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Abstract:

 The relationship between the ever-increasing cancer mortality and water pollution is an important public concern in China. This study aimed to explore the association between serious water pollution and increasing digestive cancer mortality in the Huai River Basin (HRB) in China. A series of frequency of serious pollution (FSP) indices including water quality grade (FSPWQG), biochemical oxygen demand (FSPBOD), chemical oxygen demand (FSPCOD), and ammonia nitrogen (FSPAN) were used to characterize the surface water quality between 1997 and 2006. Data on the county-level changing mortality (CM) due to digestive tract cancers between 1975 and 2006 were collected for 14 counties in the study area. Most of investigated counties (eight) with high FSPWQG (>50%) distributed in the northern region of the HRB and had larger CMs of digestive tract cancers. In addition to their similar spatial distribution, significant correlations between FSP indices and CMs were observed by controlling for drinking water safety (DWS), gross domestic product (GDP), and population (POP). Furthermore, the above-mentioned partial correlations were clearly increased when only controlling for GDP and POP. Our study indicated that county-level variations of digestive cancer mortality are remarkably associated with water pollution, and suggested that continuous measures for improving surface water quality and DWS and hygienic interventions should be effectively implemented by local governments.
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1. Introduction

Water pollution has been a common environmental problem as well as an important public health concern in China [1,2]. Among the seven main river basins in China, the Huai River Basin (HRB) is the most worrisome because of its dense population, intensive water network, and long-term serious water pollution [3]. Recently, spatiotemporal variations of water pollution in the HRB have been well characterized, indicating that the heavily polluted regions were mostly distributed in the area along several tributaries of the Ying, Guo, and New Sui Rivers, as well as the area north of Nansi Lake [4,5], which was mainly due to dramatic population growth, the rapid development of industrial and agricultural production, and the increase of township enterprises since 1990s [6].

Since 2000, the deteriorated public health status is another public concern in the HRB [5]. Retrospective cause of death survey data for China in the 1970s show that there were low death rates from cancer in the upper and middle reaches of the Huai River at that time. Meanwhile, the mortality rate for digestive system cancers, with the exception of esophageal cancer, was lower than the national average [7]. Our earlier investigation during 2004–2006 found that some counties in the HRB have suffered from increasing incidence and mortality rates for malignant tumors [8,9]. In particular, some villages (i.e., “cancer villages”) in the HRB possessing high mortality from cancers have been widely reported by the domestic media since 2004 [9,10], and this has attracted the attention of various parties to the issue of the high rates of cancer in the area. The public is eager to know whether the occurrence of “cancer villages” was directly related to water pollution or not. However, there is little evidence demonstrating the relationship between the ever-growing cancer mortality and surface water pollution.

In recent years, the causal relationship between water environment and cancer epidemiology has been extensively studied on multilevel scales [11,12,13,14,15]. The populations in areas with a high exposure to organic or inorganic pollutants in water environments may suffer from high cancer or non-cancer mortality [16,17,18,19,20,21,22]. These investigations are useful for understanding of both the increasing mortality of these malignant tumors in the HRB and the effects of water pollution on the distribution and severity of digestive tract cancers. However, most of the previous investigations were not quantitative but rather were qualitative analyses based on static cancer mortality data and environmental factors.

In this study, we aimed to: (1) to identify the spatial variations in the changing mortality (CM) of digestive tract cancers during 1975–2006 at the county level, and (2) to quantitatively explore the relationship between CMs to the spatiotemporal features of surface water pollution in the HRB. The results of this study may be useful for addressing public concerns regarding the health effects of water pollution and may be valuable for local governments as a tool for implementing effective measures.



2. Results


2.1. County-Level Water Pollution

In terms of FSPWQG, as illustrated in Figure 1a, the 14 counties were divided into two groups (outlined by a purple separator curve). JY, WS, FG, SQ, YD, MC, YQ, and LB County, located in the northern area of the HRB, belonged to the first group because of their higher FSPWQG (above 50%). In the second group (FSPWQG < 50%) with the exception of XP County, five counties (LS, SX, JH, XY, and SY County) were distributed along the southern side of the Huai River.

