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Aims: To investigate the association between cancer mortality risk and exposure to chlorinated hydro-
carbons in groundwater of a downstream community near a contaminated site.

Methods: Death certificates inclusive for the years 1966-97 were collected from two villages in the
vicinity of an electronics factory operated between 1970 and 1992. These two villages were classified
into the downstream (exposed) village and the upstream (unexposed) according to groundwater flow
direction. Exposure classification was validated by the contaminant levels in 49 residential wells
measured with gas chromatography/mass spectrometry. Mortality odds ratios (MORs) for cancer were
calculated with cardiovascular-cerebrovascular diseases as the reference diseases. Multiple logistic
regressions were performed to estimate the effects of exposure and period after adjustment for age.
Results: Increased MORs were observed among males for all cancer, and liver cancer for the periods
after 10 years of latency, namely, 1980-89, and 1990-97. Adjusted MOR for male liver cancer was
2.57 (95% confidence inferval 1.21 to 5.46) with a significant linear trend for the period effect.
Conclusion: The results suggest a link between exposure to chlorinated hydrocarbons and male liver
cancer risk. However, the conclusion is limited by lack of individual information on groundwater expo-
sure and potential confounding factors.

mental health concern in many countries.' In Taiwan,

for instance, more than 160 illegal waste dumpsites
were identified by the Environmental Protection Administra-
tion (Taiwan EPA).” In 1994, the Taiwan EPA declared a
hazardous waste site in Taoyuan County. This site, designated
as the R site, was a former electronics factory, which began its
operation after 1970 and closed in 1992. Previous site investi-
gations revealed that soil and groundwater in the R factory
were contaminated by chlorinated hydrocarbons more than 10
years ago.” An on-site source area was identified with soil con-
centration up to 1100 mg/kg of tetrachloroethylene.’*
Moreover, the contamination (which included tetrachloroeth-
ylene, trichloroethylene, cis-1,2-dichloroethylene, 1,1-
dichloroethylene, vinyl chloride, 1,1,1-trichloroethane, 1,1-
dichloroethane, and 1,2-dichloroethane) had spread to the
offsite groundwater downstream of the factory.”® Trichlo-
roethylene (TCE) and tetrachloroethylene (PCE) were the
most frequently detected chemicals with concentrations up to
930 and 4800 pg/l,° much higher than the maximum contami-
nant level (MCL) of 5 pg/l set by the US Environmental
Protection Agency (EPA).” TCE and PCE, metal cleaning
solvents widely used in the electronics industry, have hepatic
and renal toxicity, and have been classified as group 2A
carcinogens by the International Agency for Research on Can-
cer (IARC).® They were shown to induce liver and kidney can-
cer in animal bioassays, but there was limited evidence of car-
cinogenicity in humans from epidemiological studies.” "

As the zoning policy for industrial area was not strictly
enforced in the 1970s and 1980s, there was no clear boundary
between factories and communities in Taiwan. There were
about 10 000 community residents living in the village down-
stream of the R factory in the late 1990s. Many residents liv-
ing in the vicinity of R factory relied mainly on groundwater
locally extracted from residential wells for their primary
domestic water supply. In 1994, the pollution was brought to
light, and then tap water was provided to these nearby house-

| | azardous waste sites have emerged as a major environ-
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holds. Potential health risk from chronic exposure to the con-
taminated groundwater was a major concern to the local resi-
dents. We therefore conducted this study to determine if there
is any association between cancer mortality and residence in a
downstream community contaminated with chlorinated
hydrocarbons in contrast with a neighbouring upstream
village.

