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Background: Neural tube defects (NTDs) are congenital birth defects of the central nervous system that affect
0.5–2 per 1000 pregnancies worldwide. Therefore effective interventions for birth defects, especially NTDs, are
very important.

Methods: Yuanping City is a coal mining city in Shanxi Province, China, with a high incidence of NTDs. This
study evaluates the effects of NTD interventions in this city after adjusting for covariates that characterize
the native environment. The number of NTD cases and births for the 18 towns in Yuanping City from 2007 to
2014 were included in the study. A shared-component zero-inflated Poisson regression was applied to anal-
yse the temporal–spatial variance among the incidence rates of NTDs in Yuanping City before and after the
interventions.

Results: The results showed that existing interventions to mitigate birth defects, such as folic acid supplemen-
tation, reduced the incidence of NTDs by 53.5% in coal mining areas in Yuanping City. However, the NTD risk in
areas near coal mines, especially unrestored coal mines, was still high, even after the intervention.

Conclusions: The government should focus on health hazards related to mining and agricultural production
and should provide education and resources to reduce environmental exposure. Reducing environmental risks
should be regarded as an early intervention strategy to mitigate birth defects.
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Introduction
Birth defects are congenital anomalies that present in infancy
or later in life and are induced by events preceding birth; they
may be inherited or acquired.1 According to the World Health
Organization, birth defects were the fifth leading cause of child
death globally from 2000 to 2013.2 The incidence of birth de-
fects in China is approximately 5.60% and approximately 900
000 infants are affected.3 Among birth defects, neural tube de-
fects (NTDs) have the highest incidence rate and are associated
with the most severe consequences. NTDs are congenital birth
defects that affect the central nervous system and prevent the
neural tube from completely closing. They result in anencephaly,

spina bifida and encephalocele, among other conditions.4 China
has the highest incidence of NTDs worldwide and the province
of Shanxi, the largest coal mining base in China, has the highest
incidence of NTDs in China.5,6
A national project for the prevention of birth defects in China

was initiated in 2000. The national project mainly involves dy-
namic monitoring before and after pregnancy and following
childbirth. The most widely used method for the prevention and
control of NTDs is vitamin supplements, specifically folic acid, for
the pregnant mother,7,8 with the addition of other complex vita-
mins.9 However, the incidence of birth defects in perinatal infants
in China increased from 109.79 to 153.23 per 10 000 infants be-
tween 2000 and 2011. Moreover, with the implementation of the
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two-child policy in China, the rate of birth defects in infants born
to mothers >35 y of age reached 9.29% in 2013, which is nearly
three times higher than that in 2000 (3.90%). There is an urgent
need to evaluate the effects of existing preventative measures
and explore possible changes in birth defect intervention policies
in China.10,11
Most research methods for evaluating the effects of govern-

ment interventions are simple, merely comparing the rates of
NTDs before and after the intervention. A significant decline in
the NTD rate indicates that the intervention is effective. For ex-
ample, Barboza-Arguello et al.12 calculated the NTD rate in Costa
Rica from 1987 to 2012 during the pre-folic acid fortification
period (1987–1991, 1996–1998), the fortification period (1999–
2002) and the post-fortification period (2003–2012) and found
that NTDmorbidity declined. Similarly,Williams et al.13 estimated
the pre-fortification and post-fortification NTD morbidity rates in
different racial groups in the USA using data from 19 population-
based birth defect surveillance programs and found that the
NTD rate among all groups decreased following the introduction
of folic acid fortification. However, this method can show only
the overall decline across all areas under surveillance; it cannot
provide an in-depth understanding of the differences in the ef-
fects of interventions across different social strata or in differ-
ent geographic regions. Agha et al.14 found that in Canada, af-
ter the introduction of food fortification, the NTD morbidity rate
decreased significantly between 1994 and 2009 in Ontario hos-
pitals. On this basis, they further studied the effect of inter-
vention measures among people of differing socio-economic
statuses and found that food fortification could not effec-
tively eliminate the disparity in NTDs in different socio-economic
groups. Liu et al.15 examined potential sex and subtype differ-
ences in the preventive effects of folic acid supplementation on
NTD prevalence in northern China based on a large cohort study
in a public health campaign from 1993 to 1996. Folic acid supple-
mentation reduced the rates of anencephaly and total NTDs to
a greater degree in females than males. Liao et al.16 applied Rip-
ley’s K-function and spatial filteringmethods to analyse the tem-
poral and spatial changes in NTD risk in some coal mining regions
in China with increased rates of NTDs after the implementation
of the intervention and found that clusters of NTDs were consis-
tently present before and after the intervention near the roads
used for coal transport. The researchers suggested that it is nec-
essary to use different interventions in different regions and that
the key to preventing NTDs is to strengthen the environmental
restoration of coal production and transport areas.17,18
The evaluations of NTD prevention and control described

