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AbsTrACT
background Existence of inequalities in quality and 
access to healthcare services at subnational levels has 
been identified despite a decline in maternal and perinatal 
mortality rates at national levels, leading to the need to 
investigate such conditions using geographical analysis. 
The need to assess the accuracy of global demographic 
distribution datasets at all subnational levels arises 
from the current emphasis on subnational monitoring of 
maternal and perinatal health progress, by the new targets 
stated in the Sustainable Development Goals.
Methods The analysis involved comparison of four models 
generated using Worldpop methods, incorporating region-
specific input data, as measured through the Community 
Level Intervention for Pre-eclampsia (CLIP) project. 
Normalised root mean square error was used to determine 
and compare the models’ prediction errors at different 
administrative unit levels.
results The models’ prediction errors are lower at higher 
administrative unit levels. All datasets showed the same 
pattern for both the live birth and pregnancy estimates. 
The effect of improving spatial resolution and accuracy of 
input data was more prominent at higher administrative 
unit levels.
Conclusion The validation successfully highlighted the 
impact of spatial resolution and accuracy of maternal and 
perinatal health data in modelling estimates of pregnancies 
and live births. There is a need for more data collection 
techniques that conduct comprehensive censuses like the 
CLIP project. It is also imperative for such projects to take 
advantage of the power of mapping tools at their disposal 
to fill the gaps in the availability of datasets for populated 
areas.

InTroduCTIon
The key to promoting universal health 
coverage is to expose any hidden gaps in 

health service provision using sufficiently 
disaggregated geographical data that is reli-
able.1 Thematic mapping, spatial analysis 
and spatial modelling have been identified as 
the Geographical Information Systems (GIS) 
methods that are valuable in policy discus-
sions pertaining to maternal and perinatal 
health, relying greatly on volume, complete-
ness, timeliness and accuracy of data.2 In 
many low-income and middle-income coun-
tries (LMIC), which contribute 99%,3 of 
the 830 women who die every day around 

Key questions

What is already known?
 ► It is fundamental to accurately identify populations 
at risk by unmasking the heterogeneities that exist 
at very high spatial resolutions.

 ► There is need to validate the performance of global 
demographic distribution models and continue im-
proving their performance especially at high spatial 
resolutions.

What are the new findings?
 ► Geocoded health data can be used as input data to 
improve the estimation power of demographic distri-
bution datasets and to validate them.

 ► The quantified impact of spatial resolution and accu-
racy of input data on the performance of the models 
revealed the importance of high spatial resolution 
health data.

What do the new findings imply?
 ► This study shows the significance of incorporating 
geocoded data and geographical methods in clinical 
research as they add value to modelling demograph-
ic distribution estimates for maternal health.

 on 17 July 2019 by guest. P
rotected by copyright.

http://gh.bm
j.com

/
B

M
J G

lob H
ealth: first published as 10.1136/bm

jgh-2018-000894 on 1 July 2019. D
ow

nloaded from
 

http://gh.bmj.com/
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjgh-2018-000894&domain=pdf&date_stamp=2019-06-26
http://orcid.org/0000-0002-9025-2564
http://gh.bmj.com/


2 Dube YP, et al. BMJ Glob Health 2019;4:e000894. doi:10.1136/bmjgh-2018-000894

BMJ Global Health

the world due to pregnancy and child birth complica-
tions with half of these deaths occurring in sub-Saharan 
Africa,4 5 data on maternal and perinatal distributions are 
not routinely or accurately collected. Their national level 
estimates are mostly only available from censuses that are 
conducted after 10-year timelines at best.6 Considering 
the significance of GIS methods and data in measuring 
progress in improving maternal and perinatal health and 
formulating relevant policies, new methods have been 
developed to generate these data and make them widely 
available to end users.3 Global population and demo-
graphic distribution datasets such as Gridded Population 
of the World,7 Global Rural-Urban Mapping Project,8 
LandScan9 and Worldpop10 11 (combination of AfriPop, 
AsiaPop and AmeriPop) have been developed to address 
issues of availability of such geographical data for LMICs. 
They include yearly estimates of population and demo-
graphic distributions. The Worldpop dataset is a widely 
used high resolution dataset, created to address the lack 
of demographical data in LMICs, which is used by 95% 
of the countries mapped by the project and international 
organisations, foundations and agencies including the 
WHO, The World Bank, Bill & Melinda Gates Foun-
dation, Clinton Health Access Initiative and Red Cross 
International.10

The introduction of the Millennium Development 
Goals (MDG) prompted the extensive use of these 
global population and demographic distribution data-
sets, especially in low-income regions, to derive health 
metrics for applications in developing intervention 
programmes aimed at achieving these goals.12 The justi-
fication for their utilisation is that they are standardised 
and considered to be of acceptable accuracy for national 
scale applications.13 Such justification was acceptable 
since efforts made towards achieving the MDGs within 
the set deadline of 2015 focused on national level adjust-
ments.14 15 Studies like Hay and others,16 Gething and 
others,17 Soares and Clements,18 Schur and others19 
and so on have used these datasets at high spatial reso-
lutions.12 Studies have validated the global datasets at 
subnational scale and revealed their level of accuracy at 
such scales, while recommending methods for improving 
the level of accuracy at subnational scales.20 21

Existence of inequalities in access to healthcare 
services and quality of healthcare at subnational levels 
has been identified despite decline in maternal and 
perinatal mortality rates at national levels, leading to 
the need to investigate such conditions using geograph-
ical analysis methods.2 The use of data at highest level 
of disaggregation, to avoid masking of existing hetero-
geneity, will produce a sincere depiction of the progress 
in maternal and perinatal healthcare in LMICs. Accurate 
geographical analyses at subnational levels are there-
fore of great necessity, requiring accurate geographical 
data. The need to assess accuracy of global population 
and demographic distribution datasets at all subnational 
levels arises from the current emphasis on subnational 
monitoring of maternal and perinatal health progress. 