METHODS

Groundwater sampling and analysis

We conducted groundwater sampling from off-site residential
wells in the nearby communities for exposure assessment
from October 1999 to May 2000. According to the local
groundwater hydrogeology, the off-site groundwater flow
direction was generally towards the north and northeast in
the first aquifer." Thus, we had a door to door survey on the
residential wells, which were available in the nearby commu-
nities. The R factory is located in the downstream village,
which is separated from the upstream village by the Provincial
Route No. 1. For the downstream area to the north of the
Route and northeast of the factory, 44 wells were identified
and 69 groundwater samples were collected. For the upstream
community, only two wells to the south of the factory were
available for collecting two water samples. Another three wells
in the western side of the factory (about 750 metres away) in
the downstream village were also sampled to explore the
extent of contamination. In total, we had 74 groundwater
samples to describe contaminant concentrations surrounding

Abbreviations: CB, cerebrovascular; CV, cardiovascular; HbsAg,
hepatitis B surface antigen; IARC, International Agency for Research on
Cancer; MCL, maximum contaminant level; MOR, mortality odds ratio;
PCE, tetrachloroethylene; TCE, trichloroethylene; VOC, volatile organic
compound
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Table 1 Concentrations and frequency distribution of chlorinated hydrocarbons in the residential wells near the R
factory
Downstream area (to the north of the Route No. 1 and the factory) Upstream area
Estimated lifetime average
daily intaket for Well water concentration
Well water concentration (n=44) carcinogens (mg/kg/day)  (n=2)
Reasonable
Carcinogenicity Percentage  maximal Average Median Percentage
Chemicals IARC group Median (range) (pg/l)  above MCL*  exposure exposure (range) (pg/l) above MCL
Vinyl chloride 1 0.003 (ND-72.3) 29.5% 4.22E-04 3.64E-07 ND
Tetrachloroethylene 2A 2.95 (ND-5228.3) 45.5% 4.45E-02 2.89E-05 0.05 (ND-0.1) 0O
Trichloroethylene 2A 28.43 (ND-1790.7) 65.9% 1.96E-02 1.62E-04 0.1 (0.1-0.1) 0
1,1-dichloroethylene 3 1.35 (ND-1240.4) 27.3% ND 0
1,1, 1+4richloroethane 3 0.67 (ND-1504.4) 11.4% ND 0
cis-1,2-dichloroethylene NA 3.05 (ND-1376.0) 15.9% ND 0
1,1-dichloroethane NA 1.81 (ND-227.9) NA 0.05 (ND-0.1)  NA

absorption based on residents’ exposure scenarios.'

NA, not available in International Agency of Research on Cancer (IARC) or US EPA; ND, not detected.
*Maximum contaminant level (MCL) is the national drinking water standard set by US EPA.”
tLifetime average daily intake was defined as the exposure dose per unit body weight and per day, averaged over 70 years from inhalation and dermal

Upstream village

Figure 1 Geographical distribution
of 49 residential wells near the R
factory and levels of PCE in the
groundwater.
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the hazardous site. The concentrations of 19 chlorinated vola-
tile organic compounds (VOCs) were determined using a
method modified from the US EPA method 524.2." The proce-
dures of sampling, analysis, and quality control were
described in detail elsewhere.”

Epidemiological investigation

Death certificates inclusive for the years 1966-97 were
collected from the local household registration offices in the
two villages adjacent to the R factory. Data obtained from the
death certificate were identification (ID) number, gender, age,
date of birth/death, address, and causes of death. Without any
prior knowledge of exposure, an independent team of nosolo-

1000

gists in a tertiary care teaching hospital was responsible to
code the underlying cause of death according to the ninth
revision of the International Classification of Diseases (ICD-
9)." Any case with cancer recorded as an underlying cause of
death or as an “other significant condition” was counted as a
case of cancer. Furthermore, to improve the accuracy of being
coded as cancer, all decedents were ascertained through link-
age with Taiwan’s National Cancer Registry using ID number.

