressure and its worldwide manage-

ment. Circ Res. 2015; 116:925–35. https://doi.org/10.1161/CIRCRESAHA.116.304723 PMID:

25767281

45. Biritwum R, Gyapong J, Mensah G. The epidemiology of obesity in Ghana. Ghana Med J. 2005; 39:1–

14. https://doi.org/10.1002/9781444391183.ch1 PMID: 17299532

46. Maxwell D, Levin C, Armar-Klemesu M, Ruel M, Morris S, Ahiadeke C. Urban livelihoods and food and

nutrition security in Greater Accra, Ghana. Research Report of the International Food Policy Research

Institute. 2000. https://doi.org/10.2499/0896291154rr112

47. Wrigley-Asante C, Mensah P. Men and women in trades: changing trends of home-based enterprises in

Ga-Mashie, Accra. Ghana Int Dev Plan Rev. 2017; 39:423–41.

48. Adegoke B, Oyeymi A. Physical inactivity in Nigerian young adults: prevalence and socio-demogrpahic

correlates. J Phys Act Health. 2011; 8:1135–42.

49. Addo PNO, Nyarko KM, Sackey SO, Akweongo P, Sarfo B. Prevalence of obesity and overweight and

associated factors among financial institution workers in Accra Metropolis, Ghana: A cross sectional

study. BMC Res Notes. 2015; 8:1–8. https://doi.org/10.1186/1756-0500-8-1 PMID: 25645429

50. Roerecke M, Kaczorowski J, Tobe SW, Gmel G, Hasan OSM, Rehm J. The effect of a reduction in alco-

hol consumption on blood pressure: a systematic review and meta-analysis. Lancet Public Health.

2017; 2:e108–20. https://doi.org/10.1016/S2468-2667(17)30003-8 PMID: 29253389

51. World Health Organization. Global status report on alcohol and health. Geneva. 2018:2018.

52. Nystoriak MA, Bhatnagar A. Cardiovascular effects and benefits of exercise. Front Cardiovasc Med.

2018; 5:1–11. https://doi.org/10.3389/fcvm.2018.00001 PMID: 29404341

53. Chin J, Twinobuhungiro A, Sandhu A, Kayima J, Kalyesubula R. Determinants of raised blood pressure

in urban Uganda: a community-based case-control study. Cardiovasc Dis Risk Factors. 2017; 27:15–

20. https://doi.org/10.18865/ed.27.1.15 PMID: 28115817

54. De Ramirez SS, Enquobahrie DA, Nyadzi G, Mjungu D, Magombo F, Ramirez M, et al. Prevalence and

correlates of hypertension: A cross-sectional study among rural populations in sub-Saharan Africa. J

Hum Hypertens. 2010; 24:786–95. https://doi.org/10.1038/jhh.2010.14 PMID: 20220771

55. Sobngwi E, Mbanya JCN, Unwin NC, Kengne AP, Minkoulou EM, Fezeu L, et al. Physical activity and

its relationship with obesity, hypertension and diabetes in urban and rural Cameroon. Int J Obes. 2002;

26:1009–16. https://doi.org/10.1038/sj.ijo.0802008 PMID: 12080456

56. Micklesfield LK, Kagura J, Munthali R, Crowther NJ, Jaff N, Gradidge P, et al. Demographic, socio-eco-

nomic and behavioural correlates of BMI in middle-aged black men and women from urban Johannes-

burg. South Africa Glob Health Action. 2018; 11:1448250. https://doi.org/10.1080/16549716.2018.

1448250 PMID: 30079826

57. Conn V, Hafdahl A, Phillips L, Ruppar T, Chase J-A. Impact of physical activity interventions on anthro-

pometric outcomes: Systematic review and meta-analysis. J Prim Prev. 2014; 35:109–20. https://doi.

org/10.1007/s10935-014-0352-5 PMID: 24852179

58. Dosoo DK, Nyame S, Enuameh Y, Ayetey H, Danwonno H, Twumasi M, et al. Prevalence of hyperten-

sion in the middle belt of Ghana: A community-based screening study. Int J Hypertens. 2019;1089578.

https://doi.org/10.1155/2019/1089578 PMID: 31687204

59. Singh GM, Danaei G, Pelizzari PM, Lin JK, Cowan MJ, Stevens GA, et al. The age associations of

blood pressure, cholesterol, and glucose: Analysis of health examination surveys from international

populations. Circulation. 2012; 125:2204–11. https://doi.org/10.1161/CIRCULATIONAHA.111.058834

PMID: 22492580

60. DHIMS2. District Health Information Mangement System. Available from: https://chimgh.org/

61. Murphy A, Palafox B, O’Donnell O, Stuckler D, Perel P, AlHabib KF, et al. Inequalities in the use of sec-

ondary prevention of cardiovascular disease by socioeconomic status: Evidence from the PURE obser-

vational study. Lancet Glob Health. 2018; 6:e292–301. https://doi.org/10.1016/S2214-109X(18)30031-