This has been brought about by the new targets stated in 
the Sustainable Development Goals (SDGs) announced 
by the United Nations (UN) in the year 2016,22 which 
include the goal to reduce maternal mortality ratio to less 
than 70 per 100 000 live births by the year 2030.5

It is fundamental to accurately identify populations with 
the most need of healthcare interventions to effectively 
evaluate the performance of healthcare systems.22 This 
provides evidence to support decision making concerning 
(1) planning for safer births and healthier new-borns and 
(2) resource allocation and improving access to maternal 
and perinatal healthcare as this is one of the main 
focuses in healthcare delivery.2 23 Inaccurate identifica-
tion of the populations in need of maternal healthcare 
interventions has been one of the causes of the variations 
in the utilisation of maternal healthcare.24 The use of 
poor information in research and policy making leads to 
inefficient allocation of limited resources deterring the 
desired achievement of improved maternal and perinatal 
health quality. A true representation of the maternal and 
perinatal population distribution is therefore crucial in 
the successful implementation of interventions and it can 
only be achieved using accurate and highly disaggregated 
geographical data. Emphasis is on accuracy and detail of 
the population distribution datasets as their applications 
have become more intensive and their implications more 
pronounced in the achievement of the new SDGs.25

The desire to perform analyses at higher spatial reso-
lutions has brought about the need to use the available 
datasets at high levels of disaggregation. As a source of 
data that is widely used in data deficient regions, the 
Worldpop dataset creators are constantly improving the 
disaggregation methods to refine the dataset for use at 
high spatial resolutions.26 27 It is imperative therefore, 
whenever data are available, to validate the dataset’s level 
of accuracy at small spatial scales to inform of the perfor-
mance of the methods used. With the limited resources, 
available for the healthcare intervention programme 
for the low-income regions, there is need for accurate 
input data for analyses done prior to making decisions to 
ensure targeting of the right population groups. Knowl-
edge of the level of accuracy of the data they are using 
allows the end users to factor in uncertainty brought 
about by the degree of accuracy of their input data. The 
assessment of the datasets brings the aspect of reliability 
to the attention of the users, thus cultivating a culture of 
always considering uncertainty of the data. Quantifying 
the errors within the datasets encourages the users to also 
quantify the levels of uncertainties of the results obtained 
before decision making.

Currently, Worldpop datasets available for Mozambique 
include population at the 100 m scale for the years 2010 
and 2015 as well as pregnancies and live births datasets at 
the 1 km scale for the year 2015. The gridded estimates 
of pregnancies and live births were created by integrating 
sources like UN statistics, household survey data, age-spe-
cific fertility data, growth rates, live births, still births and 
abortions and converting the women of reproductive age 

 on 17 July 2019 by guest. P
rotected by copyright.

http://gh.bm
j.com

/
B

M
J G

lob H
ealth: first published as 10.1136/bm

jgh-2018-000894 on 1 July 2019. D
ow

nloaded from
 

http://gh.bmj.com/


Dube YP, et al. BMJ Glob Health 2019;4:e000894. doi:10.1136/bmjgh-2018-000894 3

BMJ Global Health

Figure 1 Study sites, Maputo and Gaza provinces in 
Southern Mozambique.

(WRA) dataset constructed from satellite derived maps 
of land cover and settlements.28 Methods outlining how 
the live births dataset is created are outlined elsewhere,.29 
Accuracy of the datasets is broadly dependent on the 
availability and accuracy of the input data for a specific 
region, such as recent census data or Demographic and 
Health Surveys (DHS) data. Specifically, the output esti-
mates of live births and pregnancies are dependent on 
the following:
1. Accuracy of the input population dataset (whose accu-

racy is dependent on the temporality and availability of 
country-specific data including census data, land cover 
data, night-time lights imagery, road networks and so 
on and the UN World Population Prospects and UN 
World Urbanisation Prospects estimates.).

2. Accuracy and availability of the region-specific age-spe-
cific fertility rates (ASFRs) and age structure data from 
data sources such as the DHS and UN population 
estimates.

The accuracy of input demographic census data is 
limited by errors due to consideration of persons as 
residents of more than one household, declaration of 
period and households and errors in mortality data due 
to possible dissolution of households due to death of 
members.30 The limited level of training of interviewers 
and questions in censuses is a cause for concern with 
census data quality, having led to the need for follow-up 
surveys.31 In the case of Mozambique, the indistinct defi-
nition of demographic indicators and relevant survey 
design are problems that are still being addressed.31 
Such inherent sources of errors in census data introduce 
uncertainty in the accuracy of the input demographic 
census data.

Despite the importance of detailed and timely census 
data, less work has been done in enumerating actual 
live births and pregnancies over small spatial scales. The 
Community Level Intervention for Pre-eclampsia (CLIP) 
trial ( ClinicalTrials. gov number ID NCT01911494) in 
Mozambique was a cluster randomised control trial, 
testing if a level package of care entailed early identi-
fication of women with high chances of experiencing 
pregnancy complications. Identifying women at risk was 
achieved through the use of community health workers 
equipped with mobile phone based point of care tools 
and decision aids.32 The baseline phase of the trial 
involved carrying out global positioning system (GPS) 
household surveys, where the information about all WRA 
in each household in the study area was captured. The 
information included the age of the woman, their preg-
nancy status and number of live births to the woman.20 
The CLIP baseline data therefore represent a much more 
detailed and geographically precise input data source 
likely to improve modelled Worldpop births and preg-
nancies data, allowing for validation of estimates using 
known geotagged maternal and child data with high 
spatial and temporal resolutions. This research aims to 
quantify and assess the model improvement of estimated 
pregnancies and livebirths, using CLIP data enumerating 

actual live births and pregnancies for regions in the prov-
inces of Gaza and Maputo in Mozambique. The objec-
tives of this research were to:

 ► Estimate live births and pregnancies datasets for 
the Gaza and Maputo regions using the CLIP base-
line data as an additional input data source for the 
Worldpop process.

