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Abstract Heavy metals and arsenic are well-known carcino-
gens. However, few studies have examined whether soil
heavy metals and arsenic concentrations associate with cancer
in the general population. In this ecological study, we aimed to
evaluate the association of heavy metals and arsenic in soil
with cancer mortality rates during 2005–2010 in Suzhou,
China, after controlling for education and smoking preva-
lence. In 2005, a total of 1683 soil samples with a sampling
density of one sample every 4 km2 were analyzed.
Generalized linear model with a quasi-Poisson regression
was applied to evaluate the association between town-scale
cancer mortality rates and soil heavy metal concentrations.
Results showed that soil arsenic exposure had a significant
relationship with colon, gastric, kidney, lung, and nasopha-
ryngeal cancer mortality rates and soil nickel exposure was
significantly associated with liver and lung cancer. The asso-
ciations of soil arsenic and nickel exposure with colon, gastric,
kidney, and liver cancer in male were higher than those in
female. The observed associations of soil arsenic and nickel
with cancer mortality rates were less sensitive to alternative
exposure metrics. Our findings would contribute to the

understanding of the carcinogenic effect of soil arsenic and
nickel exposure in general population.
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Introduction

Exposures to arsenic and heavy metals have been found to be
associated with multiple cancer types, including bladder, co-
lon, kidney, liver, lung, skin, and prostate cancer, in numerous
epidemiological studies (Celik et al. 2008; Chen et al. 1992;
Grimsrud et al. 2002; Silvera and Rohan 2007; Smith et al.
1992; Straif et al. 2009). However, most epidemiological
evidence on arsenic and cancer risk in general population
comes from drinking water arsenic (Straif et al. 2009). As
the persistence of heavy metals in soils is a long process (Li
et al. 2001), soil heavy metal and arsenic concentration serve
as an indicator of long-term exposure to heavy metals and
arsenic, which may pose an increased risk of cancer.

Arsenic in soil was almost entirely in the inorganic form
(Hughes et al. 2011), which is classified by the International
Agency for Research on Cancer as a human carcinogen
(IARC 1980). As there is sufficient evidence showing that a
biological threshold below which arsenic would not cause
cancer does not exist (Smith et al. 2002), it seems that even
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low arsenic concentration in soil could possibly influence
human cancers (Putila and Guo 2011). Recent studies have
demonstrated that exposures of soil heavy metals and arsenic,
even at low levels, were associated with incidence of oral and
lung cancer in Taiwan (China) (Huang et al. 2013; Su et al.
2010), lung cancer in USA (Luo et al. 2011; Putila and Guo
2011), all cancers in Australia (Pearce et al. 2012), and gastric
cancer in Northern Ireland (McKinley et al. 2013).

In addition, few studies have addressed the possible asso-
ciations of heavy metals and arsenic with nasopharyngeal
cancer. Nasopharyngeal cancer is a rare cancer in most parts
of the world, whereas it has a high incidence rate in certain
parts of Asia, particularly in China (Chang and Adami 2006;
Yu and Yuan 2002). Previous studies found that nickel in
drinking water had a significant positive correlation with
nasopharyngeal cancer mortality rate in China (Xia et al.
1988), and arsenic and cadmium levels in the blood were
associated with the risk of nasopharyngeal cancer in
Tunisian population (Khlifi et al. 2014). Thus, the association
of heavy metal and arsenic exposures with nasopharyngeal
cancer mortality rates remains unclear.

With the rapid industrialization and urbanization during the
past 20 years, soil heavy metal and arsenic pollution has
become a serious issue in China (Wei and Yang 2010). A
recent published national soil survey, which covered nearly
6.3 million km2, shows that 2.7, 7.0, 1.1, and 4.8 % of all soil
samples exceeded the Chinese soil quality standard for arse-
nic, cadmium, chromium, and nickel, respectively (MEP and
MLR 2014). Meanwhile, China is facing a high burden of
cancer, with an age-adjusted mortality rate by world popula-
tion of 115.65 per 100,000 person in 72 cancer registries
(including 31 cities and 41 counties from 24 provinces and
covering 6.4 % of the whole national population) in 2009
(Chen et al. 2013). To reduce the burden of cancer, it is crucial
to identify related risk factors. However, the potential relation-
ships of soil heavy metals and cancer have not been adequate-
ly studied in China.