We conducted this study using mortality odds ratio (MOR)
design, which can be regarded as a variant of a case-control
study.” ' The location of residence recorded on the death cer-
tificate was used for determination of exposure status of each
decedent. The exposed cases are the downstream decedents
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diseases controlling for age

Table 2 MOR with 95% confidence intervals (Cl) of deaths from liver cancer in contrast with CV-CB and non-cancer

1966-79 1980-89 1990-97

Gender Cause of death E(+) E(-) MOR% (95% CI) E(+) E(-) MOR (95% Cl) E(+) E(-) MOR (95% Cl)
Malet  Liver cancer 3 8 0.82 (0.15 to 4.44) 13 6 3.19 (0.99 to 10.32) 10 7 3.34(1.00t0 11.13)

CV-CB diseases* 30 22 25 36 19 34

Non-cancer diseases 104 56  0.59 (0.12102.88) 104 86 1.78 (0.64 to 4.94) 67 97  2.33(0.84 to 6.50)
Female  Liver cancer 0 1 - 1 2 1.02 3 2 2.09 (0.35 10 12.59)

CV-CB diseases* 25 18 28 21 13 15

Non-cancer diseases 53 40 - 62 41 0.64 (0.06 to 6.56) 45 45 1.96 (0.33 to 11.50)

E(+), downstream village; E(-), upstream village.
430-438.

CV-CB and non-cancer deaths, respectively.

*CV-CB (cardiovasular-cerebrovascular diseases) as reference disease include ICD-9 codes 390-398, 401-405, 410-414, 420-425, 428-429,
tCochran-Armitage test revealed significant linear trend for calendar periods in the downstream village with p values of 0.02 and 0.01 in contrast with

tMantel-Haenzel summary odds ratio were calculated after controlling for three age groups.

Table 3 MOR (95% Cl) for cancer in men stratified by residential area and time period after adjustment for age

Residential area

Period of death

Upstream

Cause of death (ICD-9) village Downstream village

1966-79 1980-89 1990-97

All cancer (140-208)

Liver cancer (155)

Stomach cancer (151)
Colorectal cancer (153-154)
Lung cancer (162)

2.07 (1.311t03.27)
2.57 (1.21 to 5.46)
2.18 (0.97 to 4.89)
0.83 (0.24 t0 2.89)
1.75 (0.79 to 3.89)

1.93 (1.08 fo 3.46)
3.96 (1.3610 11.51)
1.43 (0.52 to 6.87)
0.64 (0.12 to 3.28)
3.66 (1.1210 11.96)

2.26 (1.2410 4.13)
417 (1.411012.38)
1.66 (0.59 to 4.69)
1.24 (0.29 to 5.30)
3.01 (0.87 to 10.46)

with cancer, while the unexposed cases are the upstream
decedents with cancer. The criteria for selecting appropriate
controls or reference diseases included: (a) no causal
association between reference diseases and exposure; and (b)
comparable mortality of reference diseases between the
exposed and unexposed populations.” We deliberately consid-
ered cardiovascular and cerebrovascular (CV-CB) diseases as
the reference diseases because deaths from CV-CB diseases
were actiologically unrelated to chlorinated hydrocarbons
according to literature review." " However, acute occupational
exposure to high levels of chlorinated solvents might induce
cardiac arrhythmia.” ' Therefore, CV-CB diseases, excluding
arrhythmia related deaths (ICD-9 codes 426-427), were
selected as the reference diseases. An alternative approach was
to consider all non-cancer diseases as the reference diseases or
controls, which was also performed to test the hypothesis.

The exposure classification was verified with the measured
contaminant concentrations in residential wells of the nearby
communities. The upstream and downstream villages are
separated by the Provincial Route No. 1, which gives people
from both villages equal access to the nearby Taoyuan Munici-
pal Hospital (which has 600 beds) about 3-6 km away. In
other words, differential migration related to health care
between these two villages was unlikely. We considered
residents” occupational exposure by identifying previous
employees in the R factory through linkage with the database
of the Labor Insurance Bureau. We also reanalysed the data
after excluding these workers from decedents.