 ► Quantify differences in model performance and 
error between the births and pregnancy estimates 
generated using the CLIP data vs standard input data 
sources.

 ► Quantify the resulting impact of the models on esti-
mates of live births and pregnancies.

MeTHods
CLIP trial
Figure 1 shows the study sites in southern Mozambique. 
Data were collected in parts of the two provinces of Gaza 
and Maputo. The administrative unit divisions shown in 
the insert are the neighbourhood units (referred to as 
admin 5 units in this paper). The CLIP study represents 
a household census of all households in 12 villages with 
WRA (12–49 years) conducted from March to October 
2014 in Maputo and Gaza provinces of southern Mozam-
bique. The regions had to contain a minimum popula-
tion of 25 000 inhabitants that would result in at least 
one maternal death per year as per data from the 2007 
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national census.33 34 The inclusion criterion for the WRA 
was having lived in the household for more than 30 days 
prior to the date of the census and having the intention 
to live in the household as a permanent resident for at 
least 6 months following the census.33 A total of 50 493 
households and 80 483 WRA (mean age 26.9 years) were 
surveyed. Admin 5 level data for age-specific number of 
WRA, pregnancies and live births and GPS coordinates 
of the households with WRA were collected as part of the 
baseline work for the CLIP trial.33 Admin 5 boundaries 
were generated by creating Thiessen polygons around 
GPS points with the same neighbourhood name. Higher 
level administrative boundaries (admins 4, 3, 2 and 1) 
were then derived from these lower level data and the 
corresponding age structure data (http://www. ine. gov. 
mz/ estatisticas/ estatisticas- demograficas- e- indicadores- 
sociais/ populacao/ relatorio- de- indicadores- distritais- 
2007) joined to each layer. To the authors’ knowledge, 
the CLIP data on pregnancies and live births is the most 
granular dataset there is in this region of Mozambique. 
We also anticipate that due to the rigorous attempts to 
identify all WRA, by visiting all households in the study 
area, the data are likely the most accurate representation 
of pregnancies and livebirths in the study area, hence 
the choice to use the data as part of data creation and 
comparison processes.

region-specific births and pregnancies model
Two models of live births and pregnancies were created, 
using admin 5 level data and the other using admin 3 
level data. Births and pregnancy datasets were gener-
ated using Worldpop methods highlighted in James et 
al,35 with the addition of region-specific data as obtained 
through the CLIP project, including ASFRs, births-to-
pregnancy ratios and number of births, pregnancies and 
WRA. Spreadsheets of ASFRs for admin 3 and admin 5 
were generated by dividing age-specific births by age-spe-
cific WRA, while the pregnancy-to-birth multiplier was 
created for the study region by dividing the total number 
of pregnancies by total births for each admin 5 unit (and 
admin 3) and averaging the multipliers to get a value for 
the whole region. The Worldpop adjusted 2010–2015 
population dataset36 was clipped to the extent of the 
study region and used in the generation of the age-spe-
cific WRA raster layers. These region-specific births and 
pregnancy datasets were created at varying spatial scales 
to determine the effect of input spatial resolution on 
model performance. To eliminate the error introduced 
by inaccurate census data, the births raster dataset was 
adjusted by multiplying it by the CLIP births raster at 
each admin 5. This step ensured the error in the adjusted 
births dataset would be due to disaggregation only.
 Births = ASFRCLIP × WRA  

 
 WRA = proportion of women × age group proportion × population 
 

The three datasets used to create the WRA dataset were 
created using census data, which as stated above, can be 
inaccurate. The ASFR dataset used is the CLIP dataset, 
hence the dataset that needs adjusting is the WRA dataset, 
which can be adjusted by adjusting the births dataset. 
Adjusting this dataset was a method used to eliminate the 
error due to inaccurate input census data. The adjust-
ment factor was computed using the formula below:

 
Adjustment factor =

BirthsCLIP

Births
=

ASFRCLIP × WRACLIP

ASFRCLIP × WRA   
The adjusted births dataset becomes:

 Adjusted births = Births × Adjustment factor   
This was possible because the ASFR values used to create 
the dataset were computed from the CLIP data, meaning 
that adjusting the dataset using the number of births 
at each admin 5 unit resulted in adjusting the WRA 
computed using the age structure data and the Worldpop 
population dataset. This meant that the error in the 
resulting dataset was due to disaggregation. The process 
of recreating the datasets is shown in figure 2.

Model comparison
The analysis involved comparison of four models: (1) 
CLIP model only (thematic maps with corresponding 
values for live births and pregnancies generated from the 
household survey); (2) admin 5 Worldpop-CLIP model 
(Worldpop methods incorporating region-specific input 
data at admin 5 level, as measured through the CLIP 
project); (3) admin 3 Worldpop-CLIP model (Worldpop 
methods incorporating region-specific input data at 
admin 3 level, as measured through the CLIP project) 
and (4) Worldpop-only model, using standardised input 
data as published through the Worldpop project.29

To quantify the impact of the model performance on 
actual births/pregnancy estimates, we converted the 
Worldpop model outputs to centroid points of the 1 km 
grids and joined them to admin 5 polygons, by summing 
the values of the centroid points falling within each 
polygon, to generate admin 5 polygons with the corre-
sponding values of estimates of live births. This resulted 
in a thematic map of estimated live births and pregnan-
cies, aggregated to admin 5 level. The CLIP values of 
births and pregnancies in the excel sheet were also joined 
to the polygon, resulting in a layer with the following 
attributes: Name of admin 5-unit, Model 1 (CLIP only) 
births, Model 1 (CLIP only) pregnancies, Model 2 
(Admin 5 Worldpop-CLIP) births. Model 2 (Admin 5 
Worldpop-CLIP) pregnancies, Model 3 (Admin 3 World-
pop-CLIP) births, Model 3 (Admin 3 Worldpop-CLIP) 
pregnancies, Model 4 (Worldpop), births and Model 
4 (Worldpop) pregnancies. For these analyses, we 
compared modelled birth outputs, as pregnancy outputs 
are dependent on birth estimates. These polygons were 
dissolved into admin 4 level polygons, creating a map of 
localities with the corresponding births and pregnancy 
values of each admin 4 unit for all models. The same 
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Figure 2 Data generation process for model comparison. CLIP, Community Level Intervention for Pre-eclampsia.

was done to create a map of admin 3 units with corre-
sponding values of live births. The process is shown in 
figure 3.