In this study, we attempted to evaluate the association of
soil heavy metals and arsenic exposures with site-specific
cancer mortality rates during 2005–2010 in Suzhou, China.

Materials and methods

Suzhou, an important economic centre of Jiangsu Province, is
located in the Yangtze River delta in eastern China and covers
an area of 8488 km2. Our study area included 83 towns of
Suzhou, covering both urban and rural areas (Fig. 1).

Soil sampling and heavy metal analysis

In 2005, a total of 1683 top-soil (0–20 cm) samples in Suzhou
were collected with a sampling density of one sample per

4 km2 (Fig. 1). In each sample, four subsamples with a
sampling density of one subsample per km2 were combined
together for analysis. The <20mesh (<0.84mm) fraction of all
samples were analyzed for four carcinogenicmetals, including
arsenic (As), cadmium (Cd), chromium (Cr), and nickel (Ni).
The analytical technique used to measure the levels of metals
was atomic fluorescence spectroscopy for As, X-ray fluores-
cence spectroscopy for Cr and Ni, and flameless atomic ab-
sorption spectroscopy for Cd. The mean concentrations of
heavy metals and arsenic for each town were calculated
by taking the average of all samples within each town. All
measurements were expressed in terms of parts per million
(ppm).

Cancer mortality rate data

We obtained records of all residents’ deaths in Suzhou from
the Suzhou Municipal Centre for Disease Control and
Prevention for a 6-year period from January 1, 2005 to
December 31, 2010. Mortality counts were classified into
the following categories using the International
Classification of Diseases, Revision 10 (ICD-10): bladder
cancer (code C67), colon cancer (C18-C20), gastric cancer
(C16), kidney cancer (C64-C65), liver cancer (C22), lung
cancer (C33-C34), nasopharyngeal cancer (C11), and prostate
cancer (C61). These cancers were selected based on previous
studies (Chen et al. 1992; Smith et al. 1992; Sridhara Chary
et al. 2008). Cancer mortality rates for each town were calcu-
lated as a 6-year average from 2005 to 2010, since sparse
deaths in some towns might result in unstable single-year
estimates. Cancer mortality rates were then directly age-
adjusted to the 2000 Chinese population using the following
formula:

AARCi ¼ ∑ Ci;age=Popi;age
� �

� PerPopage
h i

� 100; 000 ð1Þ

Where AARCi is the age-adjusted cancer mortality rate in
town i; Ci,age is the cancer mortality count in town
i for each age bracket; Popi,age is the population of
town i for each age bracket in 2000; and PerPopage is
the percentage of Chinese population for each age
bracket in 2000.

Smoking prevalence and education level data

Smoking data was collected from a chronic disease survey in
2010 in Suzhou, conducted by the Suzhou Municipal Centre
for Disease Control and Prevention. A multistage cluster
random sampling design was implemented and 30,578 local
persons over 20 years old were sampled in this survey. Since
smoking prevalence in China is strongly affected by age and
gender (Li et al. 2011), total smoking prevalence (including
current smoking and ever smoking) by age and gender in
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Suzhou was then applied to calculate the town smoking prev-
alence using the following formula:

SPi ¼
X

j

Malei;age j � SPmale;age j

� �� PerMalei

þ
X

j

Femalei;age j � SPfemale;age j

� �� PerFemalei ð2Þ

Where SPi is the total smoking prevalence in town i;
SPmale,agej is the total smoking prevalence of male age bracket
j; SPfemale,agej is the total smoking prevalence of female age
bracket j; Malei,agej is the percentage of age bracket j in men
for town i; Femalei,agej is the percentage of age bracket j in
women for town i; PerMalei is the percentage of men in town i
in 2000; and PerFemalei is the percentage of women in town i
in 2000.

