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Abstract

Background

Neural tube defects (NTDs) are congenital birth defects that occur in the central nervous
system, and they have the highest incidence among all birth defects. Shanxi Province in
China has the world’s highest rate of NTDs. Since the 1990s, China’s government has
worked on many birth defect prevention programs to reduce the occurrence of NTDs, such
as pregnancy planning, health education, genetic counseling, antenatal ultrasonography
and serological screening. However, the rate of NTDs in Shanxi Province is still higher than
the world’s average morbidity rate after intervention. In addition, Shanxi Province has abun-
dant coal reserves, and is the largest coal production province in China. The objectives of
this study are to determine the temporal and spatial variation of the NTD rate in rural areas
of Shanxi Province, China, and identify geographical environmental factors that were asso-
ciated with NTDs in the risk area.

Methods

In this study, Heshun County and Yuanping County in Shanxi Province, which have high
incidence of NTDs, were selected as the study areas. Two paired sample T test was used to
analyze the changes in the risk of NTDs from the time dimension. Ripley’s k function and
spatial filtering were combined with geographic information system (GIS) software to study
the changes in the risk of NTDs from the spatial dimension. In addition, geographical detec-
tors were used to identify the risk geographical environmental factors of NTDs in the study
areas, especially the areas close to the coal sites and main roads.
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Results

In both Heshun County and Yuanping County, the incidence of NTDs was significantly
(P<0.05) reduced after intervention. The results from spatial analysis showed that signifi-
cant spatial heterogeneity existed in both counties. NTD clusters were still identified in
areas close to coal sites and main roads after interventions. This study also revealed that
the elevation, fault and soil types always had a larger influence on the incidence of NTDs in
our study areas. In addition, distance to the river was a risk factor of NTDs in areas close to
the coal sites and main roads.

Conclusion

The existing interventions may have played an important role to reduce the incidence of
NTDs. However, there is still spatial heterogeneity in both counties after using the traditional
intervention methods. The government needs to take more measures to strengthen the
environmental restoration to prevent the occurrence of NTDs, especially those areas close
to coal sites and main roads. The outcome of this research provides an important theoretical
basis and technical support for the government to prevent the occurrence of NTDs.

Background

Neural tube defects (NTDs) are congenital birth defects that occur in the central nervous sys-
tem. Among the birth defects, NTDs have the highest incidence, and its consequences are the
most serious. In the early stages of embryonic period, the embryo is very sensitive and fragile.
When it is influenced by genetic and environmental factors, it will cause neural tube closure
not complete, thus forming anencephaly, spina bifida and encephalocele, etc [1]. NTDs are one
of the main causes of abortion, stillbirth, stillbirth, and is also one of the main factors of infant
deaths and permanently disabled. NTDs not only cause serious damage to the child survival
and the quality of life, but also have an impact on the happiness and harmonious of a family. It
can cause a heavy economic burden to family and society [2].

The cause of NTDs is complex. There has no definite conclusions about it, and now more
unified view is that NTDs are caused by the environmental and genetic risk factors, or the com-
plex interaction between them. NTDs is not reversible, and it is easy to happen when the
embryonic development in 3~4 weeks and is exposed to adverse environment. Many environ-
mental factors in the previous studies have been determined to be associated with the occur-
rence of NTDs, such as folic acid deficiencies [3], chemical exposure [4], radiation [5], soil type
[6], and geophysical condition [7], etc.

China, a populous country, has the highest incidence of NTDs in the world [8]. While,
Shanxi Province is in the peak of the incidence of NTDs in China [9]. Shanxi Province is also
the largest coal production province in China [10]. There have been many studies on the rela-
tionship between environment and NTDs in Shanxi province so far. Previous studies found the
watershed, lithozone, soil and distance to faults were closely related to the occurrences of
NTDs [7, 8], while these studies were only a time cross sectional study. In addition, Gu et al
[11] studied the spatial distribution of coal industry and NTDs, and displayed the interactive
relationship of them. However, the driving factors of NTDs behind this phenomenon were not
explored in previous studies. The temporal and spatial variation of NTDs prevalence and the
impact from environmental risk factors in Shanxi need to be further analyzed.

PLOS ONE | DOI:10.1371/journal.pone.0150332 April 21,2016 2/14



@ PLOS | one

Temporal and Spatial Analysis of Neural Tube Defects

One of the targets of studying the pathogen of NTDs is to make efficient intervention policy.
NTDs intervention is a comprehensive and systematic project. Since 1999, the Chinese govern-
ment had adopted a series of interventions such as the tertiary prevention measures to reduce
the incidence of NTDs. The primary prevention measures are taken in pregnancy and the early
stages of pregnancy, in order to prevent the occurrence of birth defects. The secondary preven-
tion measures are put into practice during pregnancy of prenatal screening and prenatal diag-
nosis, in order to avoid serious birth defects. The tertiary prevention measures were applied
after the birth of neonatal disease screening, in order to detect and treat diseases and exceptions
in newborn babies early [8]. In 2004, Shanxi provincial Commission of Population and Family
Planning established a birth defect intervention project called “Jianmao”, to reduce the occur-
rence of NTDs in Zhongyang, Jiaokou, Liulin, and Heshun Counties. The main objectives of
the project are to reinforce the food fortification by adding five micro-nutrients: Vitamin B1,
Vitamin B2, folic acid, iron and zinc in the flour and to make it accepted by local residents
[12]. In 2009, Yuanping County adopted a similar intervention: distributing folic acid supple-
ments to all the women in pre-pregnancy and with first trimester [13].