above were more targeted than previous methods, but there are
many risk factors for NTDs. To evaluate the effect of an interven-
tion in different geographic regions, it is necessary to control for
the effects of the native environment of the study area to ob-
tain a better understanding of the real effects of the intervention,
which will then allow more precise suggestions for control and
prevention.19
To evaluate the effect of the existing intervention on NTDs in

coal mining cities in China, this study used Yuanping City, a coal
mining city in Shanxi Province with a high prevalence of birth de-
fects, as the experimental area. We identified temporal and spa-
tial variations in the NTD prevalence in Yuanping City before and
during the intervention. In the study, covariates, such as native

environmental factors that are associated with high incidence
rates of NTDs, were controlled, which allowed us to focus on the
effect of the intervention.

Materials and methods
Data and study area
Yuanping City, Shanxi Province, China, has a high incidence of
NTDs.6 There are 18 towns in Yuanping City, with a combined area
of 2560 km2 and a total population of approximately 497 600.
Yuanping City has 14 coal sites and a coal production area of
400 km2, which accounts for 15.6% of the city’s total area. Ac-
cording to the materials provided by the Yuanping Bureau of Coal
Industry, the largest coal site in Yuanping City maintains 1.12 bil-
lion tons of coal reserves. In addition, Yuanping City is one of the
key transfer stations on China’s main coal transportation railway.
Registered NTD cases and birth records from the 18 towns in

Yuanping City from 2007 to 2014 were provided by the local fam-
ily planning department and verified by doctors in the hospitals.
In 2009, Yuanping City began distributing folic acid supplements
during pre-pregnancy to all women who were actively trying to
become pregnant and in the first trimester of pregnancy in an ef-
fort to reduce NTDs. Therefore the study period was divided into
two periods: before the state intervention in 2009 (2007–2009)
and after the state intervention (2010–2014).16 Figure 1 shows
the location of Yuanping City and Table 1 summarizes the corre-
sponding NTD and birth data.
In previous work, NTDs were found to be associated with

geographic factors, such as elevation and distance from a
fault.16,20,21 Therefore elevation and distance from a fault were
included in our model to adjust for the influence of the native
environment. Data regarding elevation were collected from the
geospatial data cloud (http://www.gscloud.cn/) and the resolu-
tion was 100 m. The average elevation of each township and the
distance from the centre of the township to the nearest faultwere
calculated as the input data. Table 2 shows the descriptive statis-
tics of these two covariates and their distributions are displayed
in Figure 2.

Shared component model (SCM)
In this study, an SCMwas applied to analyse the temporal–spatial
variance in the incidence rates of NTDs in Yuanping City. The ba-
sic SCM was proposed by Knorr-Held and Best.22 Its premise is
to jointly model the relative risk (RR) of two diseases by using
separate components, including components common to both
diseases, that can represent the underlying exposure risk factors
and residual variation components that are specific to each dis-
ease. This enables information about both diseases to be shared.
The primary applications of SCM are joint analyses of two objects
that share a spatial distribution pattern (e.g. two diseases or two
genders).23–25 Thismodel has been extended by incorporating co-
variates,26 increasing the number of diseases considered27 and
including temporal trends.28
Most SCMs use a standard Poisson likelihood, which is ap-

propriate for rare and non-contagious diseases. However, when
area-specific count data are particularly sparse, an alternative
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Figure 1. Location of Yuanping City.

Table 1. Descriptive statistics of NTD cases in Yuanping City

Characteristics Period 1 (2007–2009) Period 2 (2010–2014)

Births, n 10 421 15 553
NTD cases, n 62 43
Average rate (1/10 000) 59.50 27.65
Maximum rate (1/10 000) 146.52 102.62
Minimum rate (1/10 000) 0 0
Median rate (1/10 000) 56.22 26.91
Interquartile range (1/10 000) 40.04–66.63 14.43–43.32
Zero counts 3 3

formulation allowing for excess zero counts may be preferable.
The NTD case data in Yuanping City are sparse, with some zero
data. Therefore we applied a shared component zero-inflated
Poisson (ZIP) model. In the ZIP model, the zero counts were sep-
arated into excess (those above what is expected in a Poisson
distribution) and non-excess zeros (those expected in a Poisson
distribution).29,30 The model was applied within a Bayesian con-
text22 and can be expressed as follows:

O1i ∼ Poisson ((1− μ1i) E1iθ1i)
O2i ∼ Poisson ((1− μ2i) E2iθ2i)

, (1)

whereO1 i andO2 i are the observedNTD counts for the twoperiods
(before the intervention and after the intervention); i= 1, 2,…, 18
towns; E1 i and E2 i E2 i are the expected counts for each period; θ1 i

and θ2 i are the RRs; and µ1 i and µ2 i are the probabilities of zero in
the ZIP model.
The log RR was then modelled as follows:

log (θ1i) = α1 + ui × δ1 + v1i + ε1i
log (θ2i) = α2 + ui × δ2 + v2i + ε2i

, (2)

where α1 and α2 are the period-specific intercept, which refers to
the average NTD rate in different periods; ui is a latent variable
that is consistently associated with the NTD rates over the two
periods or a surrogate risk factor that is common to both periods
that can capture the shared spatial pattern of NTDs across time;
δ1 and δ2 are scaling factors representing the relative strength
of the association between ui and outcomes between periods,
where δ1δ2 = 1; v1i and v2i are component/latent variables that
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Table 2. Descriptive statistics of the covariates

Covariates Maximum Minimum Median Interquartile range

Elevation (km) 1.75 0.81 1.01 0.92–1.21
Distance from fault (km) 19.65 0.87 2.58 1.77–6.59

Figure 2. Maps of the two covariates: (a) elevation; (b) faults.

capture the period-specific variability; and ε1i and ε2i are terms
that allow for overdispersion.
This Bayesian approach assumes that all parameters and ran-

dom effects have unknown quantities that require the specifica-
tion of prior distribution. For the shared pattern determined by ui,
a spatially structured distribution was modelled using the condi-
tional autoregressive normal prior, ui ∼ CARNormal(W, τu), which
considers the weight of neighbouring areas. For v1i and v2i, nor-
mal distributions N(0, τv1) and N(0, τv2) were assumed, with τv1
and τv2 as the precision parameters. Finally, the hyperprior spec-
ifications were α1, α2 − dflat()log(δ1 − N(0.5.88),22 and σu = 1/τu,
σv1 = 1/τv1, σv2 = 1/τv2, and τ − γ (0.5, 0.00005).

Selection of the covariates
To evaluate whether the two covariates (elevation and distance
from a fault) were associated with the incidence of NTDs in our
study area, they were included in themodel. The model of the RR
with one covariate is as follows:

log (θ1i) = α1 + ui × δ1 + v1i + β1Xi + ε1i
log (θ2i) = α2 + ui × δ2 + v2i + β2Xi + ε2i

, (3)

where β1 and β2 are the coefficients of the covariate Xi. A non-
informative prior N(0, 1000) was assigned to the regression co-

efficients β1 and β2. The settings of other parameters were the
same as those used for the above SCM, without covariates.
Table 3 shows the estimated coefficients of the two covariates

when they were included in the model. According to the results,
distance froma fault was not included in themodel and elevation
was only included for period 1. The final SCM model with covari-
ates is as follows:

log (θ1i) = α1 + ui × δ1 + v1i + β1Xi + ε1i
log (θ2i) = α2 + ui × δ2 + v2i + ε2i

, (4)

where Xi is the average elevation of each township and β1 is the
coefficient of this covariate.
This study applied Bayesian inference using Markov chain

Monte Carlo (MCMC) simulations in WinBUGS version 3.2.2 soft-
ware.31 We ran two MCMC chains with 20000 iterations for each
model. The deviance information criterion (DIC) proposed by
Spiegelhalter et al.32 was used to evaluate the model.

Results
SCM results without covariates
In this study we applied a shared component ZIP model to
analyse the common and specific spatial patterns of the NTD
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Table 3. Coefficients of covariates

Covariates Period 1 (2007–2009) Period 2 (2010–2014)

Elevation, median (95% CI) −2.229 (−4.186 to −0.55) −1.206 (−2.737 to 0.023)
Distance from fault, median (95% CI) −0.02 (−0.07 to 0.02) −0.02 (−0.06 to 0.02)

CI: confidence interval.

Table 4. SCM results without covariates

Covariates Period 1 (2007–2009) Period 2 (2010–2014)

Fraction of total variations, mean (90% CI)
Shared component (u), % 88 (54.11 to 99.9) 94.4 (88.8 to 99.9)
Specific component (v1, v2), % 12 (0.1 to 45.89) 5.6 (0.1 to 11.2)
Model fit criteria
DIC (total DIC=118.9) 65.51 53.43

CI: confidence interval.