Figure 1. Spatiotemporal variations of water pollution in terms of county-level FSP indices ((a) FSPWQG, (b) FSPBOD, (c) FSPCOD, and (d) FSPAN) during 1997–2006.
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In the first group, SQ and YD County reported FSPCOD of less than 25% and 15%, respectively (Figure 1c). Similarly, WS had a FSPBOD of less than 30% (Figure 1b). However, these three counties simultaneously experienced serious water pollution caused by BOD (SQ and YD), COD (WS), and AN (SQ and YD), as shown in Figure 1b–d. These results indicated that most of investigated counties in the northern part of the central HRB suffered from serious surface water pollution caused by excessive concentrations of BOD, AN, and COD.



2.2. CMs of Digestive Tract Cancers

Based on the county-level CMs as illustrated in Figure 2a–c, the 14 counties were divided into three groups (outlined by a purple separator curve in Figure 2a): XP-LS-XY-JH-SY (Group I), YD-SX-MC-YQ-LB-WS-JY (Group II), and FG-SQ (Group III). The counties in Group II and Group III had relatively higher CMs (CMT > 0.25 times, CML > 1.0 times, and CMG > 0.5 times) and were mostly distributed in the central region across the HRB from the south to the north. Moreover, the esophageal cancer mortality from SQ, MC, and SX displayed an upward trend (CME > 0), whereas the remaining 11 counties’ esophageal cancer mortality rates tended to decline (CME < 0) between 1975 and 2006 (Figure 2d). The county-level CMs presented similar spatial distributions to those of the FSP indices as a whole.

Figure 2. Spatial distribution of CMT (a), CML (b), CMG (c), and CME (d) of 14 counties from 1975 to 2006.
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2.3. Relation of Water Pollution to CMs at the County Level

In addition to similar spatial distribution, the county-level CMs tended to be quantitatively related to FSP indices as shown in Table 1. Except for FSPCOD, the FSP indices were closely correlated with the CMs at the county level according to their linear correlations. The county-level CMT, CML, and CMG were notably related to FSPWQG and FSPAN at a significance level of 0.01. In particular, FSPAN presented a stronger correlation with CMT (r = 0.83, P < 0.01) and CME (r = 0.57, P < 0.05) and had a similar association with CML (r = 0.72, P < 0.01) and CMG (r = 0.71, P < 0.01). The counties with higher FSP indices (FSPAN, FSPWQG, and FSPBOD) are experiencing increasing rates of digestive cancer mortality.

Table 1. Linear correlation between CMs and the selected factors at the county scale.


	CMs
	FSPWQG
	FSPBOD
	FSPCOD
	FSPAN
	GDP
	POP
	DWS





	CMT
	0.78 ‡
	0.72 ‡
	0.42
	0.83 ‡
	−0.13
	0.45
	−0.58 †



	CML
	0.72 ‡
	0.62 †
	0.37
	0.72 ‡
	−0.07
	0.39
	−0.54 †



	CMG
	0.73 ‡
	0.62 †
	0.32
	0.71 ‡
	−0.11
	0.35
	−0.45



	CME
	0.47 *
	0.4
	0.17
	0.57 †
	−0.34
	0.32
	−0.37





Note: *, †, and ‡ denote a significance levels of 0.10, 0.05, and 0.01, respectively (two-tailed).






Among the rest three factors (GDP, POP, and DWS), only DWS was significantly related to both CMT (r = −0.58, P < 0.05) and CML (r = −0.54, P < 0.05). In addition, the correlation between them was decreased to varying degrees when DWS-GDP-POP or GDP-POP were considered as control variables (Table 2). If controlling for DWS-GDP-POP, both FSPAN and FSPWQG were closely associated with CMT, CML, and CMG. In comparison, their relationships were enhanced in case of not controlling for DWS (i.e. controlling for GDP-POP). In this case, FSPBOD was also significantly correlated with CMT (r = 0.62, P < 0.05), CML(r = 0.50, P < 0.10), and CMG (r = 0.50, P < 0.10). These results showed that the association between FSP indices and CMs was obviously affected by DWS, GDP, and POP.


Table 2. Partial correlation between CMs and FSP indices with various control variables.