To compare model prediction errors, we computed 
the root mean square error (RMSE) across the three 
administrative unit levels. To enable cross dataset and 
administrative unit comparison of the prediction errors, 
the normalised root mean square error (NRMSE) was 
used. The formulae for both error statistics is shown 
below:

 
RMSE =

√[
n−1

n∑
i=1

e2
i

]

  

where  ei  is the difference between the  ith  observed ( O  ) 
and predicted (P  ) value ( Pi - Oi ) and n  is the number of 
units.

 
NRMSE =

RMSE
−
O   

where  
−
O   is the mean of the observed values.

To determine the impact of input data on model perfor-
mance, we calculated the difference in NRMSE between 
model 4 and models 2 and 3. The percentage decrease in 
prediction error was calculated by dividing the differences 
by the NRMSE of model 4 at different administrative unit 
levels and expressing it as a percentage. To quantify the 
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Figure 3 Data preparation process for validation. CLIP, Community Level Intervention for Pre-eclampsia.

Table 1 NRMSE prediction errors of different administrative unit levels

Administrative 
level

Model 2 Model 3 Model 4

Births Pregnancies Births Pregnancies Births Pregnancies

Admin 5 1.1463 0.9784 1.6749 1.2260 2.5590 2.2172

Admin 4 0.3472 0.4617 0.7531 0.4453 1.5986 1.3578

Admin 3 0.2056 0.3651 0.5625 0.2758 1.4889 1.2407

NRMSE, normalised root mean square error.

contribution of spatial resolution to the prediction error 
(expressed as a percentage), the differences in percentage 
error decrease between models 2 and 3 were averaged. This 
average percentage value was translated as the proportion of 
the prediction error due to spatial resolution of input data.

ethical considerations
Each head of the household and WRA who participated 
provided informed consent and this was confirmed by their 
signature or fingerprint prior to data collection.33

resuLTs
Average model prediction errors at different administrative 
unit levels
The model prediction errors are lower at higher admin-
istrative unit levels as shown in table 1. All datasets show 
the same pattern for both the live birth and pregnancy esti-
mates. At all boundary unit levels both model 2 and model 
3 have lower model prediction errors than model 4. Models 
2 through 4 prediction errors are lowest at the admin 3 
level with the livebirths prediction errors of about 0.2, 0.6 
and 1.5, respectively and pregnancies prediction errors of 
about 0.4, 0.3 and 1.2, respectively. The prediction errors 

for the three models are highest at admin 5 level with the 
livebirths models’ prediction errors of about 1.1, 1.7 and 
2.6, respectively and pregnancies models’ prediction errors 
of about 0.98, 1.2 and 2.2, respectively. In general, the preg-
nancies outputs of the three models have lower prediction 
error than the births datasets at all administrative unit 
levels, except for Model 2 (Admin 5 Worldpop-CLIP) at 
both admin 4 and admin 3 levels, where the live births 
model has lower prediction error than the pregnancies 
model.

effect of accuracy and spatial resolution of input data on live 
births dataset
Table 2 shows that, using CLIP data at admin 3 level reduces 
the prediction error of the model by at least 34.5% at admin 
5 level and 62.2% at admin 3 level. Using the same input 
data at a higher spatial resolution, that is at admin 5 level, 
reduces the prediction error of model 4 (Worldpop) by at 
least 55.2% at admin 5 level and 86.2% at admin 3 level. 
In general, increasing the spatial resolution of the input 
data from admin 3 to admin 5 units reduces the prediction 
error of the model by an average 23.3%.
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Table 2 Percentage change in NRMSE between models

Administrative 
level Model 2 Model 3 Model 4

% Error decrease % Error due 
to spatial 
resolutionAdmin 3 data Admin 5 data

Admin 5 1.1463 1.6749 2.5590 34.55 55.20 20.65

Admin 4 1.5986 0.7531 0.3472 52.89 78.28 25.39

Admin 3 1.4888 0.5625 0.2056 62.22 86.19 23.97

NRMSE, normalised root mean square error.

Figure 4 Aggregated live births at admin 3 level.

The thematic maps show model outputs for models 1 
through 4, with live births at both admin 3 level (figure 4) 
and admin 4 (figure 5). The thematic map created 
through model 2 (Admin 5 Worldpop-CLIP) is the one 
most like the map created using CLIP data in terms of 
the range of values. Concerning the representation of 
relative values within the maps, model 3 (Admin 3 World-
pop-CLIP) performs better at admin 4 level in repre-
senting the relative values shown in the map as compared 
with model 1 (CLIP only) values.

Figure 6 and figure 7 show the distribution of resid-
uals at admin 3 and 4 levels, respectively. The residuals 

were obtained by calculating the difference between 
model 1 values of live births and the other three models. 
The darkest regions represent regions with residuals 
greater than 300 births. As seen in the maps, model 2 
better estimates the CLIP births (represented by model 
1) compared with the other models at both admin 3 and 
4 levels.

dIsCussIon
The results showed that this model performs well in esti-
mating live births and pregnancies at the highest level 
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Figure 5 Aggregated live births at admin 4 level.

of spatial resolution, especially with improved spatial and 
temporal resolution of the input data. However, bench-
marking these model approaches on a diverse set of areas, 
with sufficient high-quality knowledge base will provide 
sufficient evidence on how well the models perform. A 
huge amount of health data in LMICs is filed and not 
effectively used for analyses that can influence decision 
making due to its decentralisation, making it difficult 
for researchers to consolidate the data for analyses.37 
The validation of model outputs has been mainly rela-
tive, with the focus being model comparison of perfor-
mance, rather than comparison of outputs.38 Spatial scale 
of validation also differs from one author to another, 
meaning different authors only validated performance 
of the datasets at one spatial scale and did not explore 
the changes of prediction errors from one spatial scale 
to the other.21 39–41 It is essential to validate performance 
of a model at different spatial scales because different 
disaggregation methods are affected by spatial scale of 
available census data.38 Such findings have not been 
explored in several studies. In this study, this difference 

was explored by comparing the prediction errors of all 
the models at different administrative unit levels.