In this study, there were three research objectives: (1) to determine whether there was signif-
icant decline in the incidence of NTDs in Heshun County and Yuanping County? (2) to evalu-
ate the spatial heterogeneity level after intervention in both counties? (3) to identify which
were the specific environmental risk factors of NTDs in the study areas, especially some risk
area?

Materials and Methods
Study areas

This study took place in two counties, which have high rate of NTDs in Shanxi province,
Heshun County and Yuanping County, respectively (as shown in Fig 1.). Heshun County
locates in the eastern of Shanxi Province, at 37°03'E and 113°05'N. Heshun lies in the middle of
the Taihang Mountains. Therefore, its terrain is steep, mostly with mountains and hills. The
climate is temperate continental climate. There are more than ten kinds of domestic mineral
resources of coal, iron, aluminum, copper, etc. The coal reserves is about 3.5 billion tons.
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Fig 1. Location of study areas.

doi:10.1371/journal.pone.0150332.g001
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Heshun County has 326 administrative villages, and an area of 2,250 km”. There were 252
NTDs cases reported between 1998 and 2010. Correspondingly, there were 15030 births in in
this period of time.

Yuanping County is located in the north of Shanxi Province, at 38°35' ~39°09' E and 112°
17'~ 113°35'N. Yuanping County has 520 administrative villages, with an area of 2560 km®.
Yuanping County is an important commodity grain production base and vegetable production
base of Shanxi. Compared with the Heshun County, the economic condition of Yuanping
County is relatively better. 107 NTDs cases were reported from 2007 to 2012 period. Corre-
spondingly, there were 20215 births in this period of time.

Heshun County is the key coal production base in Shanxi Province. Heshun County has a
coal bearing area of 1,852 km?, which accounts for 82.3% of the county’s total area. The
county’s coal bearing area contains total reserves of 156 billion tons, of which 34 billion tons
have been identified. The coal production in Heshun County is 8 million tons per year. Heshun
County had about 80 coal sites according to the materials provided by the Heshun Bureau of
Coal Industry. While Yuanping County has a coal bearing area of 400 km?, which accounts for
15.6% of the county’s total area. The county’s coal bearing area contains total reserves of 1.12
billion tons. Yuanping County had about 14 coal sites according to the materials provided by
the Yuanping Bureau of Coal Industry. The coal output there is 4 million tons per year. It
noted that Yuanping County is one of the key transfer stations of China’s main coal transporta-
tion railway.

Data sources

In the study, the study period of Heshun County is from January 1, 1998 to December 31,
2010, while the study period of Yuanping County is from January 1, 2007 to December 31,
2012. The study included all live and still births occurring in Heshun County and Yuanping
County in the study period (as listed in S1 File and S2 File), born to women at the hospital or at
home, and who were residents of the counties during those time periods. All therapeutic abor-
tions in residents in those areas where the estimated date of delivery fell in the time periods of
interest were all included. All NTDs cases, regardless of pregnancy outcome, were verified by
doctors in the hospitals. All of the cases, regardless of pregnancy outcome, were provided by
the local family planning department. The NTDs in the study included anencephaly, spina
bifida, and encephalocele, hydrocephalus, etc. All cases were location to villages except unable
insured cases.

Since the Local Family Planning Department declined to provide identifiers to link substan-
tiated NTDs cases to births, so we carried out an ecological study instead of studying at the
individual level. It means that we should use the NTDs cases and the villages” environment
where patient’s mother had been living to estimate the risk of NTDs. However, towns in those
two counties were not included in the study as the environmental factors there are somewhat
complex. Moreover, birth defect registers in the town were excluded.

We assumed that the intervention projects in Heshun County and Yuanping County respec-
tively began to show effects by 2004 and 2009. For the purpose of calculating the occurrence
ratios before and after intervention, the reported NTDs cases in Heshun County during the
1998-2004 period and during the 2005-2010 period were combined. In the same way, the
NTDs of Yuanping County were divided into the 2007-2009 year cases and the 2010-2012
year cases.

The statistical unit of socio-economic data is not at the village level, which is inconsistent
with the geographical environment data, therefore, this study only analyzed the relationship
between geographical environment factors and NTDs. According to previous studies, the
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geographical environmental factors mainly include elevation, soil type, land-cover types, water
shortage condition (distance to rivers), and geological background (distance to faults) [8]. The
information of the elevation and land-cover type used in this paper was from the geospatial
data cloud (http://www.gscloud.cn/). ArcGIS 10.0 was used to store geographic data and dis-
play the results of this study.

The Biomedical Ethics Committee of Peking University approved this retrospective study.
Because our study is ecological study, the detailed information of patients are not included in
the study. Moreover, all patient records/information was anonymized and de-identified prior
to analysis. So we did not give written informed consent to participants (or next of kin/care-
giver in the case of children) for their clinical records to be used in this study.

Methodology

In the study, we first used two paired sample T test to study the temporal changes in the risk of
NTDs. Ripley’s K function and spatial filtering were then combined with GIS software to deter-
mine the spatial changes of the NTDs risk. Finally, geographical detectors were applied to iden-
tify the risk factors of geographical environmental for NTDs in the study areas, especially the
area close to the coal sites and main roads.

