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Background: Maternal exposure to pesticides during early pregnancy is associated with increased risks of birth
defects, while the association between maternal exposure to chemical fertilizer during pregnancy and the risk
of birth defects remains unknown.

Methods: Data were from a population-based birth defects surveillance system between 2007 and 2012 in
Pingding County, Shanxi Province, northern China. A total of 14 074 births with 235 birth defects were used
to estimate spatial clustering and correlations at the village level. A population-based case–control study of
157 cases with birth defects and 204 controls was performed to investigate the association between maternal
chemical fertilizer exposure and the risk of birth defects by a two-level logistic model.

Results: The total prevalence of birth defects between 2007 and 2012 was 167.0/10 000 births. The spatial
analysis indicated a remarkable high-risk area of birth defects in the southeast of Pingding County and the use
of chemical fertilizer was associated with the risk of birth defects at the village level. After adjusting for con-
founders at the individual level, mothers who live in villages with chemical fertilizer application ≥65 tons/y had
an increased risk of birth defects (adjusted odds ratio 2.06 [95% confidence interval 1.23 to 3.46]) compared
with those of <65 tons/y.

Conclusions: Our findings suggest that the risk of birth defects may be associated with the use of chemical
fertilizer in rural northern China. The findings must be cautiously interpreted and need to be investigated on
larger samples.
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Introduction
Birth defects are a global public health issue, affecting about
8million infants (3–6%of infants) worldwide every year, account-
ing for 11% of child deaths in China1 and contributing substan-
tially to childhood and adult disability.2,3 Epidemiological studies
found that the prevalence rate of birth defects was 232.4/10 000
births in 2003.4 The prevalence rate of neural tube defects
(major birth defects) was 138.7–199.4/10 000 births between
2003 and 2006 in Shanxi Province in China.5,6 Also, there were

seven kinds of birth defects with a prevalence rate of >10 per
10 000 births in this region, including anencephaly (65.9/10 000),
spina bifida (58.1/10 000), hydrocephaly (47.7/10 000), poly-
dactyly (26.0/10 000), cleft palate (21.7/10 000), encephalocele
(14.7/10 000) and cleft lip (10.4/10 000).7 The risk of birth
defects in the same areas of Shanxi Province was associated
with maternal age, race, behavioural factors, nutritional defi-
ciency, medication use, history of the disease, persistent organic
pollutants, air pollution (particulate matter <10 μm [PM10]),
infection during early pregnancy8–13 and genetic variations at

© The Author(s) 2022. Published by Oxford University Press on behalf of Royal Society of Tropical Medicine and Hygiene. This is an Open Access
article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com

299

https://doi.org/10.1093/inthealth/ihac027
mailto:peilj@pku.edu.cn
mailto:shangxj98@163.com
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com


J. Li et al.

the individual level.14–17 However, the aetiology of birth defects
is complex, thus exposure to the above factors at the individ-
ual level does not explain the high prevalence of birth defects
throughout the region. Studies have shown that most birth
defects are influenced by genetic and environmental factors17–19
or an interaction of multiple factors.14,20 However, few studies
have assessed the influence of macro-environmental factors
such as long-term exposure to chemical fertilizers or pesticides
application. Some studies have mainly focused on the associa-
tion between pesticide exposure during pregnancy and the risk
of birth defects at the individual level.11,21,22
China is the largest consumer of chemical fertilizer in the