Table 5. SCM results with covariates

Covariates Period 1 (2007–2009) Period 2 (2010–2014)

Fraction of total variations, mean (90% CI)
Shared component (u), % 88.63 (54.11 to 99.9) 95.39 (87.18 to 99.9)
Specific component (v1, v2), % 11.37 (0.1 to 45.89) 4.61 (0.1 to 12.88)
Model fit criteria
DIC (total DIC=113.6) 58 55.6

CI: confidence interval.

incidence rates for two time periods in Yuanping City. The re-
sults of the SCM without covariates are shown in Table 4. Approx-
imately 88% of the spatial variation in period 1 was captured by
the shared term (u), leaving 12% of the variability attributable
to the specific pattern. This shared term captured slightly more
of the total spatial variation in period 2 (94.4%), leaving only
5.6% of the variability attributable to the specific component.
Hence fewer risks were partitioned into the specific component,
suggesting a strong common spatial pattern between the two
periods.

SCM results with covariates
The results of the SCM with covariates and adjusted for covari-
ates are shown in Table 5. After adjusting for elevation in period
1, the effect of the native environment could be eliminated. Ap-
proximately 88.63% of the spatial variation in period 1 was cap-
tured by the shared term (u), leaving 11.37% of the variability at-

tributable to the specific pattern. This shared term capturedmore
of the total spatial variation in period 2 (95.39%) than in period
1, leaving only 4.61% of the variability attributable to the specific
component. There was more shared variation between the two
periods in the SCM without covariates than in the SCM with co-
variates. This indicates that, after adjusting for elevation, the spa-
tial pattern of NTDs was similar for both periods. Figure 3 shows
the spatially structured common component (posteriormean es-
timates of eu) for the two time periods.
Figure 3(a) is the shared pattern without covariates and

Figure 3(b) is the shared pattern with the covariates for the two
periods. Figure 3(c) shows the different RRs for period 1 and period
2. Compared with Figures 3(a) and (b), the town of Changliang-
gou (located in the western area) and the town of Xizhen (in the
central area) were identified as consistently high-risk areas in the
SCMs bothwith andwithout covariates. This indicates that the RRs
in these areaswere still high even after the intervention. However,
Figure 3(c) shows that after adjusting for the effect of elevation,
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Figure 3. Shared patterns in both periods: (a) without covariates, (b) with covariates and (c) difference in relative risks (RR) from period 1 to period 2.

the risks decreased greatly in these areas. The results without co-
variates may exaggerate the RRs in these areas, and the actual
RRs were not as high after adjustment. In addition, the RRs are
overvalued in the flat areas, even in Figure 3, although the com-
mon spatial pattern was similar before and after adjusting for el-
evation. Therefore, apart from the influence of elevation, the spa-
tial heterogeneity of NTD risk decreased.
In this study, the different patterns of NTD incidence rates for

the two periods were captured. As shown in Figures 4(a) and 4(b),
as a result of efficient intervention, the NTD incidence rate de-
creased in period 2. The period-specific patterns for both periods
are consistent with the rates of NTDs in period 1 and period 2.
In period 1, the town of Xizhen (in the central region of the city)
and the town of Sulongkou (in the eastern region of the city) had

high RRs. However, those two high-RR areas in period 1 became
low-RR areas in period 2. These patterns explain a small propor-
tion of the variance (Table 5), indicating that the spatial pattern
of NTDs did not change much between the two periods and that
the period-specific pattern was weak.

Discussion
In contrast with existing studies evaluating the efficacy of NTD in-
terventions, this study provided a novel approach for adjusting for
the native environment and it focused on other factors that can
be controlled during evaluations of the effects of interventions in
coal mining cities in China. The study quantitatively extracted the
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Figure 4. Time-specific patterns of two periods: (a, b) incidence rates for the two periods, (c, d) period-specific patterns for the two periods.