As the slow release of contaminants probably resulted from
dumping since the establishment of the R factory in 1970, we
stratified the calendar periods into 1966-79, 1980-89, and
1990-97, to examine the effect of time period. To allow for 10
years to detect health effects from the exposure, the first dec-
ade, 1966-79, could be regarded as the historical control
period. Age was grouped into <30, 30-49, 50-69, and >70
years. The decedents aged below 30 were excluded because no
appropriate reference disease could apply in this age group
and they were only 19 cancer deaths in total.

www.occenvmed.com

Statistical analysis

MORs were calculated for cancer during each period after
stratifying by gender and age group. Summary odds ratios
were computed after controlling for age, to estimate the rela-
tive risk for periods with the Mantel-Haenszel method.* The
Cochran-Armitage test for trend was applied to examine the
effect of time period for both downstream and upstream
villages.” Multiple logistic regressions were performed to
evaluate the exposure effect after adjustment for age and
period. Data analyses were performed with the use of SAS
software.”

RESULTS

Figure 1 illustrates the geographic distribution of 49 residen-
tial wells. There was significant spatial variation in groundwa-
ter concentrations as shown by an example result of PCE. Table
1 summarises frequency distribution of contaminant concen-
trations in the residential wells. PCE concentrations above the
MCL of 5 pg/l were found in 20 of 44 (45.5%) downstream
wells. The highest concentrations of contaminants were found
in the wells closest to the R factory. In contrast, chlorinated
hydrocarbons were ecither at trace level or not detected in the
upstream wells. The background data in the upstream village
could therefore provide a valid evidence of non-exposure,
which corroborated our study design of using the upstream
village as the unexposed community.

A total of 1333 decedents in the two villages were identified
during the study period 1966-97. Among them we found 266
cancer deaths: 254 were recorded on the death certificates; 12
died of other competitive causes and were identified by
linkage with the National Cancer Registry Database. Leading
causes of cancer deaths were cancer of the liver (n = 53),
stomach (n = 39), colon and rectum (n = 26), and lung
(n = 41), while cardiovascular-cerebrovascular diseases ac-
counted for 344 deaths.

There was no increase of MOR for cancer of any site during
the historical control period 1966-79. Table 2 summarises the
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Table 4 Comparison of sociodemographic characteristics between exposed and
unexposed villages according to census survey in 1980 and 1990
1980 census 1990 census
Parameters E(+) E(-) p (x* test) E(+) E(-) p (x* test)
Population (numbers of residents) 11647 10282 - 9282 13084 -
Gender (%) NS NS
Male 52.55 51.64 50.40 50.98
Female 47 .45 48.36 49.60 49.02
Marriage (%) 38.81 39.56 NS 43.01 42.04 NS
Age (%] NS NS
Young people (aged below 14) 38.41 38.12 32.05 33.11
Adult (aged 15-64) 59.39 59.91 64.03 62.56
Old people (aged over 65) 2.20 1.97 3.92 4.33
% educated above college level 6.00 4.18  <0.01 10.92 6.75 <0.01
% employed 57.51 57.28 NS 53.58 54.22 NS
Occupation (%) <0.01 <0.01
Agriculture, fishery 7.98 7.49 7.19 6.85
White collar* 33.26 28.72 34.55 28.66
Blue collart 50.18 55.86 50.33 56.35
E(+), downstream village; E(-), upstream village.
NS, not significant.
*Professional, technical, administrative, superintendents, clerical, sales, and services workers.
tProducers, transportation operators, and labourers.

results of MOR for liver cancer among males and females in
contrast with CV-CB and all non-cancer diseases. MORs after
a 10 year latency were significantly elevated in men, but not in
women. The summary MOR for male liver cancer during
1990-97 was increased with an OR (95% CI) of 3.34 (1.00 to
11.13). In the downstream village, there was a statistically
significant linear trend for the period effect using either CV-CB
or non-cancer deaths as reference diseases, but in the
upstream village no such a trend was found by the
Cochran-Armitage test. Multiple logistic regression revealed
that MOR for male liver cancer was 2.57 (95% CI 1.21 to 5.46)
after adjustment for age and period, as shown in table 3. In
addition, the effect of time period was significant for liver
cancer as well as all cancer combined. After excluding previous
workers of the R factory from the decedents, we found that
the result was almost the same because there were only three
deaths of liver cancer and 21 non-cancer deaths.