Traditional statistical analysis. Two paired sample T test is a statistical method that com-
pares the population means between two related groups. Normally, two paired sample T test is
used to test whether there is significant difference before and after an experiments [14]. In this
study, two paired sample T test was applied to compare the difference of NTDs averages in dif-
ferent periods. The data were statistically analyzed using SPSS Win 19.0, and a 95% level of sig-
nificance was applied.

Ripley’s K function. Ripley’s K function is a classical tool to analyze the spatial structure
of point process. It can be used to determine whether the point data is clustered at different
spatial distances. In the Ripley’s K function, the K-function is compared with a homogeneous
Poisson distribution. The formula is written as (following Durbeck et al. [15]):

K(h)

i=1 j=1,i#j ij

L(h) =
(1)

Where R is the area of the study region, # is the total number of NTDs in the study region,
d;; is the distance between villages i and j, I,(dj;) is j an indicator that equals 1, if d;; is less than
h, and equal to 0 otherwise. w;; is an edge correction factor and defined from 0.5 to 1.

Ripley’s K function in this study was used to test whether there was a global spatial autocor-
relation in the distribution of NTDs in Heshun County and Yuanping County, respectively.
After that, spatial filtering, a method of local spatial autocorrelation, was applied to detect the
hotspots of NTDs in both two counties.

Spatial filtering method. Spatial filtering method uses non-parametric statistical tech-
niques as a tool for exploratory spatial data analysis [16]. The main purpose of spatial filtering
method is to estimate disease risk and conduct statistical tests to detect high risk spots of cer-
tain disease within study area. It provides a way to determine the lack health care access, poten-
tial environmental and behavioral elements. It has also used to identify clusters of congenital
malformation, infant mortality, and other mortality of birth disease [17, 18, 19].

In this study, the Distance Mapping and Analysis Program (DMAP), statistical software,
was used for cluster analysis. It is a public- free software package and can be downloaded from
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www.uiowa.edu/~gishlth/DMAP4/, which uses the method of Rushton spatial filtering. The
Rushton spatial filtering method first used regular grid points as the center, which covering the
study area, to generate a series of filtering circles [20]. For each circle, the rate was calculated as
crude ratio of NTDs cases to all births. The center of each grid can be considered as sharing the
same value of the circle it falls in. Therefore, the distribution of NTDs rate can be interpolated
as a continuous space. The neighbor grid points share overlapping circular pattern, thus shar-
ing the observed information. After the estimated rate was assigned to the grid points, a con-
tour map was constructed by GIS [20]. We supposed that the probability of a case resulting to
NTDs is equal to the proportion of all births in the regions where resulted in NTDs. A
‘smoothed’ morbidity map was drawn where has significance levels of high morbidity of NTDs
by percentage for all individual circle were calculated and mapped in an isarithm form. The
analysis of DMAP provides us many valuable information, such as the rate NTDs and statisti-
cal significance of observed NTDs rates in each grid. The hot spots can be identified from the
grids where significance was higher than the threshold value.

Geographical detectors. Geographical detectors were presented by Jinfeng Wang in 2010,
using spatial variance analysis to quantitatively descript the relationship between risk factors
and certain disease [7]. The geographical detectors include four probes: risk detector, factor
detector, ecological detector and interaction detector. Risk detector can identify the areas with
health risk and the category partition which has higher health risk and test significance by com-
paring the average of the health risk index with different category partitions. Factor detector
can determine whether a certain geographical factors is associated with certain spatial distribu-
tion pattern of health risk. It explore risk factors by comparing the total variance of health risk
index in different category partition, with the total variance of health indicators in the entire
study area. The smaller the ratio, the larger impact the factors have. Ecological detector com-
pares the difference in the total variance of health risk index between the different elements. It
evaluates whether there is a significant difference of the impact on the spatial distribution of
disease between different geographic factors. Interaction detector can identify the interaction
influence between risk factors. This method not only considers the consistency and differences
between the disease and nature, human elements on the spatial distribution, but also is applica-
ble to both observed data and categories data [7]. Geographical detectors have been widely
used in the areas of birth defects [7], earthquake death [19], ecology [20] and urbanization
[21].

The influence of factors on NTDs in this study was calculated by the Power of Determinant
(PD):

PD=1— ﬁz; N’ )
Where N is the area of the study, o is the variance of disease rate in the study area. The
study area is divided into L stratums, and expressed as i = 1,2,3,. . .,L [22], based on the spatial
heterogeneity of a suspected factor. Usuallys, if the factor completely controls the disease, PD
equals to 1; and if the determinant is completely unrelated to the disease, PD equals to 0. Thus,
the PD reflects the association level between risk factors and the prevalence of the disease [7].

Results
Statistical analysis

The addresses of recorded cases and births were matched to the village points using ArcGIS
desktop. The two paired sample T test results (Table 1) showed that the average NTDs rates
was reduced significantly (P<0.01) in both counties. The incidence of NTDs in Heshun
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Table 1. Two paired sample T test results of the average rate of NTDs before and after intervention in the study areas.

Location average rate of NTDs before average rate of NTDs after t value degrees of freedom p value
intervention (1/10000) intervention (1/10000)
Hshun 223.107 105.974 31.442 325 <0.001
Yuanping 41.100 24.776 42.454 519 <0.001

doi:10.1371/journal.pone.0150332.t001

Heshun All study period

Yuanping All study period

Heshun

Yuanping

County has been reduced from 233.1065 per 10,000 births before intervention to 105.9737 per
10,000 births after intervention in Heshun County. While, the incidence of NTDs in Yuanping
County has been reduced from 41.0998 per 10,000 births before intervention to 24.7762 per
10,000 births after intervention.