world. The use efficiency of nitrogen, phosphorus and potassium
fertilizer in China is 10–50%.23 The overuse of chemical fertilizer
contributes to heavymetal contamination of thewater and soil.24
Chemical fertilizers are recognized as a potential source of ele-
ments that could contribute to soil pollution with cadmium (Cd),
iron (F), magnesium (Mg) and zinc (Zn), among others. Another
primary source of heavy soil metals is the application of large
amounts of low-grade fertilizer.25 Our previous study investigated
associations between geochemical feature distributions and the
risk of birth defects in Shanxi Province, China.26 The results re-
vealed that the arsenic levels in cropland soil showed a signifi-
cant association with the risk of birth defects in this area, consis-
tent with existing evidence of arsenic as a teratogen.27 A recent
study indicated that maternal exposure to high levels of Cd and
lead (Pb) was associated with an elevated risk for orofacial clefts
in a dose–response relationship in rural northern China.28 The re-
search above indicated that maternal heavy metal exposure was
a significant risk factor for birth defects. Studies in other countries
found associations between the risk of birth defects and exposure
to agricultural pollution such as pesticides and fertilizers.22,29 In-
dividuals who had direct occupational exposures to agricultural
chemicals had increased risks of adverse outcomes.30–32 Residen-
tial proximity to locations where agricultural chemicals were ap-
plied increased the risk of neural tube defects.33 The extensive
application of agricultural fertilizer may play an essential role in
the high prevalence of birth defects in areas of Shanxi Province.
However, the aforementioned studies focused mainly on the as-
sociation of environmental exposure at the individual level with
the risk of birth defects, and there is little information available
in the existing literature.26,34 Based on the above objectives, we
hypothesized that maternal exposure to chemical fertilizer at the
village level might be associated with the risk of birth defects in a
rural population in northern China, independent of known con-
founding factors at the individual level. A spatial multilevel lo-
gistic model was performed to estimate the spatially dependent
macro effect on the risk of birth defects and provide amore robust
result.35

Methods
Study population
This study was performed in Pingding County in Shanxi Province,
northern China (37°–38°04’ N, 113°26’–114°03’ E; Figure 1).
Pingding County covers 1394 km2 and is divided into eight town-
level administrative units and two township-level administrative
units, with a total population of 345039. The urban and rural

populations are 149300 and 195700, respectively, with 177533
males and 167506 females. The landscape of Pingding County is
mainly mountains and hills, with a warm temperate continen-
tal monsoon climate. By 2011, the total area sown with crops
in Pingding County was 22944 ha. A total of 22 220 ha were
planted with food crops and 723.9 ha were sown with cash crops
and other crops. All births and birth defects cases were from 313
villages in Pingding County.

Collection of birth data
Data were derived from the population-based birth defects
surveillance system, established in 1993. This system monitors
women and their foetuses/infants from the onset of pregnancy to
day 42 after delivery in Pingding County. All women in the moni-
toring area lived in the county for≥1 y. Information on pregnancy
outcomes was collected during the first week after delivery or at
the time of termination of the pregnancy and, at the same time,
trained healthcare workers took photos of the baby with birth de-
fects and confirmed the diagnosis. Pregnancy outcomes included
live birth, stillbirth, foetal death and pregnancy termination due
to the diagnosis of birth defects. Therefore the surveillance sys-
tem can completely and accurately detect dynamic changes in
the incidence of adverse pregnancy outcomes.
From 2007 to 2012, 14 074 births with 235 birth defects

were used to estimate the spatial clustering of birth defect risks.
Among the 235 birth defects, neural tube defects account for
37.5% (including anencephaly, spina bifida encephalocele and
hydrocephaly), orofacial cleft 14.0%, congenital heart disease
6.4%, limb deformities 6.8%, polydactyly 20.4%, oesophageal or
anal atresia 3.8%, genital malformation 3.4%, hydronephrosis
3.0%, eye and ear deformities 1.7%, hypospadias 1.7%, haeman-
gioma and naevus 0.9% and conjoined twins 0.4%.
We then derived a sample from the whole population to

conduct a case–control study to estimate the association be-
tween the risk of birth defects and chemical fertilizer use. Moth-
ers with significant and severe birth defects were selected from
the surveillance system. Mothers with normal birth outcomes
were selected as controls through random sampling to repre-
sent the population from which the case group was derived dur-
ing the same period. Sample size for the case–control study was
estimated. The sample size per group was 150 and the total
sample size (both groups) was 300 when the parameter includ-
ing expected proportion in controls (0.25), expected odds ratio
(2.0), confidence level (0.95) and test power (0.8) was assumed
correctly. There was a sample size of 157 cases and 204 con-
trols in the analysis. Finally, 157 mothers with infants with ma-
jor birth defects and 204 mothers with healthy infants were se-
lected through random sampling. Among the 157 cases with
birth defects, neural tube defects accounted for 56.1%, orofa-
cial cleft 21.0%, limb deformities10.2%, congenital heart disease
9.6% and polydactyly3.2%. All of the birth defects cases and con-
trols were delivered between 2007 and 2012. Trained healthcare
workers followed up within 1 y after birth or termination of the
pregnancy and conducted face-to-face interviews with mothers
of infants with birth defects and the control group. Maternal ex-
posure information was collected using a structured question-
naire, including parental demographic characteristics, lifestyle
and behaviours, illness,medication taken during early pregnancy,
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Figure 1. The location and distribution of villages in Pingding County. Pingding County is in the eastern part of Shanxi Province in northern China. All
the birth defect cases from 2007 to 2012 in the study area were collected from 313 villages (black dots on the map denote each village). The base
map was downloaded from Geographic Information Professional Knowledge Service System (http://kmap.ckcest.cn/nationwideMap/index).