	
CMs

	
Control Variables: GDP-POP-DWS

	

	
Control Variables: GDP-POP




	
FSPWQG

	
FSPBOD

	
FSPCOD

	
FSPAN

	

	
FSPWQG

	
FSPBOD

	
FSPCOD

	
FSPAN






	
CMT

	
0.67 †

	
0.54

	
0.08

	
0.70 †

	

	
0.72 ‡

	
0.62 †

	
0.21

	
0.73 ‡




	
CML

	
0.58 *

	
0.41

	
0.05

	
0.57 *

	

	
0.65 †

	
0.50 *

	
0.18

	
0.63 †




	
CMG

	
0.66 †

	
0.45

	
0.06

	
0.56 *

	

	
0.67 †

	
0.50 *

	
0.15

	
0.60 †




	
CME

	
0.27

	
0.07

	
−0.14

	
0.22

	

	
0.29

	
0.12

	
−0.08

	
0.24






Note: *, †, and ‡ denote a significance levels of 0.10, 0.05, and 0.01, respectively (two-tailed).









3. Discussion

In this study, we found that the spatial distribution of county-level CMs tended to be similar to that of FSP indices, and that 14 counties’ CMs were significantly correlated with FSP indices in the HRB. Meanwhile, lower DWS clearly contributed to the increasing mortality of digestive cancer in the counties with serious water pollution. This study would be a useful reference for epidemiologists to conduct detailed investigations on public health concerns related to eco-environmental changes. Moreover, our findings could be valuable for local governments when making decisions on environmental management efforts and improving the condition of drinking water.

A reasonable evaluation of the effects of water pollution on public health depends on an analysis of the variations in water quality. Compared with traditional statistical methods aimed at analyzing temporal trends of water quality [23,24,25], the spatial interpolation employed in this study was more useful for obtaining spatiotemporal variations in water quality [4]. Thus, the county-scale data of water pollution data were easily utilized for evaluating the relationship between increasing cancer mortality and serious water pollution. Furthermore, the application of the CMs of digestive cancers in this study supplied more powerful evidence than the static cancer mortality data employed in previous studies. Accordingly, our results are useful for addressing public concerns regarding the relation of the ever-increasing mortality of digestive system cancers (i.e., total digestive tract, liver, and gastric cancer) to long-term and large-scale serious water pollution in some regions of the HRB.

In previous studies, it has been proved that serious water pollution in the HRB was mainly caused by agricultural fertilization and pesticide spraying, livestock and poultry production, small-scale township enterprises, and domestic pollution [4,6]. In polluted water, chemical contaminants, including microcystins (MC), nitrate, nitrite, heavy metal, and N-nitroso compounds (NOC), had been detected to varying degrees [1,2,3,22,26,27,28], and had been identified as common carcinogens or promoters of digestive system cancers [13,26,28,29,30,31,32,33]. Moreover, Wan, et al. [9] have demonstrated that both liver cancer and gastric cancer are related to water pollution in some small areas of the HRB. These findings could validate the significant correlation between CMs (CMT, CML, and CMG) and FSP indices in this macroscopic investigation. Digestive system cancers are also closely related to other risk factors apart from the above-mentioned chemical pollutants [15,34,35,36]. However, the attribution of these CMs to water pollution should be further investigated by comparing water pollution with other risk factors. In this way, the relationship between CME and water pollution might be well explored for accommodating their weak association in this study. In addition, some probably unknown risk factors may be revealed by further microscopic researches, which could also be helpful for exploring these unknown factors’ implications for esophageal cancer, especially in the HRB. Even so, we believe that serious water pollution has played an important role in deteriorating public health status in the HRB.

The geographic information system (GIS) method has been widely employed to characterize the spatial patterns of cancers or carcinogens [12,36,37]. Through spatial overlay mapping, Yu and Zhang [10] inferred that 94 percent of all the “cancer villages” in China were related to regional water pollution in the past decades. However, in contrast with these qualitative investigations, our study successfully emphasized spatial coherency of cancer mortality variations and water pollution in terms of their significant correlations (Table 1 and Table 2). Meanwhile, spatial coherency and positive correlation between county-level CMs and FSP indices tended to be more similar and significant when we deleted SX County from the dataset (Supplementary Information Table S1 and Table S2). Accordingly, we cautiously speculate that there were probably unknown factors apart from water pollution in this county. Nevertheless, our results indicated that increased mortality of digestive tract cancers in the HRB is spatially and quantitatively related to water pollution.