This study focused on model comparison with varying 
input data, using methods established through the 
Worldpop project, using novel, region-specific data 
enumerating actual births and pregnancies. Here, we 
quantified the role of input census data, examining 
model performance for varying input spatial resolutions. 
The impact of the model error is shown by the prediction 
errors of the pregnancy and live birth datasets at different 
administrative unit levels. This error has been shown to 
have less impact on the accuracy of the datasets at higher 
administrative levels. We found that the spatial resolution 
of input data had a significant effect on model 4’s predic-
tion accuracy of the live birth and pregnancy values.

Recent studies have been focusing on methods for 
improving delineation of urban, suburban and rural areas. 
These methods are essential in the definition and demar-
cation of urban, suburban and rural boundaries, which 
improve the accuracy of estimates that are modelled using 
the rural/urban classification.35 Methods involving the use 
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Figure 6 Admin 3 level maps showing the residuals obtained from difference in estimated births between model 1 (CLIP only) 
and the other models. CLIP, Community Level Intervention for Pre-eclampsia.

of satellite imagery data have proven effective in classifying 
settlement types. The use of spectral reflectance and night-
time lights data obtained from satellite imagery are methods 
that are effective in delineating settlement types.42 Night-
time imagery data are also effective in modelling health 
indicators (like crude birth rates) at subnational levels, 
making it useful when predicting such health metrics, as a 
strong correlation between health and development (like 
level of electrification and district domestic product) has 
been shown to exist.43

Despite their limitation of being expensive, use of 
remotely sensed data like spectral and/or textural metrics 
or demographic information and distance-to-services 
metrics at higher and more detailed resolutions, increases 
their potential of better performance in producing data-
sets with better accuracy.44 The use of high resolution 
ortho-rectified RapidEye archive data for settlement has 
a high potential of being replicated for the other coun-
tries to allow improvement especially in the detail of the 
dataset.38 Integration of geotweets data into the methods 
used in the production of the demographic datasets proved 
to improve the accuracy and level of detail of the datasets.21 

The strength of its application, however, is in the density of 
geotweets in the whole region, that is the higher the density 
of active twitter users the greater the potential of the use of 
this method.

Use of mobile phone geolocation data to disaggregate 
census data has been proven to improve the accuracy of 
population densities as it captures the dynamic nature 
of populations45 46 while predicting inter-census period 
population using models trained on known census data.41 
However, like geo-located tweets, its accuracy is directly 
dependent on the network structure, thus the higher the 
density of the towers, the higher the precision of the mobile 
phone communication geo-location.45 Although remote 
sensing methods produce predictions with a higher preci-
sion but less accuracy, with an overestimation of popula-
tion densities in low-density areas and an underestimation 
of population densities in high-density areas.45

Limitations
The CLIP project mapped only households with WRA and 
although insignificant, the number of pregnant women 
below the age of 15 and above the age of 49 were also 
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Figure 7 Admin 4 level maps showing the residuals obtained from difference in estimated births between model 1 (CLIP only) 
and the other models. CLIP, Community Level Intervention for Pre-eclampsia.

recorded.33 The models however were created using only 
the data for the ages 15–49 and the population dataset 
that represented populated areas and not just the areas 
with WRA. The analysis to determine how accurately the 
population model identified populated areas at grid cell 
level was therefore not done. It is important to note that 
these results only apply in the regions of Southern Mozam-
bique, a very small fraction of the whole dataset. It is not 
reflective of the entire dataset. Regions with a different 
geography from that of southern Mozambique may yield 
different performance results. The study area, which is 
the rural regions of southern Mozambique, does not 
provide a holistic picture about how the models perform 
at different settlement settings, that is urban, suburban 
and rural settings. Performing the analyses in regions 
with diverse settlement settings using high resolution 
data with comprehensive coverage will provide evidence 
on how well the models detect changes from one settle-
ment setting to the next. The RMSEs were computed 
with the assumption that the weight of all the residuals 
is 1 instead of assigning different weights.47 However, it is 

known that accuracy of disaggregation is also dependent 
on the non-intuitive relationships between population 
density and the supporting covariates of the areas being 
mapped.48

Satellites have been the most commonly used source 
of ancillary data in the form of land cover and land use 
data used for estimation of population densities because 
of the high correlation between land use/land cover 
(LULC) category and population density.20 49 50 Some 
remotely sensed data sources used for large scale demo-
graphic maps, however, have resolutions that are too 
low for obtaining accurate disaggregated data especially 
for urban areas which are highly heterogeneous.44 The 
limitation of using remotely sensed data (whether high 
or low resolution) is that it cannot be reliably derived by 
any known algorithm due to the assignment of weights 
to the LULC classes being based on heuristic rules and 
assumptions without a solid evidence base for such 
rules.20 51 Another limitation of using land cover data, 
especially in heterogeneous urban areas, is the overes-
timation of population densities in certain land cover 
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classes like ‘developed, open space’, due to the category 
being intermingled with other urban categories having 
high population density.49 Such factors are to be taken 
into consideration for weighting when computing the 
prediction error of a demographic distribution dataset.