Spatial analysis

Global autocorrelation analysis. In order to testify whether the distribution of NTDs in
Heshun County and Yuanping County is clustered, we applied Ripley’ s K function on both of
them. The following graphs are the results of Ripley’s K function in three periods of Heshun
County respectively: from year 1998 to year 2004 (before the intervention), year 2005 to year
2010 (after the intervention) and year 1998 to year 2010 (the whole observation period). Simi-
larly, the results of Yuanping County from Ripley’s K function were: from year 2007 to year
2009 (before the intervention), year 2010 to year 2012 (after the intervention) and year 2007 to
year 2012 (the whole observation period).

Opverall, the results above suggest that the distribution of NTDs in Heshun and Yuanping
was clustering in all three periods. From Fig 2 (blue lines; average levels), the spatial cluster of
NTDs in Yuanping can be identified from a very small distance (nearly zero meter) for all the
study periods. In contrast, at a relative small distance, a spatial negative aggregated was identi-
fied in Heshun for all the study periods. This relationship changes to positive at distance about
210 m. The largest positive relationships were found at distance about 12-13 km and about 10
km in Heshun and Yuanping, respectively (Table 2). While, decreases of the cluster level were
followed beyond these distances in both study areas.

Before interaction Heshun After interaction

Before interaction Yuanping After interaction

Nler' s L Bipter' s K

Fig 2. The results of Ripley’s K function of NTDs in Heshun County and Yuanping County.

doi:10.1371/journal.pone.0150332.9002
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Table 2. The largest extent of clustering area in three periods in Heshun County and Yuanping County.

Heshun County Yuanping County

The Largest L value Corresponding Distance (kilometer) The largest L value

Before the intervention  2869.750 13.066 2161.754
After the intervention 2813.915 12.045 2107.935
The entire period 2813.915 12.045 2054.898

doi:10.1371/journal.pone.0150332.t002

Corresponding Distance (kilometer)
10.084
10.084
10.084

Hotspot detection. By matching NTDs case and birth records to villages, it is able to
count NTDs rates for each grid, which covers the entire study area at about 4.8km intervals. In
order to come to general conclusions about the results of spatial filtering, multiple filter sizes
such as 1.6, 3.2, and 4.8 km were used. We carried out a sensitivity analysis using different spa-

tial filter sizes, the results are shown Table 3.

When the filter size increases to 4.8 km, the number of clusters decreases to 1 and the num-
ber of grids included in clusters increases to 15. The result suggests that progressively larger
spatial filtering of data removes local spatial variability, which eventually produces a substan-

tially uniform pattern. Moreover, more grids included leads to more reliable results.

Given the approximate 4.8km distance interval between grid intersections, it generated 204
grid points in Heshun County and 326 grid points in Yuanping County. Meaningful NTDs
rates were estimated for these grid points which had at least 5 births within the 4.8km vicinity.
We calculated the NTDs and normal births within the circle and assigned the observed rate to
that point. It is able to interpolate the NTDs rate as a continuous spatial distribution, when we
repeated such estimate for a grid. Neighbor grid points shared circular patterns which overlap

each other. Therefore, they share observations. Isarithm maps with the constant range of values
were constructed in GIS after the estimated rates were assigned to grid points.

For each village, a random number was generated from a uniform distribution in the range
of 1 through 1,000. For each grid point locations, 999 Monte Carlo simulations were run and
the different NTDs rates were rank-ordered. The percent of the simulated rates at each grid,
that were less than the observed rate for the same grid location, were calculated and the levels

of statistical significance were portrayed as isoclines.

Because the testing of rates against 999 simulations is one type of exploratory spatial analy-
sis, the methods of representing the results were discretionary, and the results can be adjusted
by investigators based on the level of significance. Fig 2 denotes the clusters of NTDs in Heshun
County during 1998-2010 and Yuanping County during 2007-2012. The results (seen in Fig 3)
showed that clusters of NTDs were detected in Heshun County and Yuanping County during
the whole study period, before and after intervention, which showed that the spatial distribu-
tion of NTDs in Heshun County was nonrandomized. Compared to the period of before inter-
vention, the radius of cluster was become bigger in Heshun County and Yuanping County.
Although the location and size of NTDs clusters after intervention were changed after

Table 3. Sensitivity analysis results based on different spatial filter sizes.

Filter Size Number of clusters
1.6 km 3
2.4 km 2
3.2 km 2
4.0 km 2
4.8 km 1

doi:10.1371/journal.pone.0150332.t003

Number of grids included in clusters

3
4
4
9
15
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Fig 3. Cluster areas of NTDs in Heshun County and Yuanping County.

doi:10.1371/journal.pone.0150332.g003

intervention, clusters of NTDs were always existed nearby the roads for coal transport in
Heshun County and Yuanping County.

Geographical detectors

In Heshun County, 6 km buffer region of coal mines and main road was defined as the coal
production and transport area. This is because the rate of NTDs in these regions was significant
higher than other region in Heshun County [8]. We adopt a buffer step analysis in Yuanping
County, and found the rate of NTDs in the region within 8 km buffer distance of the roads for
coal transport was significant higher than other region of Yuanping County (P = 0.007). There-
fore, 8 km buffer region of coal sites and roads for coal transport was defined as the coal pro-
duction and transport area in Yuanping County. The selected ranges of buffer regions are
consistent with the results of Ripley’ s K function.