As educational level has been demonstrated that to be
significantly associated with cancer mortality (Albano et al.
2007), education level in each town was used as a confounder
in this analysis. The average years of education was obtained
from the 2000 population census of China.

Statistical analysis

Correlation test was first conducted to explore the possible
relationships of heavy metals and arsenic with all eight types
of cancer mortality rates. Heavy metals and cancer types that

have significant correlations were then included in the regres-
sion analysis.

Because town-scale cancer mortality rates were low,
overdispersed Poisson distribution was used to reflect the
annual cancer mortality rate as a counting measure (Putila
and Guo 2011). Thus, we used a generalized linear model
(glm) with a quasi-Poisson regression to evaluate the associ-
ation between cancer mortality rates and heavy metals. In the
glm model, the natural logarithm of the expected age-adjusted
cancer mortality rate was modelled as a linear function of soil
metal exposures and the coefficient was estimated by the
maximum likelihood method. The model coefficient was also
the log relative risk associated with the exposure factor. Thus,
the relative risk associated with a unit increase in the exposure
variable was calculated as the natural exponential function of
the model coefficient. Smoking prevalence and education
level were controlled in the glm model as confounders. The
glm model used the following formula:

AARi ¼ Poisson λið ÞLnλi ¼
X

j

β1; jMetal j;i þ β2Smokingi

þ β3Educationi þ eerror

ð3Þ

where λi is the expected age-adjusted annual cancer mor-
tality rate in town i (i.e., E(AARi)) with Var(AARi)=φλi,
φ is the overdispersion parameter; βj are the coefficients for
possible risk factors; Metalj,i is the soil concentration for
heavy metal j in town i; Smokingi is the smoking prevalence

Fig. 1 Sampling sites of top-soils and study towns in Suzhou, China. Blank towns were not used in this study because of data availability
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in town i; Educationi is the average years of education in town
i; and eerror is the error term.

If spatial autocorrelation in the regression residuals was
statistically significant, some important spatially structured
explanatory variables might be missing in the multiple regres-
sion and spatial regression should be applied (Griffith 1987;
Kissling and Carl 2008). Moran’s I statistic was used to test
possible spatial autocorrelations of the regression residuals in
the glm model.

In addition to defining the soil concentration of heavy
metals as the average concentration of all sampling sites
within in each town (the average method), the mean value of
Kriging interpolated concentrations within each town (the
Kriging method) was used to evaluate sensitivity to soil heavy
metals concentrations.

All analyses were conducted in ArcGIS (version 10.0;
ESRI, Redlands, CA) and R software (version 2.15.0; R
Foundation for Statistical Computing, Vienna, Austria).

Results

Over the 6-year study period, a total of 46,675 deaths for eight
study cancers (644 bladder; 4367 colon; 14,022 gastric; 351
kidney; 10,076 liver; 15,691 lung; 795 nasopharyngeal; and
729 prostate) were identified, which accounted for 65.3 % of
total cancer deaths in Suzhou. The average annual age-
adjusted cancer mortality rate (per 100,000 person) (AAR)
from 2006 to 2010 was 1.19 for bladder cancer, 8.76 for colon
cancer, 32.33 for gastric cancer, 0.61 for kidney cancer, 23.24
for liver cancer, 33.41 for lung cancer, 1.72 for nasopharyn-
geal cancer, and 1.44 for prostate cancer (Table 1). The AARs
of gastric, liver, and nasopharyngeal cancer were more than

twice the corresponding worldwide AARs in 2008 (10.3,
10.0, and 0.8, respectively) (Ferlay et al. 2010). The AARs
of lung cancer in Suzhou was 1.7 times larger than the world
average one (19.4). Bladder and prostate cancer had smaller
AARs compared with the worldwide AARs (2.0 and 7.5) and
had no significant correlation with soil carcinogenic heavy
metals (Table 2).