DISCUSSION

Our study showed that residence at a groundwater contami-
nated community was significantly associated with male liver
cancer when age, latency period, and occupational exposure in
the R factory were taken into consideration. This statistical
association, however, does not necessarily indicate a true
causal relation. To our knowledge, this is the first environmen-
tal epidemiological study to find an increased liver cancer risk
in a community population potentially exposed to mixtures of
volatile chlorinated hydrocarbons in groundwater. Few com-
munity based studies could find a link between cancer risk
and dumping of hazardous wastes.' Nevertheless, there was
clearer evidence of the association between liver cancer and
TCE from occupationally based cohort and case-control
studies.” Thus, we must carefully consider potential con-
founders and examine the limitations before making conclu-
sions.

First, selection bias was one of the major concerns in the
case-control study. We carefully excluded diseases that might
be associated with exposure to chlorinated hydrocarbons and
finally decided to select CV-CB diseases as the reference
diseases to ensure the validity of MOR analysis. Furthermore,
we used the census data in 1980 and 1990 to estimate CV-CB
mortality rates for assessing the comparability between the
exposed and unexposed villages. The result showed approxi-
mately 1.25-fold higher CV-CB mortality rates for males aged
over 50 in the upstream village than those living downstream.

Based on this finding, we might overestimate our MORs by
about 25%. Such a magnitude, however, could not totally
explain the 2.6-fold increase of MOR for male liver cancer. In
addition, as non-cancer deaths were chosen as an alternative
reference disease, MOR for liver cancer still showed a statisti-
cally significant trend for the period effect in the downstream
village.

Second, individuals might be substantially misclassified
because exposure status for the decedents was determined at
group level by the place of residence. We deliberately selected
an upstream neighbouring village as the unexposed popula-
tion, which was validated by chemical analysis of groundwa-
ter samples. Neighbouring communities tend to share
relatively similar socioeconomic characteristics, which may
result in a similar pattern of mortality except for diseases
associated with the exposure. Table 4 reveals such comparabil-
ity between the exposed and unexposed villages from the
population census data in 1980 and 1990. Although quite
similar, people in the downstream village had a slightly higher
proportion of high education as well as of white collar work-
ers, and therefore appeared less likely to be exposed to
occupational carcinogens in their work environments. Fur-
thermore, if non-differential misclassification of exposure
exists, the use of residential area as a surrogate measure will
most likely decrease the sensitivity of our study to detect a
significant effect.

Third, studies based on mortality records would likely
underestimate cancer occurrence because of the longer
latency compared with incidence data. To minimise the above
effect, we matched the ID of each decedent with the National
Cancer Registry and found 12 additional cases of cancer which
died of other competitive causes. Thus, our study should be
more comprehensive and the estimates of MOR were more
accurate than other studies with only mortality data.

Fourth, we must evaluate the possibility of other aetiologi-
cal agents of liver cancer, including hepatitis B and C viruses,
alcohol consumption, smoking, arsenic, aflatoxins, etc.*
Unfortunately, limited data on death certificates usually
precluded us from adjustments for these potential confound-
ers with statistical models. Nevertheless, we attempted to
validate our findings by examining available historical health
related aggregate data. A seroprevalence survey in 1984
showed that hepatitis B surface antigen (HBsAg) carrier rate
was 16.4% in Taoyuan City, which contained the exposed
village; and 10.5% in the upstream Pate City, which contained
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the unexposed village.” If hepatitis B carriers were homogene-
ously distributed in different villages of the two cities, then
hepatitis B could attribute a relative risk around 1.17-1.51 for
the exposed village, assuming hepatitis B infected persons
were about 5-98 times more likely to develop liver cancer.***
The estimated effect of hepatitis B therefore could not totally
explain the magnitude of the increased risk. We checked the
data of cigarette and alcohol sales in 1975 from the Taiwan
Provincial Cigarette and Alcohol Monopoly Bureau. It showed
that the cigarette and alcohol consumption rates for Taoyuan
City were 79.8 packs and 2.42 ml per person per year respec-
tively, while those for Pate City were 65.8 packs and 2.36 ml
per person per year, respectively. None of the wells in the study
area were contaminated by arsenic according to a previous
investigation.” In addition, it was unlikely that there would be
a differential pattern of food consumption involving aflatoxin
contamination between the nearby communities. Thus, the
argument based on these aggregate data could not completely
refute the association between male liver cancer and living
downstream.