common and period-specific patterns of NTDs before and after
the intervention. In addition, after adjusting for the effect of ele-
vation, the authentic shared pattern for both periods (Figure 3(b))
and the period-specific patterns (Figures 4(c) and 4(d)) were ob-
tained. These patterns suggest ways to focus on non-native en-
vironmental factors that can be controlled during interventions
in different regions. According to the results of this study, con-
trol and prevention policies for NTDs in Yuanping City have been
accurately applied.
A 53.5% reduction in the NTD incidence after the intervention

in Yuanping City was found in this study. In addition, the number
of towns in Yuanping City with an NTD incidence >60 per 10 000
birthswas reduced fromeight before the intervention to four after
the intervention. Similarly, Liu et al.33 also found that the preva-

lence of NTDs in five counties in Shanxi Province decreased contin-
uously, from 120.00 per 10 000 births in 2004 to 31.5 per 10 000
births in 2014, after the folic acid supplementation program was
introduced. Therefore the national intervention for NTDs has suc-
cessfully reduced the incidence of NTDs in some coalmining cities
in China. From 2009 to 2018, the Chinese government freely pro-
vided folic acid supplements to all women with a rural household
registration who planned to become pregnant. The incidence of
NTDs in perinatal infants in China also decreased, from 27.40 to
1.50 per 10 000 infants between 1987 and 2017.34
Although existing interventions for birth defects, such as

folic acid supplementation, have obviously reduced the risk of
birth defects in many coal mining sites in China, environmen-
tal pollution from coal mining and agricultural production has
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influenced the effect of the intervention. In the past, large-scale
coal mining has had a serious impact on the ecosystems in those
regions. Therefore environmental restoration work around coal
mines in China is urgently required. However, according to the
13th Five-Year Environmental Protection Plan of Shanxi Province,
comprehensive environmental management has taken place at
only 35% of the abandoned mines the province. Environmental
pollution from coal mining remains harmful to local health and
affects the implementation of interventions for NTDs.16 The town
of Changlianggou is located in the western mountains of Yuan-
ping City and is far from the city capital. The town has the highest
density of coal mines in Yuanping City. Traditional industry and
mining comprise the mainstay of the local economy. The results
show that the NTD risk in Yuanping City was still high, even after
the intervention. Therefore, in areas near coal mines, especially
unrestored coal mines, the government should focus on the re-
mediation of environmental pollution. A reduction in the poten-
tial adverse health effects of environmental exposure should be
a main goal of the intervention.
In the coal mining cities of China, ecological agriculture has

developed. Through ecological agriculture reclamation in coal
mining areas, agricultural land has undergone a reasonable pro-
gression from traditional agriculture involving only farming to
modern agriculture, which includes forestry, animal husbandry
and related disciplines, fish integration, planting and breeding
support.35 Although ecological agriculture can increase the in-
come of residents, the overuse of fertilizers and the disposal of
livestock and poultry manure from agricultural production will
lead to the pollution of surfacewater and groundwater sources.36
These types of agricultural pollution degrade the physical inde-
pendence of inhabitants who are exposed to environmental tox-
ins associated with birth defects. In the study, three townships
located in the modern, efficient agro-industrial belt of Yuanping
City became high-risk areas for NTDs after the intervention. The
three townships are all close to rivers and aquaculture areas, and
new farms are being developed there.37 With the increasing pro-
duction of poultry products, the storage and disposal of raw poul-
try manure has become an environmental hazard to residents.
Therefore the government should focus on the health hazards of
agricultural production and provide education and resources to
reduce environmental exposure.
This research has some limitations. First, only two native en-

vironmental covariates were considered in this study and we re-
ferred to previous studies of the risk factors for NTDs to deter-
mine the covariates. If other factors are found to influence NTDs
in the future, our study should be extended. Second, we only col-
lected data at the hospital level; thus we only used aggregated
data rather than individual birth location data. If data on home
births aremade available in the future, they should be included in
future studies. In addition, only one city was used as a case to as-
sess the effect of a national NTD prevention project in the study.
More sample cities should be included in intervention evaluations
in the future.

Conclusions
Yuanping City is typical of coal mining cities in northern China.
In the process of urbanization in China, a large number of rural

areas in coal mining cities are undergoing economic transition
and areas with high NTD risks are facing the same problems and
challenges as Yuanping City. Thus our research may be of value
for promoting interventions in these areas.
When evaluating the effects of interventions in coal mining

cities, the native environment should be considered and adjusted
to ensure that the risks of NTDs are estimated correctly. In addi-
tion to providing comprehensive folic acid supplementation for
NTD prevention and control, industrial and mining towns should
particularly focus on prevention. Although changes in the domi-
nant industries have led to improved control of pollution in these
areas, long-term environmental damage continues to have an
impact on NTD rates. Moreover, in areas with recent agricultural
development, the environmental burden has gradually increased,
which may lead to increased NTD risks in these areas, thus the
government should be proactive in implementing prevention pro-
grams in these areas.
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