nutrient intake, history of diseases, first-trimester fever or in-
fluenza in the current pregnancy, periconceptional folic acid sup-
plementation and the family’s use of chemical fertilizer. A flow
diagram of the selection of cases and controls is presented in
Figure 2.

Definition and collection of chemical fertilizer
Chemical fertilizer was defined as any of a large number of
natural and synthetic materials, including manure and nitrogen,
phosphorus and potassium compounds, that are spread on or
worked into the soil to increase its capacity to support plant
growth. Maternal chemical fertilizer exposure during pregnancy
wasmeasured at both the household and village level. Household
chemical fertilizer use was collected through the questionnaire
and village annual fertilizer use was derived from the Annals of
National Economic Statistics of Pingding County between 2007
and 2012. The annals were published by the Bureau of Statistics
of Pingding County and reported the average chemical fertilizer
application during the 5 y. Since the arable land area and the
number of crops planted remained unchanged, fertilizer applica-
tion did not change annuallywithin the 5 y. Thereforeweused the
5-y average data to represent annual data from 2007 to 2012.
Regarding the exposure and exposure timing, the annual

average fertilizer use can be used as the actual exposure dose

Figure 2. Flow diagram of the selection of cases and controls.

because the cultivated area is stable. We emphasized that expo-
sure to the application of chemical fertilizerwas before pregnancy
or in early pregnancy. Macro agricultural and economic data at
the village level, including electricity consumption, per capita net
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income, cultivated area and the total population, were also
collected from Annals of National Economic Statistics of Pingding
County.
The study protocol was reviewed and approved by the Insti-

tutional Review Board of Peking University Health Science Center
and written informed consent was obtained from all subjects be-
fore completing the questionnaire.

Statistical analysis
Spatial statistical analysis

Spatial clustering of the risk of birth defects and its correlations
with chemical fertilizer use at the village level were analysed
through spatial statistical analysis. There were 313 villages with
geocode data in Pingding County. Thiessen polygons were used
to form the geographic borders of each village and build the base
map. We then joined the macro agricultural and environmental
data to construct a geo-database of birth defects.
Birth defects are usually low-probability events in a small area,

leading to an extreme incidence value by directly using the raw
rate. Also, total births and birth defects risk in a spatial area is
related to nearby adjacent areas due to nearby common envi-
ronments. That is, the closer the villages, the more similar the
situations in these villages. Hence the Bayesian hierarchical spa-
tial conditional autoregressive (CAR) model was adopted to con-
trol the potential spatial autocorrelation and estimate the relative
risk of birth defects in different villages.36,37
Spatial autocorrelation measurements (Moran’s I and local

Moran’s I; local indicators of spatial association [LISA]) were used
to detect areas with a significantly high risk of birth defects.38 The
Moran’s I statistic and the LISA were calculated from the risk of
birth defects at the village level, where each district was regarded
as a unit in the cluster analysis. Moran’s I was used to estimate
whether there was clustering or dispersion of birth defects in the
study area. The value of Moran’s I ranges between −1 and +1,
with −1 indicating perfect dispersion, 0 indicating perfect ran-
domness and +1 indicating perfect clustering of similar values.
The local Moran’s I (LISA) was used to identify each area’s spa-
tial relationship with its neighbours. LISA has a spatial typology
consisting of four region types: high–high is a positive autocorre-
lation, corresponding to a spatial cluster of high risk at the village
level; low–low is also a positive autocorrelation, but indicating a
spatial cluster of low risk; and high–low and low–high are nega-
tive autocorrelations indicating spatial outliers.
Based on the spatial exploratory analysis above, the bivariate

LISA39 was used to explore the associations between agricultural
and environmental factors and the risk of birth defects. In bivari-
ate LISA high–high and low–low indicate a positive spatial cor-
relation of two variables under the spatial relation and high–low
and low–high indicate a negative spatial correlation.