According to the result of Fig 2, we can find the clusters of NTDs were always existed in the
coal production and transport area in Heshun County and Yuanping County. We also con-
ducted a detection of geographical environment factors for NTDs in the two counties, espe-
cially in the coal production and transport area. The influence of different geographic
environmental risk factors on NTDs in different areas were showed by PD in below (Tables 4
and 5).

Table 4. Factor detector results of NTDs in the whole study region.

Location Period Factor
Elevation (%) Fault (%) River (%) Soil (%) Land-cover (%)
Heshun All 25 3.7 4.2 6.1 0.4
Before 3.4 4.7 2.2 7.4 0.3
After 25 2.2 2.7 6.8 2.4
Trend | 1 | | 1
Yuanping All 16.3 14 6.2 16.8 3.9
Before 6.3 222 8.5 4.7 2
After 12 17 5.2 8 6.3
Trend 1 ! i 1 1
doi:10.1371/journal.pone.0150332.t004
PLOS ONE | DOI:10.1371/journal.pone.0150332 April 21,2016 9/14
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Table 5. Factor detector results of NTDs in coal production and transport area.

location Period

Heshun All

Before
After
Trend

Yuanping All
Before
After
Trend

doi:10.1371/journal.pone.0150332.t005

Factor

Elevation (%) Fault (%) River (%) Soil (%) Land-cover (%)
48.6 19.4 14.5 5.4 41
24.8 12.7 15.2 5.5 3
69.5 22.4 13.4 4.4 3.3

T ! 1 7
35.8 34.9 14.5 17.5 10.4
40.2 54.6 15.2 20.4 10
40.2 49.3 13.4 23.8 14.1

! ! 1 1

Opver the entire period, the results of the factor detector suggests that the impact on the
NTDs incidence of different environmental factors were different. In Heshun County, the
descending order of the impact is: soil type (6%), distance to the coal sites and transportation
region (4.7%), river (4.2%), fault (3.7%), elevation (2.5%), land cover (0.4%). In Yuanping
County, the descending order of the impact is: soil type (16.8%), elevation (16.3%), fault (14%),
river (6%), coal sites and transportation region (4.6%), land cover (3.9%). By comparing the
two orders above, it found that the first four determinates are all natural environmental factors
in Yuanping. It means that the natural environment has greater influence on the NTDs inci-
dence. In Heshun, although the impact of natural environmental factors is still considerable,
the difference is that coal site and transportation region has the second largest impact on the
NTDs incidence. It shows that the impact of coal mining and transportation, which is regarded
as human behavior, has higher correlation with the NTDs incidence in Heshun. In addition,
soil type is the most correlated environmental factor of the NTDs incidence in both Yuanping
and Heshun. Combined with analysis results of the risk detector, the area of cinnamon soil in
both Heshun and Yuanping has relatively higher NTDs incidence.

By comparing the results from factor detector of pre-intervention and post-intervention
period, the impact from some environmental factors in Yuanping and Heshun has diminished
significantly. In Yuanping County, the PD values of fault, river and buffer distance have
reduced from 22% to 17%, 8% to 5% and 2.8% to 0.5%, respectively. In Heshun County, the
PD values of buffer distance and fault have reduced from 4.9% to 1.9% and 4.6% to 2.2%
respectively.

After the intervention, the rankings of the impact of the selected environmental factors have
changed. In Yuanping County, fault, elevation and soil type have relatively high correlation
with the incidence of NTDs. Combined with the result from the risk detector, it indicates that
the distance to the fault is smaller, the NTDs incidence will be higher. In addition, the lower
elevation area tends to have higher incidence of NTDs. Furthermore, the area of leached cinna-
mon soil has relatively lower NTDs incidence. In Heshun County, soil type remains the most
related factor of the five we selected. However, the only difference is that each type of the soil
has very similar correlation with the incidence of NTDs. It suggested that the variation of
impact from different soil types becomes insignificant.

In coal production and transport area, the impact from the potential factors are more appar-
ent and significant in both study areas. In Yuanping County, the impact analysis results show
there wasn’t a significant variation before and after intervention, and the impact order from
different factors didn’t change: elevation (35.8%) >fault(34.9%) >s0il(17.5%) >river(14.5%)>
land-cover(10.4%). While, it did change in Heshun. In coal production and transport area, the
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impact from factors related to soil type decreased from 6.1% to 5.4%, and the impact from ele-
vation significantly increased from 2.5% to 48.6%.

Discussion

The incidence of NTDs was significantly reduced after intervention in both Heshun County and
Yuanping County, Shanxi Province. The average incidence of NTDs in Heshun County and
Yuanping County is higher China average morbidity (12.95 per 10,000) [23], and spatial heteroge-
neity still exists in study areas. This study also found that the clusters of NTDs always existed in
the coal site zones and transport area in Heshun County and Yuanping County. This study shows
that the intervention may have a positive impact on reducing the overall incidence of NTDs.