ConCLusIon
There is need for more studies that will compare the 
global datasets against independent demographic data-
sets for individual countries. Previous methods used have 
focused more on comparing population distributions. 
Most studies have demonstrated the desire to create 
datasets independent of boundary data as boundary data 
require good documentation and accuracy to produce 
quality datasets.13 Lack of such data especially in the 
developing countries presents problems in mapping 
hence eagerness of the authors to explore more and 
more methods that do not require boundary data.52

There is need for more data collection techniques that 
conduct comprehensive censuses like the CLIP project. 
It is also imperative for such projects to take advantage 
of the power of mapping tools at their disposal to fill 
the gaps in availability of datasets for populated areas. 
This is made possible by, for example, mapping all the 
households despite not inhabiting populations with the 
variables of interest. With the technologies that allow 
data sharing, health research data collected now have 
expanded their applications in multiple disciplines, 
hence it is of great importance to always consider such 
potential when collecting health data.

The global data sets’ potential of producing high 
quality data is great. Different studies have shown that 
more and more methods are being unveiled, with the 
advent of technologies that allow location of populations 
in real time, that will improve these datasets, providing 
free access to high quality demographic distribution 
data. Availability of such data on demand will enormously 
improve performance of intervention programmes by 
reducing the amount of resources used in accumulating 
data from different sources to perform analyses.

Author affiliations
1Faculty of Science and Technology, Surveying and Geomatics, Midlands State 
University, Gweru, Zimbabwe
2Department of Geography and Environment, University of Southampton, 
Southampton, UK
3Centro de Investigacao em Saude de Manhica, Manhica, Mozambique
4Department of Geography and Environment, University of Southampton, 
Southampton, UK
5Flowminder Foundation, Stockholm, Sweden
6Department of Social Statistics and Demography, University of Southampton, 
Southampton, UK
7Department of Women's Health, King's College London, London, UK

Collaborators CLIP Working Group: Eusébio Macete; Anifa Vala; Felizarda Amose; 
Rosa Pires; Zefanias Nhamirre; Marta Macamo; Rogério Chiaú; Analisa Matavele; 
Ariel Nhancolo; Silvestre Cutana; Ernesto Mandlate; Salésio Macuacua; Cassimo 
Bique; Sibone Mocumbi; Emília Gonçálves; Sónia Maculuve; Ana Ilda Biz; Dulce 
Mulungo; Orvalho Augusto; Tang Lee; Paulo Filimone; Vivalde Nobela; Corsino 
Tchavana; Cláudio Nkumbula; Jeffrey Bone; Dustin Dunsmuir; Sharla K Drebit; 

Chirag Kariya; Mai-Lei Woo Kinshella; Jing Li; Mansun Lui; Beth A. Payne; Asif R 
Khowaja; Diane Sawchuck; Sumedha Sharma; Domena K. Tu; Ugochi V. Ukah.

Contributors The CLIP working group designed the study, gathered and cleaned 
the data. All authors critically reviewed and revised the manuscript and approved 
the final version for publication.

Funding This work was funded by the Bill & Melinda Gates Foundation (Grant 
OPP1017337) as part of the PRE-EMPT (Pre-eclampsia/Eclampsia, Monitoring, 
Prevention and Treatment) initiative.

Competing interests None declared.

Patient consent Not required.

ethics approval Institutional Ethics Review Board for Health at Centro de 
Investigacao em Saude de Manhica (CIBS-CISM) and the Midlands State University 
(MSU).

Provenance and peer review Not commissioned; externally peer reviewed.

data statement No additional data are available.

open access This is an Open Access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY 4.0) license, which permits 
others to distribute, remix, adapt, build upon this work non-commercially, and 
license their derivative works on different terms, provided the original work is 
properly cited and the use is non-commercial. See: http:// creativecommons. org/ 
licenses/ by/ 4.0

REFEREncEs
 1. Roth S. 2016.The geography of universal health coverage [Internet]. 

Asian development bank https://www. adb. org/ publications/ 
geography- universal- health- coverage (cited 9 Feb 2018).

 2. Ebener S, Guerra-Arias M, Campbell J, et al. The geography of 
maternal and newborn health: the state of the art. Int J Health Geogr 
2015;14:19.

 3. Makanga PT, Schuurman N, von Dadelszen P, et al. A scoping review 
of geographic information systems in maternal health. Int J Gynaecol 
Obstet Off Organ Int Fed Gynaecol Obstet 2016;134:13–17.

 4. UNICEF. 2018.Maternal mortality. UNICEF DATA // data. unicef. org/ 
topic/ maternal- health/ maternal- mortality/ (cited 9 Feb 2018).

 5. WHO. 2016.Maternal mortality. UNICEF DATA // data. unicef. org/ 
topic/ maternal- health/ maternal- mortality/ (cited 9 Feb 2018).

 6. Tatem AJ, Noor AM, von Hagen C, et al. High resolution population 
maps for low income nations: combining land cover and census in 
East Africa. PLoS One 2007;2:e1298.

 7. SEDAC. 2018.Gridded Population of the World (GPW), v3 http:// 
sedac. ciesin. columbia. edu/ data/ collection/ gpw- v3 (cited 5 Apr 
2018).

 8. SEDAC. 2018.Global Rural-Urban Mapping Project (GRUMP), v1 
http:// sedac. ciesin. columbia. edu/ data/ collection/ grump- v1 (cited 5 
Apr 2018).

 9. ORNL. 2018.LandScan home https:// web. ornl. gov/ sci/ landscan/ 
(cited 5 Apr 2018).

 10. Worldpop. 2016.About Worldpop http://www. worldpop. org. uk/ 
about_ our_ work/ about_ worldpop/ (cited 24 Mar 2016).

 11. Tatem AJ. WorldPop, open data for spatial demography. Sci Data 
2017;4:170004.

 12. Tatem AJ, Adamo S, Bharti N, et al. Mapping populations at risk: 
improving spatial demographic data for infectious disease modeling 
and metric derivation. Popul Health Metr 2012;10:8.

 13. Patterson L, Urban M, Myers A, et al. Assessing spatial and 
attribute errors in large national datasets for population distribution 
models: a case study of Philadelphia county schools. GeoJournal 
2007;69:93–102.