Two-level logistic regression analysis
A two-level logistic regression analysis was performed in the
case–control study to estimate the association between the risk
of birth defects and chemical fertilizer exposure. In particular, we
adopted a spatial multilevel logistic model to analyse the spa-

tially dependentmacro effect on the risk of birth defects and pro-
vide a more robust result.35
We used a univariate χ2 test to assess differences between

cases and controls regarding individual exposures (including off-
spring sex, maternal age, maternal education, paternal educa-
tion, parity, family income, passive smoke, cold or high fever dur-
ing pregnancy, folic acid supplementation, meat intake, milk/egg
intake, fresh vegetables, fresh fruits, bean products, family land
and household chemical fertilizer use) andmacro-environmental
exposures at the village level (including electricity consumption,
per incomeand chemical fertilizer use). Univariate analyses at the
p<0.05 level were also performed. Variables that passed the sig-
nificant level in the univariate analysis were adopted in the re-
gression model.
A two-level logistic regression model was then performed to

estimate the association between macro-environmental factors
and the risk of birth defects after adjusting for potential con-
founding factors and the adjusted odds ratios (aORs) with 95%
confidence intervals (CIs) were calculated.40 Confounding vari-
ables included maternal demographic characteristics (maternal
age and education, paternal education), parity, dietary factors
(these questions were used to measure the intake frequency of
different foods such as meat intake, milk/egg intake, fresh veg-
etables and fruit), common cold or fever in the first trimester, folic
acid supplementation and passive smoke. All the Bayesian mod-
els in our study were inferred and computed using the integrated
nested Laplace approximation (INLA)41 in R version 3.5.1 (R Foun-
dation for Statistical Computing, Vienna, Austria).

Results
Spatial analysis of the risks of birth defects at the
village level
The total prevalence of birth defects between 2007 and 2012was
167.0/10000 births. The distribution of the risk of birth defects at
the village level in Pingding County between 2007 and 2012 is
presented in Figure 3 (map A). The relative risk map showed that
there was a high-risk area in the southeast region. The high-risk
areawas a relatively low-developing area. Due to the inaccessibil-
ity of the mountainous region, this area’s main economic activity
is agricultural production.
Moran’s I showed a significant spatial autocorrelation among

the study areas (I=0.59, Z>1.96, p<0.05). Based on the Getis
G* statistic, hot spots (red markers) and cold spots (blue mark-
ers) were identified. The hot spots with a high risk of birth de-
fects were concentrated in the southeast, while the cold spots
with a low risk of birth defects were in the north of Pingding
County (Figure 3,map B). Local Moran’s I (LISA) showed that there
was a significant low–low clustering (negative autocorrelation) in
the northern area and high–high clustering (positive autocorrela-
tion) in the southeast area of Pingding County (I=0.42, p<0.05)
(Figure 3, map C).
The significant spatial clustering of birth defects risk detected

by exploratory spatial analysis could result from environmental
factors. Therefore we used bivariate LISA to estimate the as-
sociation between chemical fertilizer application and the risk of
birth defects. The result of the bivariate LISA (both red and blue
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Figure 3. (A) Distribution of 2007–2012 village-level risk of birth defects in Pingding County. (B) Getis-Ord Gi* spatial hot spots. (C) LISA plot of village-
level risk of birth defects in Pingding County. (D) Bivariate LISA plot of village-level risk of birth defects and chemical fertilizer use in Pingding County.
Map A shows the spatial distribution of the relative risk of birth defects in Pingding County, identifying a risk region in the south. Map B shows spatial
hot and cold spots, indicated by a high-risk clustering region (red marker) and a low-risk clustering region (blue marker). Map C shows a LISA plot
where there is low–low clustering (negative autocorrelation, blue markers) in the northern area and high–high clustering (positive autocorrelation, red
markers) in the southeast area of Pingding County. Map D shows a bivariate LISA plot indicating that there was a positive association between the risk
of birth defects and chemical fertilizer use.

markers) indicated that there was a positive correlation (I=0.04,
p<0.05), as can be seen in Figure 3 (map D).