China's birth defects monitoring survey figures show that the incidence of NTDs in the
eight major coal producing areas in Shanxi Province is much higher than the national average
[24]. Heshun County and Yuanping County are the key coal-producing counties in Shanxi
Province. Most of these coal sites are small town and village owns or illegal coal sites before
Shanxi coal enterprises integrate and restructure them [25]. There are some trace elements in
coal, such as mercury, nickel, cadmium, fluoride, etc [26]. Coal mining and coal washing will
also produce large amounts of dust particles, and this will pollute the water [27]. The pollution
was prevented by coal enterprises, however, there have no ecological restoration be carried out,
and therefore the hazard of pollution still exists in coal production and transport area. In our
study, the clusters exist in coal production and transport area, which were detected by spatial
statistic, also support this view.

It is very important to identify the geographical environmental risk factors of NTDs in the
study area, especially in the coal production and transport area. Based on the results from geo-
graphical detectors, the government can develop preventive measures for people living in these
regions. For example, elevation may be a high risk factor of NTDs, previous studies shown that
altitude may be as a risk factor for NTDs [28]. The incidence of NTDs in high altitude areas is
higher than other area in coal production and transport area. It’s very necessary to learn the
surrounding of villages with NTDs case. Generally, the limited medical condition and restricted
access to information of interventions in high elevation area reduced the efficiency of the
implementation of interventions [8]. Also, traffic in high altitude mountain areas is inconve-
nience. Therefore, women cannot go to the hospital for NTDs prenatal screening after preg-
nant, thus delaying the best treatment period of NTDs [25].

In addition, people living near a geological fault experience a high risk of having a baby with
NTDs [29]. There is a significant difference of the NTDs incidence between the areas close to
fault and other regions. Previous studies have shown that some heavy metals in coal are likely
to cause the occurrence of NTDs [30]. During the coal production and transport process,
heavy metals in coal will be exposed and pollute the groundwater, when they flow in the under-
ground passages which was formed by fault. Fault is related to the source of environmental
chemicals, and act as a source of heavy metals to influence the occurrence of NTDs [29]. More-
over, the concentration of radon in soil, water, and air near a fault zone is much higher than
the background value. The radiation emitted by radon and the daughter products into which it
decays is predominantly high linear energy transfer (LET) alpha radiation. For any given
absorbed dose of radiation, the relative biological effectiveness (RBE) of alpha radiation as
emitted by radon and its daughters is 20-fold higher than that of X-ray and gamma radiation.
The fetus in uterus is at particular risk of damage from radiation [31]. Thus it may lead to the
higher NTDs incidence in fault zones. In addition, the soil as carrier of toxic substances have
an impact on the incidence of NTDs in the coal production and transportation area [32]. Cin-
namon soil has high contents of metals, which may have an influence on human health and
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PH value is 7.0-7.5. In soil with high organic matter content and pH value, metals usually form
complexes and thus cannot easily be absorbed by crops. This finally affects the diet of local resi-
dents [33]. Leached cinnamon soil has high contents of clay particles. Theoretically, the more
clay particles percent content, the larger adsorption capacity, and then smaller amounts of
health-related metals can be absorbed by plants and do harm, therefore, there is less danger to
local residents [34]. However, these inferences need further analysis to be confirmed.

Coal mining operations are viewed as a widespread water pollution resource [31]. This
study shows that the incidence of NTDs near river is significantly different (P<0.05) from
other areas. The activity of heavy metal elements and rare earth elements in soil there may sig-
nificantly improve the incidence of NTDs [35]. Soil is an important medium of various sub-
stances in the environment. It has impact on the content of toxic chemicals in soil, such as lead,
mercury and other heavy metals, radioactive substances, nutrients, trace elements, etc. It also
affects the activity of these chemicals in soil, thus affecting the chemical content in human liv-
ing environment, and increasing the risk of NTDs in the those areas.

Coal production and coal transportation have significant impact on the heavy metal content in
soil. Some heavy metals accumulate in the soil and has already achieved a higher level, especially
the accumulation of heavy metals in the plow layer. Those metals may have adversely impact on
crop, human and animal health [36]. Further research is required to study the accumulation and
distribution of relevant heavy metal close coal sites and areas along the roads to deliver coal.

The impact of land cover on occurrence of NTDs becomes more significant recently. During
the period of coal production and transport, the truck traffic loads are heavy. Overload big ton-
nage transportation vehicles increases yearly, and the pollution in those regions is very serious.
More coal sites are developing now. Plants nearby are covered with black pulverized coal, and
the exterior of the buildings nearby is exposing to the pollution. This has caused serious eco-
logical destruction. It is a pressing problem for the government to take effective measures and
strengthen the management to protect the ecological environment that has been polluted by
coal industries. Then, this will reduce the incidence of NTDs fundamentally.

Conclusions

The existing interventions have played an active role to reduce the incidence of NTDs, how-
ever, there are still existing spatial variation of NTDs. Although this study was only conducted
in a small spatial scale, the analysis results can be used as reference for the Chinese government.
The study demonstrates that it is necessary to take different interventions in different regions.
In addition to the existing three-level intervention measures, the government needs take more
measures to improve penetration of interventions in the areas close to coal sites and coal deliv-
ery routes. Furthermore, strengthen the environmental restoration of the coal production and
transport area is the key to prevent the occurrence of NTDs.

There are some limitations in the research. Firstly, we only collected data at hospital level,
which means our data do not include home births. Secondly, our research is limited to ecologi-
cal analysis. This is because the individual level information is not available. Therefore, the
environmental exposure of individual level cannot be assessed. It is necessary to identify the
risk factors for each NTDs in future studies. Thirdly, a comparative study for the areas with
coal exploitation and low NTDs incidence wasn’t implemented, due to the limited data
resources. This topic could be covered in the future study, when the data is available.