 14. Alegana VA, Atkinson PM, Pezzulo C, et al. Fine resolution 
mapping of population age-structures for health and development 
applications. J R Soc Interface 2015;12:20150073.

 15. Tatem AJ, Garcia AJ, Snow RW, et al. Millennium development 
health metrics: where do Africa's children and women of 
childbearing age live? Popul Health Metr 2013;11:11.

 16. Hay SI, Noor AM, Nelson A, et al. The accuracy of human 
population maps for public health application. Trop Med Int Health 
2005;10:1073–86.

 17. Gething PW, Patil AP, Hay SI. Quantifying aggregated uncertainty in 
Plasmodium falciparum malaria prevalence and populations at risk 
via efficient space-time geostatistical joint simulation. PLoS Comput 
Biol 2010;6:e1000724.

 18. Magalhães RJS, Clements ACA, Soares MR. Mapping the risk of 
anaemia in preschool-age children: the contribution of malnutrition, 

 on 17 July 2019 by guest. P
rotected by copyright.

http://gh.bm
j.com

/
B

M
J G

lob H
ealth: first published as 10.1136/bm

jgh-2018-000894 on 1 July 2019. D
ow

nloaded from
 

http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
https://www.adb.org/publications/geography-universal-health-coverage
https://www.adb.org/publications/geography-universal-health-coverage
http://dx.doi.org/10.1186/s12942-015-0012-x
//data.unicef.org/topic/maternal-health/maternal-mortality/
//data.unicef.org/topic/maternal-health/maternal-mortality/
//data.unicef.org/topic/maternal-health/maternal-mortality/
//data.unicef.org/topic/maternal-health/maternal-mortality/
http://dx.doi.org/10.1371/journal.pone.0001298
http://sedac.ciesin.columbia.edu/data/collection/gpw-v3
http://sedac.ciesin.columbia.edu/data/collection/gpw-v3
http://sedac.ciesin.columbia.edu/data/collection/grump-v1
https://web.ornl.gov/sci/landscan/
http://www.worldpop.org.uk/about_our_work/about_worldpop/
http://www.worldpop.org.uk/about_our_work/about_worldpop/
http://dx.doi.org/10.1038/sdata.2017.4
http://dx.doi.org/10.1186/1478-7954-10-8
http://dx.doi.org/10.1007/s10708-007-9099-3
http://dx.doi.org/10.1098/rsif.2015.0073
http://dx.doi.org/10.1186/1478-7954-11-11
http://dx.doi.org/10.1111/j.1365-3156.2005.01487.x
http://dx.doi.org/10.1371/journal.pcbi.1000724
http://dx.doi.org/10.1371/journal.pcbi.1000724
http://gh.bmj.com/


12 Dube YP, et al. BMJ Glob Health 2019;4:e000894. doi:10.1136/bmjgh-2018-000894

BMJ Global Health

malaria, and helminth infections in West Africa. PLoS Med 
2011;8:e1000438.

 19. Schur N, Hürlimann E, Garba A, et al. Geostatistical model-based 
estimates of Schistosomiasis prevalence among individuals aged ≤ 
20 years in West Africa. PLoS Negl Trop Dis 2011;5:e1194.

 20. Lung T, Lübker T, Ngochoch JK, et al. Human population distribution 
modelling at regional level using very high resolution satellite 
imagery. Appl Geogr 2013;41:36–45.

 21. Patel NN, Stevens FR, Huang Z, et al. Improving large area 
population mapping using geotweet densities. Trans GIS 
2017;21:317–31.

 22. Ruktanonchai CW, Ruktanonchai NW, Nove A, et al. Equality in 
maternal and newborn health: modelling geographic disparities 
in utilisation of care in five East African countries. PLoS One 
2016;11:e0162006.

 23. Stevens FR, Gaughan AE, Linard C, et al. Disaggregating census 
data for population mapping using random forests with remotely-
sensed and ancillary data. PLoS One 2015;10:e0107042.

 24. Say L, Raine R. A systematic review of inequalities in the use of 
maternal health care in developing countries: examining the scale of 
the problem and the importance of context. Bull World Health Organ 
2007;85:812–9.

 25. Linard C, Tatem AJ. Large-scale spatial population databases in 
infectious disease research. Int J Health Geogr 2012;11:7.

 26. Thomson DR, Stevens FR, Ruktanonchai NW, et al. GridSample: an 
R package to generate household survey primary sampling units 
(PSUs) from gridded population data. Int J Health Geogr 2017;16:25.

 27. Jochem WC, Bird TJ, Tatem AJ. Identifying residential 
neighbourhood types from settlement points in a machine learning 
approach. Comput Environ Urban Syst 2018;69:104–13.

 28. Weber EM, Seaman VY, Stewart RN, et al. Census-independent 
population mapping in northern Nigeria. Remote Sens Environ 
2018;204:786–98.

 29. Tatem AJ, Campbell J, Guerra-Arias M, et al. Mapping for maternal 
and newborn health: the distributions of women of childbearing age, 
pregnancies and births. Int J Health Geogr 2014;13:2.

 30. Alberto SA, Queiroz BL, Alberto SA. [Estimated coverage of death 
counts and adult mortality in Mozambique based on census data]. 
Cad Saude Publica 2015;31:2211–22.

 31. Hakkert R. Follow-up surveys for census estimates of maternal 
mortality: experiences from Bolivia and Mozambique. J Popul Res 
2011;28:15–30.

 32. von Dadelszen P, Magee L, Payne B. 2013.Protocol 13PRT/9313. 
The Lancet https://www. thelancet. com/ protocol- reviews/ 13PRT- 
9313 (cited 6 Jun 2018).

 33. Sacoor C, Payne B, CLIP Working Group. Health and 
socio-demographic profile of women of reproductive age 
in rural communities of southern Mozambique. PLoS One 
2018;13:e0184249.

 34. Makanga PT, Schuurman N, Sacoor C, et al. Seasonal variation 
in geographical access to maternal health services in regions of 
southern Mozambique. Int J Health Geogr 2017;16:1.