Two-level logistic regression analysis of the birth
defects risk
The results of the univariate analysis showed that there were sig-
nificant differences between cases and controls in maternal age,

maternal education, paternal education, maternal parity, cold or
high fever during pregnancy, folic acid supplementation,meat in-
take,milk/egg intake andmaternal exposure to chemical fertilizer
at the village level (p<0.05; Table 1). The variables with statistical
significance as confounders were controlled in a two-level logistic
regression model.
After adjusting for confounding factors, the risk of birth defects

for maternal exposure to annual application of chemical fertil-
izer ≥65 tons by two-level logistic regression and spatial multi-
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Table 1. Demographic characteristics and exposure factors between cases with birth defects and controls

Birth defectsa (n=157) Controls (n=204)
Characteristics n % n % p-Value for χ2 test

Offspring sex 0.26
Female 66 42.0 98 48.0
Male 91 58.0 106 52.0

Maternal age (years) <0.01
<25 79 50.3 102 50.0
25–<35 42 26.8 77 37.7
≥35 36 22.9 25 12.3

Maternal education <0.01
Primary school or lower 33 21.2 18 8.8
Junior high school 108 68.6 150 73.5
High school or above 16 10.3 36 17.6

Paternal education <0.01
Primary school or lower 24 15.3 11 5.4
Junior high school 109 69.4 158 77.5
High school or above 24 15.3 35 17.2

Parity 0.02
Primiparous 60 38.2 104 51.0
Multiparous 97 61.8 100 49.0

Family income (RMB)
<15 000 43 27.4 54 26.5 0.62
15 000–<25 000 37 23.6 57 27.9
≥25 000 77 49.0 93 45.6

Passive smoke 0.10
Never 43 27.4 77 37.7
Occasional 75 47.8 79 38.7
Everyday 39 24.8 48 23.5

Cold or high fever during pregnancy <0.01
No 128 81.5 192 94.1
Yes 29 18.5 12 5.9

Folic acid supplementationb <0.01
No 92 58.6 83 40.7
Yes 65 41.4 121 59.3

Meat intake (times/week) <0.01
≤1 116 73.9 121 59.3
2–3 30 19.1 68 33.3
≥4 11 7.0 15 7.4

Milk/egg intake (times/week) 0.02
≤3 74 47.1 69 33.8
4–5 41 26.1 80 39.2
6–7 42 26.8 55 27.0

Fresh vegetable (times/week) 0.11
≤3 24 15.3 17 8.3
4–5 75 47.8 109 53.4
6–7 58 36.9 78 38.2

Fresh fruit (times/week) 0.26
≤3 54 34.4 54 26.5
4–5 58 36.9 82 40.2
6–7 45 28.7 68 33.3

Bean products (times/week) 0.67
≤1 79 50.3 105 51.5
2–3 65 41.4 87 42.6
≥4 13 8.3 12 5.9
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Table 1. Continued

Birth defectsa (n=157) Controls (n=204)
Characteristics n % n % p-Value for χ2 test

Household land (Mu) 0.22
<2.0 101 64.3 127 62.3
2.0–<4.0 33 21.0 34 16.7
≥4.0 23 14.6 43 21.1

Household chemical fertilizer use (kg/y) 0.95
None 99 63.1 130 63.7
<100 13 8.3 18 8.8
≥100 45 28.7 56 27.5

Electricity consumption at the village level (10 000 kWh) 0.26
<10 38 24.2 55 27.0
10–<30 35 22.3 58 28.4
30–<85 38 24.2 48 23.5
≥85 46 29.3 43 21.1

Per income at the village level (RMB) 0.31
<5800 40 25.5 49 24.0
5800–<6500 35 22.3 45 22.1
6500–<6900 15 9.6 33 16.2
≥6900 67 42.7 77 37.7

Chemical fertilizer consumption at the village level (tons) 0.02
<65 101 64.3 155 76.0
≥65 56 35.7 49 24.0

aThe cases group is 157 families with infants with birth defects, including neural tube defects (56.1%), orofacial cleft (21.0%), limb deformities
(10.2%), congenital heart disease (9.6%) and polydactyly (3.2%).
bFolic acid supplementation was defined as periconceptional supplementation of folic acid.
RMB: renminbi (the official currency of China).

level logistic regression were 2.06 (95% CI 1.23 to 3.46) and 2.06
(95% CI 1.23 to 3.47), respectively, as compared with exposure
of <65 tons (Table 2).