In 2005, the mean soil concentrations were 9.08 ppm for
arsenic, 0.23 ppm for cadmium, 84.52 ppm for chromium, and
36.02 ppm for nickel (Table 1), which were below the grade II
values (20, 0.30, 150, and 40 ppm, respectively) of Chinese
Environmental Quality Standard for Soils (SEPA 1995).
Spearman rank correlation test shows that only arsenic and
nickel were significantly correlated with the cancer mortality
rates in Suzhou (Table 2). Thus, these two metals were in-
cluded in the glm models. Figure 2 shows the distribution of
arsenic and nickel concentrations in top-soils in 2005 in
Suzhou. Both arsenic and nickel concentrations were higher
in central areas of Suzhou, where elevated mortality rates of
colon, gastric, kidney, lung, and nasopharyngeal cancer were
observed (Fig. 3).

After adjusting for smoking prevalence and education,
arsenic concentrations in top-soils were significantly associat-
ed with the age-adjusted mortality rates of colon, gastric,
kidney, lung, and nasopharyngeal cancer, while nickel con-
centrations were significantly associated with liver and naso-
pharyngeal cancer (Table 3). In the joint analysis of arsenic
and nickel exposures, an increase of 1 ppm of arsenic concen-
tration in top-soils was associated with 8.3 % increase in colon
cancer mortality rate [relative risk (RR) 1.083, 95 % confi-
dence interval (95 % CI) 1.027–1.142], 11.1 % increase in
gastric cancer mortality rate (RR 1.111, 95 % CI 1.061–
1.165), 12.9 % increase in kidney cancer mortality rate (RR
1.129, 95 % CI 1.039–1.228), 5.0 % increase in lung cancer

Table 1 Summary statistics of town-level soil heavy metal concentrations and age-adjusted cancer mortality in Suzhou, China

Mean±SD Min P(25) P(50) P(75) Max

Soil heavy metal concentrations (mg/kg, ppm) in 2005

As 9.08±1.97 6.14 7.65 8.78 9.97 16.52

Cd 0.23±0.26 0.12 0.15 0.18 0.25 2.44

Cr 84.52±0.26 66.19 80.11 85.21 88.20 112.60

Ni 36.02±4.66 21.98 33.60 37.77 39.25 42.91

Age-adjusted cancer mortality (per 100,000 person) during 2005 to 2010

Bladder cancer 1.19±0.76 0.00 0.74 1.01 1.61 3.86

Colon cancer 8.76±4.35 1.24 6.12 8.10 10.25 27.73

Gastric cancer 32.33±15.93 7.90 22.20 28.62 39.18 127.10

Kidney cancer 0.61±0.52 0.00 0.24 0.48 0.86 1.95

Liver cancer 23.24±9.05 7.19 17.76 21.75 28.28 72.17

Lung cancer 33.41±14.34 10.05 27.76 31.10 35.92 118.80

Nasopharyngeal cancer 1.72±0.95 0.00 1.21 1.63 2.15 5.31

Prostate cancer 1.44±1.07 0.00 0.94 1.23 1.65 7.79
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mortality rate (RR 1.050, 95 % CI 1.001–1.102), and 8.6 %
increase in nasopharyngeal cancer rate (RR 1.086, 95 % CI:
1.028–1.148). Given an increase of 1 ppm in nickel concen-
tration in top-soils, the liver cancer mortality rate increased by
2.2 % (RR 1.022, 95 % CI 1.004–1.040) and the nasopharyn-
geal cancer mortality rate increased by 4.0 % (RR 1.040, 95%
CI 1.014–1.067). Generally, the effects of arsenic and nickel
on cancer mortality rates were higher in men than in women.
No significant association of female kidney and liver cancer
mortality rate with arsenic or nickel was observed in the glm
models.

Spatial autocorrelation analysis of deviance residuals re-
vealed random patterns with p values of global Moran’s I
statistics greater than 0.05 for all above glm regressions (see
the Supplementary Material, Table S2). This implies that no
key factors that influenced the spatial distribution of cancer

mortality rates were missed in the glm regression and there
was no need for spatial regression in this study.

The sensitivity analysis showed that the associations of soil
arsenic and nickel exposures with cancer mortality rates
remained similar when using the Kriging method to define
the soil concentrations (Fig. 4).