 35. James WHM, Tejedor-Garavito N, Hanspal SE, et al. Gridded birth 
and pregnancy datasets for Africa, Latin America and the Caribbean. 
Sci Data 2018;5:180090.

 36. Worldpop. Africa 1km population: University of Southampton, 2016.
 37. Nori-Sarma A, Gurung A, Azhar G, et al. Opportunities and 

challenges in public health data collection in Southern Asia: 
examples from Western India and Kathmandu Valley, Nepal. 
Sustainability 2017;9:1106.

 38. Deleu J, Franke J, Gebreslasie M, et al. Improving AfriPop dataset 
with settlement extents extracted from RapidEye for the border 
region comprising South-Africa, Swaziland and Mozambique. 
Geospat Health 2015;10:336.

 39. Mennis J. Generating surface models of population using dasymetric 
mapping. Prof Geogr 2003;55:31–42.

 40. Jia P, Gaughan AE. Dasymetric modeling: a hybrid approach using 
land cover and tax parcel data for mapping population in Alachua 
County, Florida. Appl Geogr 2016;66:100–8.

 41. Douglass RW, Meyer DA, Ram M, et al. High resolution population 
estimates from telecommunications data. EPJ Data Sci 2015;4.

 42. Roychowdhury K, Taubenböck H, Jones S. Landsat and DMSP-OLS 
night-time images Case Study of Hyderabad, India, 2011.

 43. Roychowdhury K, Jones S. Nexus of health and development: 
modelling crude birth rate and maternal mortality ratio using 
nighttime satellite images. ISPRS Int J Geoinf 2014;3:693–712.

 44. Cockx K, Canters F. Incorporating spatial non-stationarity to improve 
dasymetric mapping of population. Appl Geogr 2015;63:220–30.

 45. Deville P, Linard C, Martin S, et al. Dynamic population 
mapping using mobile phone data. Proc Natl Acad Sci U S A 
2014;111:15888–93.

 46. Wesolowski A, Eagle N, Tatem AJ, et al. Quantifying the impact of 
human mobility on malaria. Science 2012;338:267–70.

 47. Willmott CJ, Matsuura K. Advantages of the mean absolute error 
(MAE) over the root mean square error (RMSE) in assessing average 
model performance. Clim Res 2005;30:79–82.

 48. Nieves J. Global population distributions and the environment: 
discerning observed global and regional patterns. Electron Theses 
Diss 2016.

 49. Dmowska A, Stepinski TF. High resolution dasymetric model of 
U.S demographics with application to spatial distribution of racial 
diversity. Appl Geogr 2014;53:417–26.

 50. Yang X, Huang Y, Dong P, et al. An updating system for the gridded 
population database of China based on remote sensing, GIS and 
spatial database technologies. Sensors 2009;9:1128–40.

 51. Jia P, Qiu Y, Gaughan AE. A fine-scale spatial population 
distribution on the high-resolution gridded population surface 
and application in Alachua County, Florida. Appl Geogr 
2014;50:99–107.

 52. Wardrop NA, Jochem WC, Bird TJ, et al. Spatially disaggregated 
population estimates in the absence of national population 
and housing census data. Proc Natl Acad Sci U S A 
2018;115:201715305:3529–37.

 on 17 July 2019 by guest. P
rotected by copyright.

http://gh.bm
j.com

/
B

M
J G

lob H
ealth: first published as 10.1136/bm

jgh-2018-000894 on 1 July 2019. D
ow

nloaded from
 

http://dx.doi.org/10.1371/journal.pmed.1000438
http://dx.doi.org/10.1371/journal.pntd.0001194
http://dx.doi.org/10.1016/j.apgeog.2013.03.002
http://dx.doi.org/10.1111/tgis.12214
http://dx.doi.org/10.1371/journal.pone.0162006
http://dx.doi.org/10.1371/journal.pone.0107042
http://dx.doi.org/10.2471/BLT.06.035659
http://dx.doi.org/10.1186/1476-072X-11-7
http://dx.doi.org/10.1186/s12942-017-0098-4
http://dx.doi.org/10.1016/j.compenvurbsys.2018.01.004
http://dx.doi.org/10.1016/j.rse.2017.09.024
http://dx.doi.org/10.1186/1476-072X-13-2
http://dx.doi.org/10.1590/0102-311X00158714
http://dx.doi.org/10.1007/s12546-011-9063-4
https://www.thelancet.com/protocol-reviews/13PRT-9313
https://www.thelancet.com/protocol-reviews/13PRT-9313
http://dx.doi.org/10.1371/journal.pone.0184249
http://dx.doi.org/10.1186/s12942-016-0074-4
http://dx.doi.org/10.1038/sdata.2018.90
http://dx.doi.org/10.3390/su9071106
http://dx.doi.org/10.4081/gh.2015.336
http://dx.doi.org/10.1016/j.apgeog.2015.11.006
http://dx.doi.org/10.1140/epjds/s13688-015-0040-6
http://dx.doi.org/10.3390/ijgi3020693
http://dx.doi.org/10.1016/j.apgeog.2015.07.002
http://dx.doi.org/10.1073/pnas.1408439111
http://dx.doi.org/10.1126/science.1223467
http://dx.doi.org/10.3354/cr030079
http://dx.doi.org/10.1016/j.apgeog.2014.07.003
http://dx.doi.org/10.3390/s90201128
http://dx.doi.org/10.1016/j.apgeog.2014.02.009
http://dx.doi.org/10.1073/pnas.1715305115
http://gh.bmj.com/

	How accurate are modelled birth and pregnancy estimates? Comparison of four models using high resolution maternal health census data in southern Mozambique
	Abstract
	Introduction
	Methods
	CLIP trial
	Region-specific births and pregnancies model
	Model comparison
	Ethical considerations

	Results
	Average model prediction errors at different administrative unit levels
	Effect of accuracy and spatial resolution of input data on live births dataset

	Discussion
	Limitations

	Conclusion
	References