Supporting Information

S1 File. The case and birth data of Heshun County.
(XLS)

PLOS ONE | DOI:10.1371/journal.pone.0150332 April 21,2016 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150332.s001

@' PLOS ‘ ONE

Temporal and Spatial Analysis of Neural Tube Defects

S2 File. The case and birth data of Yuanping County.
(XLS)

Acknowledgments

This study was supported by the National Natural Science Foundation of China http://www.
nsfc.gov.cn/publish/portall/ (Nos. 41471377, 41101431), and the Yong Talent Fund of the
Institute of Geographic Sciences and Natural Resources Research, CAS http://english.igsnrr.
cas.cn/ (2012RC201). We would like to thank all the staff enrolled in this study for their excel-
lent cooperation. We also thank the Youth Innovation Promotion Association of the Chinese
Academy of Sciences for their support.

Author Contributions

Conceived and designed the experiments: LYL. Performed the experiments: ZY HL. Analyzed
the data: LX ZNX XB. Contributed reagents/materials/analysis tools: WJF. Wrote the paper:
LX.

References
1. FreyL, Hauser WA. Epidemiology of neural tube defects. Epilepsia 2003; 44:4-13. PMID: 12790881

2. YiY, Lindemann M, Colligs A, Snowball C. Economic burden of neural tube defects and impact of pre-
vention with folic acid: a literature review. Eur J Pediatr 2011; 170(11):1391-1400. doi: 10.1007/
s00431-011-1492-8 PMID: 21594574

3. Milunsky A, Milunsky J. Genetic disorders and the fetus: diagnosis, prevention and treatment. 6th edi-
tion. West Sussex, UK: John Wiley & Sons Ltd; 2010.

4. BrenderdD, Suarez L, Felkner M, Gilani Z, Stinchcomb D, Moody K, et al. Maternal exposure to arse-
nic, cadmium, lead, and mercury and neural tube defects in offspring. Environ Res 2006; 101:132—
139. PMID: 16171797

5. Araneta MRG, Destiche DA, Schlangen KM, Merz RD, Forrester MB, Gray GC. Birth defects preva-
lence among infants of Persian Gulf War veterans born in Hawaii, 1989-1993. Teratology 2000;
62:195-204. PMID: 10992261

6. RenZP, WangJF, Liao YL. Using spatial multilevel regression analysis to assess soil type contextual
effects on neural tube defects. Stoch Environ Res Risk Assess 2013; 27:1695—-1708.

7. Wang JF, Li XH, Christakox G. Geographical detectors-based health risk assessment and its applica-
tion in the nural tube defects study of the heshun region, China. Int J Geogr Inf Sci 2010; 24:107-127.

8. Liao YL, Wang JF, Li XH. Identifying environmental risk factors for human neural tube defects before
and after folic acid supplementation. BMC Public Health 2009, 9:391. doi: 10.1186/1471-2458-9-391
PMID: 19835574

9. LiZW, Ren AG, Zhang L. Extremely High Prevalence of Neural Tube Defects in a 4-County Area in
Shanxi Province, China. Birth Defects Res. Part A: 2006; 76:237—240.

10. LiZW, ZhangL, Ye RW. Indoor Air Pollution from Coal Combustion and the Risk of Neural Tube
Defects in a Rural Population in Shanxi Province, China. Am J Epidemiol 2011; 174(4):451-458 doi:
10.1093/aje/kwr108 PMID: 21659350

11. Zhangl, Ren AG, Li ZW, Hao L, Tian YH, Li Z. Knowledge and use of folic acid supplements by women
in their first trimester of pregnancy from high and low prevalence areas of birth defects, China. Chin J
Reprod Health 2004; 15(5): 293-298.

12. AnHX, Pan XQ, Wang Y. Status, Causes and Intervention Measures of Birth Defects in Shanxi, J
Shanxi Med Univ 2010; 41(12):1090-1098.

13. Wang GH. The work program of full implementation of birth defects intervention project in Xinzhou City
2009. Available: http://www.fsou.com/html/text/lar/171486/17148663.html

14. Box JF. Guinness, Gosset, Fisher, and Small Samples. Statist Sci 1987; 2 (1): 45-52.

15. Durbeck H, Greiling D, Estberg L, Long A, Jacquez G. ClusterSeer: Software for Identifying Event Clus-
ters. User's Guide. Ann Arbor, MI: TerraSeer, Inc; 2002.