We deliberately used the calendar periods of death to
classify potential exposure durations into 1966-79, 1980-89,
and 1990-97, although detailed individual information on
amount of groundwater consumption and duration of
residence was not available. Most of these chlorinated hydro-
carbons migrated through soils to groundwater, and spread
downstream gradually because of physical properties of dense
non-aqueous phase liquids.” An estimated amount of 3000
gallons PCE per year were used in the factory until 1985. Deg-
radation processes might produce a series of transformed
products, such as TCE, dichloroethylene, and vinyl chloride,
through the anaerobic reductive dehalogenation.”® With a rate
of about 0.24 m/day, the first-zone groundwater flowed
towards the downstream area." Thus, a 10 year period was
taken as the duration between disposal of chlorinated solvents
and potential health effects from exposure to contaminated
groundwater in the downstream community. Although an
occupational cohort study conducted by Anttila ef al revealed
increased risk of liver cancer in the follow up period =20
years,” the potential synergistic effects from chronic hepatitis
B infection and mixed exposure to chlorinated hydrocarbons
made us allow for only 10 year latency. A significant linear
trend for the period effect corroborated our hypothesis of a 10
year latency for the increased mortality on liver cancer.

Recently a risk assessment was conducted on the down-
stream residents to estimate cancer risks based on reasonable
maximal exposure for vinyl chloride, PCE, and TCE, which
were 8.4x107, 1.9x107, and 1.4x10™, respectively.” Table 1
shows the estimates of lifetime exposure doses for IARC 1 and
2A chemicals based on the exposure scenarios of inhalation
and dermal absorption while showering and washing with
contaminated water at home. These estimates did not account
for volatile contaminants from boiling water or household
activities and should be regarded as a lower bound of true
residential exposure. The major target organs based on animal
bioassays include the liver,*" which supports our MOR
findings. In addition, it is also possible that chemical hepato-
carcinogens may cause synergistic effect on hepatitis B carri-
ers, which were shown on alcohol’” and aflatoxin.”

Increased MORs of liver cancer were found only in males,
but not in females. Epidemiological studies have consistently
shown that males were about 2—4 times more likely to develop
liver cancer than females,* ** including in Taiwan.” The HBsAg
carrier rates in males were slightly higher than those in
females (12.2% v 9.2%) in Taiwan.” It seems that hepatitis B
infection alone might not totally explain such a difference in
gender. As many investigators pointed out that there was a
higher proportion of alcohol drinking,** and exposure to occu-
pational carcinogens among males,” ** these exposures might
be synergistic factors with chronic hepatitis B infection for
hepatocarcinogenesis. We wondered whether a similar mech-
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Main message

e This is the first epidemiological study to suggest a link
between exposure to chlorinated hydrocarbons contami-
nated in groundwater and increased risk of male liver
cancer.

Policy implication

e Chlorinated solvents were difficult to eliminate from the
contaminated groundwater. Proper precautions should be
taken in the life cycle of a product’s manufacturing for pre-
vention of environmental pollution and diseases.

anism from chlorinated hydrocarbons in a hepatitis B endemic
area might also contribute to this gender discrepancy. Further
studies are warranted to falsify such a hypothesis.

Conclusion

This study shows how the method of MOR may be applied to
investigate environmental diseases. The results suggest a link
between chlorinated hydrocarbons contaminated in ground-
water and increased risk of male liver cancer. However, the
causal inference is limited by the lack of individual
information on the exposure dose and many potential
confounding factors. One should be cautious in interpreting
the estimates of MOR, which are usually more useful for
hypothesis generation than hypothesis testing.
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