Discussion
The present study explored the spatial variation of birth defects
and their association with chemical fertilizer application in a ru-
ral area in northern China. By both global and local Moran’s I
analysis, our study identified a significant spatial clustering of the
overall risk of birth defects in Pingding County, and by the spatial
hotspots detection method, we identified a high-risk area indi-
cating a high-prevalence cluster of birth defects in the southeast
of Pingding County. Further analysis through both bivariate LISA
and two-level logistic models found that the village level’s chem-
ical fertilizer use was significantly associated with an increased
risk of birth defects.
In northern China, Shanxi Province has been identified as an

area with the highest prevalence of neural tube defects in the
world.6 Pingding County is high-prevalence area of neural tube
defects in Shanxi Province. Although the intervention program,
including supplementation of folic acid and improving socio-
economic status and nutritional levels for reproductive women,
has been implemented for>30 y, the prevalence of birth defects

Table 2. Risk of birth defects with chemical fertilizer exposure by a
two-level logistic regression model and a spatial multilevel logistic
model

Variables

Two-level logistic
model, aOR (95%

CI)a

Spatial multilevel
logistic model, aOR

(95% CI)a

Chemical fertilizer
consumption at the
village level (tons)b

<65 1.00 1.00
≥65 2.06 (1.23 to 3.46) 2.06 (1.23 to 3.47)

aaOR: odds ratio after adjusting for confounding factors, includ-
ing maternal age and education, paternal education, parity, meat
intake, milk/egg intake, cold or fever in the first trimester during
pregnancy and folic acid supplementation.
bAfter adjusting for confounding factors, the risk of birth defects for
maternal exposure to chemical fertilizer≥65 tons annually by two-
level logistic regression and spatial multilevel logistic regression as
compared with exposure to <65 tons.
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in this area remains high. The cause is still unknown. We hypoth-
esized that the risk of birth defects was associated with macro-
environmental factors in a rural area of northern China.
China is the largest producer and consumer of chemical fertil-

izer globally, with high intensity and low utilization efficiency. The
utilization efficiency of chemical fertilizer in China ranges from
10 to 50% (nitrogen fertilizer 30–35%, phosphorus 10–20% and
potassium 35–50%) and the rate of nitrogen loss (33–74%) is
much higher than that in developed countries.42 Major environ-
mental issues are often caused by the overuse of chemical fertil-
izers, including eutrophication of surface water, nitrate contami-
nation of groundwater and soil contaminated by heavymetals.24
Previous studies have found that chemical fertilizer use can influ-
ence the heavy metal content of the soil and affects the ecologi-
cal environment.43,44 The long-term accumulation of such chem-
icals in soil and plants may transfer to the human body through
the food chain. The accumulation of heavy metals in vegetables
resulting from irrigation with water contaminated with chemical
fertilizer may create a potential public health risk.45 Drinking wa-
ter contaminated by agricultural chemicals or eating food grown
in soil contaminated by heavy metals may increase the risk of
adverse pregnancy outcomes.46 Recent studies have shown that
maternal exposure to high levels of Cd and Pb in placenta tissue
is associated with an elevated risk for orofacial clefts in a dose–
response relationship in the population of northern China.26 The
source of these heavy metals may be the application of chemical
fertilizers.
The excessive application of chemical fertilizers may be one

reason for the high prevalence of birth defects in the south-
eastern region of Pingding County, where agricultural production
dominates economic activity. According to the statistical year-
book of Pingding County, 51% of villages use >50 tons of chem-
ical fertilizer annually and 26% use >100 tons. Therefore chemi-
cal fertilizer application has been higher at the village level. Resi-
dents living in a rural area in northern China mainly grow wheat
and potatoes, which are the main foods of their daily diet. Cd is
a common impurity in phosphate fertilizers and may contribute
to soil Cd accumulation. Cd accumulated in the edible portion of
wheat and potato crops grownat these sites and showeda strong
positive dose–response with fertilizer treatment.47 The main Cd
exposure pathway in humans is the ingestion of contaminated
foods.
The risk of major birth defects can be attributed to maternal