In addition, much attention should be paid to DWS, although the relationships between DWS and CMs were relatively weak. To our knowledge, the average DWS (mean value, 13.7%) of these 14 counties was much lower than the average value of all the counties in the HRB (28.9%) and the national level (55.1%). When only GDP and POP were considered as control variables, correlations between CMs and FSP indices were stronger than those in case of controlling for DWS, GDP, and POP. These results implied that lower DWS tended to be a potential risk factor for increasing digestive cancer mortality, especially in the counties with larger FSP indices.

A few limitations of this study warrant mention. First, our investigation, which was based on 14 counties, requires further validation for the remaining counties (170 or so) in the HRB although current quantitative results preliminarily satisfied the spatial and quantitative correlations between increasing cancer mortality rates and water pollution. Additionally, the late establishment of projects on that monitored water quality in the 1980s led to a deficiency of surveillance data in the 1970s, which restrained the comparison analysis of water quality between the 1970s and 2004–2006. Finally, the capability of FSP indices should be improved to reflect more contaminants, such as heavy metals, so that the association between water pollution and digestive tract cancer mortality could be better explored.



4. Materials and Methods

As illustrated in Figure 3, 14 counties, including Wenshang (WS), Juye (JY), Fugou (FG), Xiping (XP), Shenqiu (SQ), Luoshan (LS), Yingdong (YD), Mengcheng (MC), Yongqiao (YQ), Lingbi (LB), Shouxian (SX), Sheyang (SY), Xuyi (XY), and Jinhu (JH) County, are evenly located along the tributaries in the HRB, which is the most densely inhabited river basin and the main agricultural area of China.

Figure 3. Illustration of 14 counties in the HRB and water quality monitoring sections of the Huai River System.
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In this study, two main regions, including the southern and northern part, were divided by the mainstream of the Huai River.


4.1. Data Collection


4.1.1. Surface Water Quality

In view of the hysteresis effects (about 10–15 years) of environmental pollution on public health [38] as well as data availability, our study proposed to select water environment monitoring data from a period approximately 10 years earlier (i.e., since 1990s) than the health data (in 2004–2006). In total, data from 86 state-controlled sections of the Huai River System, including 14 mainstream-sections and 72 tributary-sections as illustrated in Figure 3, were extracted from the series of China Environmental Quality Reports [3], which were published by the State Environmental Protection Administration from 1998 to 2007. In this dataset, three important indicators of water quality, including biochemical oxygen demand (BOD), chemical oxygen demand (COD), and ammonia nitrogen (AN), were consecutively collected; the comprehensive indicator termed water quality grade (WQG) was also collected.





4.1.2. Cancer Mortality Data

As mentioned above, water quality data in 1997–2006 were selected and would be linked to the health data in 2004–2006. According to the objectives of this study, mortality data of digestive system cancers in the middle 1990s would be considered as the baseline for calculating CMs of digestive tract cancers. But we failed to collect this regular baseline data, and then acquired cancer mortality data in the middle 1970s. To our knowledge, HRB was always a less developed region with predominantly conventional agricultural production (i.e., less environmental pollution) till the late 1980s. Therefore, it was assumed in this study that mortality rates of digestive system cancers were basically unchanged between the middle 1990s and 1970s.

The cancer mortality dataset of the 14 counties was extracted from the first nationwide epidemiological survey on cause of death conducted in 1973–1975 [39] and from a three-year retrospective survey on cause of death launched in these counties during 2004–2006 [8].

From this dataset, digestive tract cancers, including total digestive, liver, gastric, and esophageal cancers were selected for this study, according to their correspondent codes of International Standards for Disease Classification (ICD-10) as shown in Table 3.

Table 3. ICD codes of some causes of death from cancer.