Discussion

This ecological study found that low-level soil arsenic expo-
sure had a significant relationship with colon, gastric, kidney,
lung, and nasopharyngeal cancer mortality rates in Suzhou,
China, after controlling for age structure, education, and
smoking prevalence. Significant associations of soil nickel
exposure with liver and lung cancer were also observed. The
associations of soil arsenic and nickel exposure with colon,
gastric, kidney, and liver cancer in male were higher than
those in female, whereas no associations between soil heavy
metals and female kidney or liver cancer mortality rates were
found.

The current epidemiological evidence on arsenic and can-
cer risk in general population mainly comes from the associ-
ation of human cancer with arsenic in drinking water (Straif
et al. 2009). However, recent studies revealed that arsenic
exposure in other media could also pose cancer risks
(Meharg et al. 2009; Zhang et al. 2009). We found that soil
arsenic concentrations, even at low levels, were significantly
associated with colon, gastric, kidney, lung, and nasopharyn-
geal cancer mortality rates. To our knowledge, this is one of
the few ecological studies to report the effect of soil arsenic
and nickel exposure on human cancer. The observed

Table 2 Spearman rank correlation coefficients between town-scale age-
adjusted cancer mortality rates and soil heavy metal concentrations in
Suzhou

Age-adjusted cancer
mortality rates

As Cd Cr Ni

Bladder cancer 0.037 −0.034 −0.077 −0.010
Colon cancer 0.369** −0.121 0.182 0.196

Gastric cancer 0.412** −0.194 0.063 0.133

Kidney cancer 0.244* 0.034 0.006 0.054

Liver cancer 0.174 −0.085 −0.036 0.332**

Lung cancer 0.187* −0.060 0.178 0.227*

Nasopharyngeal cancer 0.179 −0.134 0.009 0.309**

Prostate cancer 0.022 −0.001 0.009 0.023

* p<0.05; ** p<0.01

Fig. 2 Geographical distribution of arsenic and nickel concentrations in top-soils of Suzhou, China. a Arsenic concentrations (ppm); b nickel
concentrations (ppm). Ordinary Kriging method was used to interpolate the concentrations of arsenic and nickel
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Fig. 3 Age-adjusted mortality rate (per 100 000 person per year) of cancer mortality rates in Suzhou from 2006 to 2010. a Colon cancer; b gastric
cancer; c kidney cancer; d liver cancer; e lung cancer; and f nasopharyngeal cancer
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association between soil arsenic exposure and lung cancer is
consistent with a similar study in the USA, which found that
an increase of 1 ppm of soil arsenic concentration was associated
with a 0.4% increase in the lung cancer incidence rate (Putila and
Guo 2011). Consistently, Pearce et al. also found significant
excess risks for male colon (RR 1.180, 95 % CI 1.010–1.380)
and female colon (RR 1.210, 95 % CI 1.020–1.440) cancer in
disadvantaged areas in the highest quantile of soil arsenic expo-
sure relative to the lowest in Victoria, Australia (Pearce et al.
2012). For gastric cancer, our finding of its association with soil
arsenic confirms that observed by a spatial analysis study in the
in Northern Ireland (McKinley et al. 2013).

A few epidemiological studies had reported the relation-
ship of heavy metals and arsenic with nasopharyngeal cancer
(Chang and Adami 2006). The positive association of nickel
and arsenic concentration with nasopharyngeal cancer we
reported was generally in accordance with previous studies.
Nickel levels in drinking water, rice, and hairs of residents in
counties with high nasopharyngeal cancer incidence were
found two to three times higher than those in counties with
low nasopharyngeal cancer incidence in southern China (Li
et al. 1983). In a case-control study, nasopharyngeal cancer
incidence was significantly associated with blood levels of
arsenic (odds ratio 1.16, 95 % CI 1.06–1.28) in the Tunisian
population (Khlifi et al. 2014). Another analysis showed that
arsenic levels in tumour tissues from 34 nasopharyngeal

cancer patients (48.5 μg/g) were significantly higher than
those of healthy tissues (9.1 μg/g) (Khlifi et al. 2013). A study
in Hong Kong also found significantly higher arsenic concen-
trations in the hair samples of nasopharyngeal cancer patients
(0.195 ppm) than those of healthy people (0.133 ppm) (Man
et al. 1996).