exposure to teratogens in the first pregnancy phase. Chemical
pollutants can act on the embryo through the placenta during
this most vulnerable prenatal period.48 Previous studies investi-
gated the association between heavymetal pollution and the risk
of birth defects,49–51 but the potential confounding factors at the
individual and macro level were not controlled. In contrast, our
study used total chemical fertilizer consumption data rather than
collecting data on chemical elements, which could provide sup-
porting evidence for this approach.52 As a comprehensive study,
our findings at both the village and individual levels were consis-
tent.

Implications for future studies and practice
Future studies evaluating the effects of chemical fertilizer and
pesticides on birth defects should consider using a similar frame-

work. Our findings were consistent with a previous study in Hes-
hun County with a high prevalence of birth defects, which is near
Pingding County in Shanxi Province. The study found two typical
hot spot clustering phenomena related to soil type and socio-
economic activities.53 Based on this and related studies,26,54 we
believe that the effects of environmental pollution on the risk of
birth defects need additional scientific research.55
We emphasize that maternal exposures occurred before out-

comes. Mothers who live in rural areas where fertilizers are used
were considered to be fertilizer exposed, especially in early preg-
nancy stages, because the first trimester is a critical period for
structural malformations. However, fertilizer application serves
as the proxy variable of the long-term accumulation of some ter-
atogens andmay be an indirect cause of birth defects rather than
a direct cause. This hypothesis needs to be evaluated through in-
ternal exposure measurement for chemical fertilizer–related pol-
lutants and heavy metals.
In particular, our findings may be an important clue to the

source of pollution, such as the existing association between high
levels of heavy metals in placenta tissue and the risk of birth
defects in a population in northern China.28 Potential sources of
heavy metals in rural women may be excessive use of chemical
fertilizers. Tracking macro-environment pollution can provide ev-
idence for the prevention of birth defects due to exposure to en-
vironmental pollutants during early pregnancy.

Strengths and limitations of the study
Our study had several strengths. First, our data were derived from
long-term birth defects surveillance systems that collected high-
quality data: participants were interviewed within a short time
after delivery or pregnancy termination to collect data on ma-
ternal exposure factors through a structured questionnaire, min-
imizing recall bias in this study. Data on chemical fertilizer use
at the village level came from the Annals of National Economic
Statistics, which provided an accurate long-term exposure mea-
sure. Second, a population-based case–control study was con-
ducted to investigate the association between chemical fertilizer
use and the risk of birth defects. The control group was selected
by random sampling to represent the population from which the
case group was derived, thus minimizing selective bias. Third,
a spatial multilevel logistic model was performed to estimate
the spatially dependent macro effect on the risk of birth defects
and provide a more robust result.35 Fourth, the strength in the
spatial analysis was that 313 villages were used to estimate G
statistics, which was a reasonably large size for robust cluster
analysis.
There are limitations to our study. First, the epidemiological

study found that maternal exposure to pesticides increased the
risk of birth defects,22,31 but rural residents in Pingding County
did not use pesticides, pesticide exposure data were not avail-
able and its potential effect was unknown. Second, we did not
know the seasonal variation of fertilizer use, so the association
between seasonal exposure and the risk of birth defects could not
be estimated. However, the annual average fertilizer application
was regarded as the actual exposure dose because the cultivated
area was stable. Third, maternal mobility may lead to exposure
misclassification,56,57 as we assigned the village-level exposure
variable based on thematernal address listed on the birth record.
However, considering women included in our analysis were those
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who lived in the local area for>1 y and might not migrate during
pregnancy, the misclassification bias is small in our study.

Conclusions
Our findings suggest that the consumption of chemical fertilizer
at the village level may be associated with an increased risk of
birth defects in the high-prevalence areas of neural tube defects
in China. Potential sources of heavy metals may be the excessive
use of chemical fertilizer. The findings must be cautiously inter-
preted and need to be investigated in a larger sample. Further
research should investigate the interactions between individual
maternal exposure factors and macro-environmental exposures
and the mechanisms of pesticide and other agricultural chemi-
cal exposures, as the resulting information may contribute to the
prevention of birth defects.
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