	Deaths
	ICD-10





	Neoplasm
	C00-D48



	Digestive cancer
	C15-C20



	Esophagus cancer
	C15



	Gastric cancer
	C16



	Liver cancer
	C22













4.2. Socioeconomic Factors

The demographic data were based on the village-household population reported by these 14 counties during 2004–2006. To check the reliability of the age and gender distributions, this dataset was cross-referenced against census data in 2000 (published by National Bureau of Statistics of China and accessed via http://www.stats.gov.cn/tjsj/ndsj/renkoupucha). The county population (POP) is the sum of the individual village populations.

Together with the POP, the county-level gross domestic product (GDP) in 2005 and drinking water safety (DWS) in 2005 were also considered as control variables for evaluating the association between water pollution and CMs. GDP could reflect regional socioeconomic levels and people’s living standard. Similarly, DWS denoted the proportion of the population that was covered by the centralized water supply in 2005. County-level GDP and DWS data were supplied by local statistic bureaus.



4.3. Indices Calculation


4.3.1. Frequency of Serious Pollution

The frequency of serious pollution (FSP) was employed to represent the spatiotemporal features of water pollution for the HRB and for each county. First, the FSP indices of WQG (FSPWQG), BOD (FSPBOD), COD (FSPCOD), and AN (FSPAN), were respectively acquired by the following formula, and then were considered to be temporal changes of water pollution for each state-controlled section:



[image: there is no content]








where Yp is the occurrence (years) of water quality indicators of grade V (i.e., mainly suitable for agricultural uses and general scenic purposes) and grade V+ (i.e., one of water quality indicators exceeding Grade V’s requirements) defined by the National Standard [40]; Yt is the total observation time (years) of water quality.
Secondly, the spatial interpolation (inverse distance weighted) method was applied to conduct the spatialization FSP indices of 86 sections with the resolution of 1 × 1 km2, which was described in detail in our earlier study [4]. Accordingly, the spatial distribution of FSPWQG, FSPBOD, FSPCOD, and FSPAN were subsequently obtained for the entire basin.

In the next step, the mean FSP values of these 14 counties (polygons) were acquired in Arcgis10.0 (ESRI, Redlands, CA, USA) by using the zonal statistics function of the spatial analysis tools, and then used to represent the mean frequency or possibility of serious pollution of water quality at the county level.



4.3.2. CM of Digestive Tract Cancers

Using the cause of death codes (Table 3) of cause of death, the population that died of cancer, and the demographic data (including reported population data and population census data in 2000 accessed via http://www.stats.gov.cn/tjsj/ndsj/renkoupucha), we obtained some analysis indices including the annual mean population, crude mortality rates, standardized cancer mortality rates, and CM indices for the total digestive tract (CMT), liver cancer (CML), gastric cancer (CMG), and esophageal cancer (CME) using the equations below:
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where [image: there is no content] is the annual mean population; [image: there is no content], [image: there is no content], and [image: there is no content] represent the population at the end of the last, present, and next year, respectively:
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where [image: there is no content] is the crude mortality rate; [image: there is no content] is the population that died of cancer:


[image: there is no content]








where [image: there is no content] is the standardized cancer mortality rate; [image: there is no content] and [image: there is no content]. denote the age population and the total population of the census data in 2000, respectively. In this way, the mortality rates of different counties and different years are comparable:


[image: there is no content]








where [image: there is no content] and [image: there is no content] are the standardized mortality rates of total digestive, liver, gastric, and esophageal cancers in 2004–2006 and 1973–1975. Accordingly, [image: there is no content] represents CMT, CML, CMG, and CME.



4.4. Correlation Analysis

To evaluate the county-level association between CMs and selected factors (FSP indices, POP, GDP, and DWS), correlation analysis, including simple linear and partial correlations, was conducted using SAS9.0 software (SAS Institute Inc., Cary, NC, USA).




5. Conclusions

In summary, the increasing mortality rates of digestive tract cancers were spatially and quantitatively correlated with surface water pollution at the county level in the HRB with low DWS. This study would be evaluable for epidemiologists to explore the potential association between the change in cancer mortality and environmental pollution in some regions with similar surface water pollution in the past decades. In addition, we suggest that continuous measures for improving surface water quality, DWS and hygienic interventions should be effectively implemented by local governments in the HRB.
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