7 PMID: 29433667

62. Attaei MW, Khatib R, McKee M, Lear S, Dagenais G, Igumbor EU, et al. Availability and affordability of

blood pressure-lowering medicines and the effect on blood pressure control in high-income, middle-

income, and low-income countries: an analysis of the PURE study data. Lancet Public Health. 2017; 2:

e411–9. https://doi.org/10.1016/S2468-2667(17)30141-X PMID: 29253412

PLOS MEDICINE Small area modelling of blood pressure and body-mass index of adult women in Accra, Ghana

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003850 November 11, 2021 17 / 18

https://doi.org/10.1079/phn2003506
http://www.ncbi.nlm.nih.gov/pubmed/14641945
https://doi.org/10.1161/CIRCULATIONAHA.113.001470
https://doi.org/10.1161/CIRCULATIONAHA.113.001470
http://www.ncbi.nlm.nih.gov/pubmed/23481623
https://doi.org/10.1161/CIRCRESAHA.116.304723
http://www.ncbi.nlm.nih.gov/pubmed/25767281
https://doi.org/10.1002/9781444391183.ch1
http://www.ncbi.nlm.nih.gov/pubmed/17299532
https://doi.org/10.2499/0896291154rr112
https://doi.org/10.1186/1756-0500-8-1
http://www.ncbi.nlm.nih.gov/pubmed/25645429
https://doi.org/10.1016/S2468-2667%2817%2930003-8
http://www.ncbi.nlm.nih.gov/pubmed/29253389
https://doi.org/10.3389/fcvm.2018.00001
http://www.ncbi.nlm.nih.gov/pubmed/29404341
https://doi.org/10.18865/ed.27.1.15
http://www.ncbi.nlm.nih.gov/pubmed/28115817
https://doi.org/10.1038/jhh.2010.14
http://www.ncbi.nlm.nih.gov/pubmed/20220771
https://doi.org/10.1038/sj.ijo.0802008
http://www.ncbi.nlm.nih.gov/pubmed/12080456
https://doi.org/10.1080/16549716.2018.1448250
https://doi.org/10.1080/16549716.2018.1448250
http://www.ncbi.nlm.nih.gov/pubmed/30079826
https://doi.org/10.1007/s10935-014-0352-5
https://doi.org/10.1007/s10935-014-0352-5
http://www.ncbi.nlm.nih.gov/pubmed/24852179
https://doi.org/10.1155/2019/1089578
http://www.ncbi.nlm.nih.gov/pubmed/31687204
https://doi.org/10.1161/CIRCULATIONAHA.111.058834
http://www.ncbi.nlm.nih.gov/pubmed/22492580
https://chimgh.org/
https://doi.org/10.1016/S2214-109X%2818%2930031-7
https://doi.org/10.1016/S2214-109X%2818%2930031-7
http://www.ncbi.nlm.nih.gov/pubmed/29433667
https://doi.org/10.1016/S2468-2667%2817%2930141-X
http://www.ncbi.nlm.nih.gov/pubmed/29253412
https://doi.org/10.1371/journal.pmed.1003850


63. Grindheim G, Estensen ME, Langesaeter E, Rosseland LA, Toska K. Changes in blood pressure during

healthy pregnancy: A longitudinal cohort study. J Hypertens. 2012; 30:342–50. https://doi.org/10.1097/

HJH.0b013e32834f0b1c PMID: 22179091

64. Ghana Statistical Service. Ghana Demographic and Health Survey. 2014. Available from: https://

dhsprogram.com/methodology/survey/survey-display-437.cfm.

65. Scott A, Ejikeme CS, Clottey EN, Thomas JG. Obesity in sub-Saharan Africa: Development of an eco-

logical theoretical framework. Health Promot Int. 2013; 28:4–16. https://doi.org/10.1093/heapro/das038

PMID: 22933446

66. Tschirley D, Reardon T, Dolislager M, Snyder J. The rise of the middle class in east and southern africa:

implications for food system transformation. J Int Dev. 2015; 27:628–46. https://doi.org/10.1002/jid

PLOS MEDICINE Small area modelling of blood pressure and body-mass index of adult women in Accra, Ghana

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003850 November 11, 2021 18 / 18

https://doi.org/10.1097/HJH.0b013e32834f0b1c
https://doi.org/10.1097/HJH.0b013e32834f0b1c
http://www.ncbi.nlm.nih.gov/pubmed/22179091
https://dhsprogram.com/methodology/survey/survey-display-437.cfm
https://dhsprogram.com/methodology/survey/survey-display-437.cfm
https://doi.org/10.1093/heapro/das038
http://www.ncbi.nlm.nih.gov/pubmed/22933446
https://doi.org/10.1002/jid
https://doi.org/10.1371/journal.pmed.1003850