16. Esra O, Bryan LW, Su YK, Melina SM. Comparison of spatial scan statistic and spatial filtering in esti-
mating low birth weight clusters. Int J Health Geogr 2005; 4:19-28. PMID: 16076402

PLOS ONE | DOI:10.1371/journal.pone.0150332 April 21,2016 13/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150332.s002
http://www.nsfc.gov.cn/publish/portal1/
http://www.nsfc.gov.cn/publish/portal1/
http://english.igsnrr.cas.cn/
http://english.igsnrr.cas.cn/
http://www.ncbi.nlm.nih.gov/pubmed/12790881
http://dx.doi.org/10.1007/s00431-011-1492-8
http://dx.doi.org/10.1007/s00431-011-1492-8
http://www.ncbi.nlm.nih.gov/pubmed/21594574
http://www.ncbi.nlm.nih.gov/pubmed/16171797
http://www.ncbi.nlm.nih.gov/pubmed/10992261
http://dx.doi.org/10.1186/1471-2458-9-391
http://www.ncbi.nlm.nih.gov/pubmed/19835574
http://dx.doi.org/10.1093/aje/kwr108
http://www.ncbi.nlm.nih.gov/pubmed/21659350
http://www.fsou.com/html/text/lar/171486/17148663.html
http://www.ncbi.nlm.nih.gov/pubmed/16076402

@' PLOS ‘ ONE

Temporal and Spatial Analysis of Neural Tube Defects

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Rushton G, Krishnamurti D, Krishnamurthy R, Song H. Spatial analysis of infant mortality rates in Des
Moines, lowa, 1989-1992: Washington D.C. 1995.

Kafadar K. Smoothing geographical data, particularly rates of disease. Stat Med. 1996; 15(23):2539—
2560. PMID: 8961462

Talbot TO, Kulldorff M, Forand SP, Haley VB. Evaluation of spatial filters to create smoothed maps of
health data. Stat Med 2000; 19: 2399-2408. PMID: 10960861

Rushton G, Lolonis P. Exploratory spatial analysis of birth defect rates in an urban population. Stat Med
1996; 15:717-726. PMID: 9132899

Wang J, Hu Y. Environmental health risk detection with GeogDetector. Environ Modell Softw 2012;
33:114-115.

Hu 'Y, Wang JF, Li XH, Ren D, Zhu J. Geographical detector-based risk assessment of the under-five
mortality in the 2008 Wenchuan earthquake, China. PLoS One 2011; 6(6): 214—227.

RenY, Deng LY, Zuo SD, Luo YJ, Shao GF, Wei XH, et al. Geographical modeling of spatial interaction
between human activity and forest connectivity in an urban landscape of southeast China. Landscape
Ecol, 2014.

Wang JF, Robert H, Cao ZD. Sample surveying to estimate the mean of a heterogeneous surface:
reducing the error variance through zoning. Int J Geogr Inf Sci 2010; 24(4): 523-543.

DailL, Zhu J, Zhou GX, Wang YP, Wu YQ, Miao L, et al. Dynamic surveillance for neural tube defects
during 1996 to 2000 in china. Chi J Prev Med 2002; 36:402-404

Liu XX. Shanxi province had the highest rate of birth defect in the world 2007. Available: http://www.
gov.cn/jrzg/2007-10/28/content_788354.htm

Liao YL, Wang JF, et al. Spatial analysis of neural tube defects in a rural coal mining area. Int J Environ
Health Res 2010; 20 (6): 439-50. doi: 10.1080/09603123.2010.491854 PMID: 21161805

Zhang JY, Zheng CG, Ren DY, Chou CL, Liu J, Zeng RS, et al. Distribution of potentially hazardous
trace elements in coals from Shanxi province, China. Fuel 2004; 83 (1): 129—-135.

Gu X, Lin LM, Zheng XY. High Prevalence of NTDs in Shanxi Province: A Combined Epidemiological
Approach. Birth Defects Res. Part A: 2007; 79:702-707.

Zhang SL, Zhao JA, Du J. Study on Ecological Management Caused by Coal Mining in Yuanping.
Shanxi Coal 2012; 32(9): 41-43.

Li XH, Wang JF, Liao YL, Meng B, Zheng XY. A geo-analysis for the environmental cause of human
birth defects. ET&C 2006; 88(3): 551-559.

Castilla EE, Lopez-Camelo JS, Campana H. Altitude as a risk factor for congenital anomalies. Am J
Med Genet 1999; 86(1):9—14. PMID: 10440822

Wu J, Wang J, Meng B, Chen G, Pang LH, Song XM, et al. Exploratory spatial data analysis for the
identification of risk factors to birth defects. BMC Public Health. 2004; 18(4):23

Li XH, Wang JF, Zheng XY, Liao YL, Zhang KL, Zhang T, et al. The indication effect of soil in environ-
mental risk assessment of birth defects. Res Environ Sci, 2007; 20(6): 21-6.

Huang J, Wu JL, Li TJ, Song XM, Zhang BZ, Zhang PW, et al. Effect of exposure to trace elements in
the soil on the prevalence of neural tube defects in a high-risk area of China. Biomed Environ Sci 2011,
24:94-101. doi: 10.3967/0895-3988.2011.02.002 PMID: 21565679

Zhang BG. The Pollution and Treatment of Highway Enclosed Coal Vehicle. Shanxi Sci & Tech Com-
mun 2001; 143 (4): 60-62.

PLOS ONE | DOI:10.1371/journal.pone.0150332 April 21,2016 14/14


http://www.ncbi.nlm.nih.gov/pubmed/8961462
http://www.ncbi.nlm.nih.gov/pubmed/10960861
http://www.ncbi.nlm.nih.gov/pubmed/9132899
http://www.gov.cn/jrzg/2007-10/28/content_788354.htm
http://www.gov.cn/jrzg/2007-10/28/content_788354.htm
http://dx.doi.org/10.1080/09603123.2010.491854
http://www.ncbi.nlm.nih.gov/pubmed/21161805
http://www.ncbi.nlm.nih.gov/pubmed/10440822
http://dx.doi.org/10.3967/0895-3988.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21565679