For kidney and liver cancer, arsenic and nickel were sig-
nificantly associated with male cancer mortality rates, but not
associated with female cancer mortality rates (Table 3). For
colon and gastric cancer, the associations with soil arsenic
were larger in men than those in women. These gender differ-
ences might be due in part to biological differences, such as
the biotransformation of arsenic by methylation (Vahter et al.
2007), or gender-specific lifestyle factors (Pearce et al. 2012).

Results from the current study do not support an increased
risk of bladder or prostate cancer mortality rate with increased
heavy metal concentrations. This may because cancer mortal-
ity is an insensitive outcome to study these tumours since they
usually have relatively good prognosis (García-Esquinas et al.
2013). Furthermore, bladder and prostate cancer have relative-
ly low mortality rates compared with other cancers (Table 1);
thus, the relatively rare cancers of bladder and prostate may be
overshadowed by other cancers (Benbrahim-Tallaa and
Waalkes 2008).

Education was negatively associated with age-adjusted
colon, gastric, liver, lung, and nasopharyngeal cancer

Fig. 4 Relative risks (95 % CI) for age-adjusted mortality rates of colon,
gastric, kidney, liver, lung, and nasopharyngeal cancer associated with
1 ppm increase in soil arsenic (a) and nickel (b) concentrations using
different methods for soil heavymetal exposure. Average stands for using

the average concentration of sampling sites within each town; Kriging
stands for using the mean value of Kriging interpolated concentrations
within each town; NP stands for nasopharyngeal cancer
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mortality rates (see the Supplementary Material, Table S3).
The associations between education and gastric and lung
cancer mortality rates were statistically significant, implying
that people with a low socioeconomic level had higher gastric
and nasopharyngeal risks than those with a high socioeco-
nomic level. This was consistent with previous studies. Low
socioeconomic status was found to be positively associated
with nasopharyngeal cancer in China (Zheng et al. 1994),
Thailand (Sriamporn et al. 1992), and Tunisia (Jeannel et al.
1990). This may be because people with low socioeconomic
levels had a large consumption of carcinogenic preserved
foods, since preserved foods were very cheap (Yu and Yuan
2002). Poor education was also found to be closely linked to
the development of gastric cancer through a highHelicobacter
pylori infection prevalence amongst people with low educa-
tion level (Crew and Neugut 2006).

As an ecologic design, the main limitations of this study are
the inherent limitations of ecological studies, such as possible
misclassification of exposure, the inability to address expo-
sure duration, and the inability to adjust for individual-level
confounding factors. However, ecological studies are very
important to generate hypotheses and provide necessary evi-
dences for associations between environmental exposures and
disease (Webb and Bain 2010). Although we were unable to
control individual-level risk factors, the significant associa-
tions we found revealed previously unseen large carcinogenic
effects of low-level soil arsenic and nickel exposure on a
general population in China. Given the serious soil heavy
metal contamination and the high burden of cancer mortality
in China, this ecological study presents a direct evidence that
cancer mortality rates in general population may be partially
attributable to soil arsenic and nickel exposures. Further
individual-level studies with accurate exposure measurement
and detailed confounder information are needed to confirm
our findings.

Conclusions

In conclusion, this ecological study found that town-scale
arsenic concentrations in soils were associated with colon,
gastric, kidney, lung, and nasopharyngeal cancer mortality
rates in Suzhou, China. Significant associations of soil nickel
exposure with liver and nasopharyngeal cancer mortality rates
were also found in this study. This indicates that low-level
exposure to arsenic and nickel in soil is responsible for
excess cancer mortality risks in Suzhou. Our findings
will contribute to the understanding of the relationship
between arsenic/nickel and cancer risk in general popu-
lation. More strict measures of soil heavy metal pollu-
tion control should be taken to reduce the high burden
of cancer mortality rates in China.
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