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� Blood dioxin levels were measured from residents in Bien Hoa and Da Nang, Vietnam.
� Blood dioxin levels were related to individual and environmental risk factors.
� Fish farming was associated with higher blood dioxin levels at both locations.
� Blood dioxin levels were positively correlated with living on flooded property.
� Da Nang dioxin sites are being cleaned up so exposure should decrease.
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a b s t r a c t

Agent Orange (AO) was the main defoliant used by the US in Vietnam from 1961 to 1971; AO was con-
taminated with dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin, or TCDD). Three major dioxin ‘‘hot spots’’
remain from previous AO storage and use at former US bases at Bien Hoa, Da Nang, and Phu Cat, posing
potential health risks for Vietnamese living on or near these hot spots. We evaluated potential risk factors
contributing to serum TCDD levels in Vietnamese residents at and near contaminated sites in Da Nang
and Bien Hoa, Vietnam. We used multiple linear regression to analyze possible associations of blood
dioxin concentrations with demographic, socioeconomic, lifestyle, and dietary risk factors for residents
living on or near these hot spots. For the Da Nang study, fish farming on the site, living on property
flooded from monsoon rains, and age were among the factors showing significant positive associations
with serum TCDD concentrations. For the Bien Hoa study, fish farmers working at this site and their
immediate family members had significantly higher serum TCDD concentrations. Our results suggest that
water-related activities, especially fish-farming, at the hot spots increased the risk of exposure to dioxin.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

High levels of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) have
been found in soils and aquatic sediments in several areas of south-
ern Vietnam that were contaminated during the Vietnam War in
1961–1971 via spraying, handling and/or spillage of herbicides,
mainly Agent Orange (Dwernychuk et al., 2002; Mai et al., 2007;
Nhu et al., 2009). Agent Orange herbicide used by the US military
in Vietnam was a 50:50 mixture of 2,4-dichlorophenoxyacetic acid
(2,4-D) and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), which was
contaminated with TCDD during the manufacturing process. TCDD
is a member of a class of chemicals known commonly as ‘‘dioxins’’,
and it is considered to be the most toxic compound in this chemical
group (Van den Berg et al., 2006). TCDD (hereafter sometimes
referred to as dioxin) is associated with numerous health effects
in adults including soft-tissue sarcoma, non-Hodgkin’s lymphoma,
chronic lymphocytic leukemia and also birth defects such as spina
bifida in newborns (IOM, 2009).
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Additionally, elevated dioxin levels in food items collected near
contaminated sites have also been reported (Hatfield Consultants,
1998; Schecter et al., 2003; Hatfield Consultants and Office 33,
2009, 2011). Even more worrisome, high levels of dioxin in blood
and breast milk samples have also been found in Vietnamese res-
idents living on or near these contaminated sites (Schecter et al.,
1995; Dwernychuk et al., 2002; Hatfield Consultants and Office
33, 2009, 2011; Saito et al., 2010). Despite the elevated dioxin lev-
els measured in human blood, breast milk, and environmental
media in Vietnam, little research has been conducted to study spe-
cific risk factors contributing to dioxin exposure. A study by Saito
et al. (2010) found that previous exposure was the major contrib-
utor to high levels of breast milk dioxin in females living in sprayed
areas of Quang Tri Province, Vietnam. However, dioxin found on
surface soils in sprayed areas is degraded by ultraviolet light;
sprayed areas are, therefore, no longer a main concern for dioxin
contamination (NRC, 2003; Dwernychuk, 2005). Compared to the
sprayed areas, the areas where quantities of Agent Orange were
stored, handled, and spilled have much higher dioxin concentra-
tions in soils and in nearby aquatic sediments and are referred to
as dioxin ‘‘hot spots’’ (Dwernychuk, 2005). Among these dioxin
hot spots, the former US military bases at Bien Hoa, Da Nang,
and Phu Cat are sites of major concern (Dwernychuk, 2005). Thus,
it is important to investigate potential risk factors contributing to
dioxin accumulation in residents living on or near these hot spots,
so as to manage and remediate these and other dioxin contami-
nated sites to reduce human exposure.

The current study is part of an extensive reassessment of dioxin
contamination and human exposure at Da Nang and Bien Hoa
recently completed by Hatfield Consultants and the Vietnam Office
of National Steering Committee 33 (Office 33) (Hatfield
Consultants and Office 33, 2009, 2011). Although Hatfield
Consultants and Office 33 (2009, 2011) and Boivin et al. (2011)
already presented and partially analyzed serum dioxin data from
the Da Nang and Bien Hoa studies, we extend their analyses using
multiple linear regression. The objective of the current study is to
evaluate potential demographic, socioeconomic, health, lifestyle,
and dietary risk factors contributing to dioxin exposure and accu-
mulation in residents who are living on or near the Da Nang and
Bien Hoa dioxin hot spots.
2. Materials and methods

2.1. Study populations

This study is a part of three investigations conducted by Hat-
field Consultants and the Government of Vietnam to determine
the extent and level of dioxin contamination in the environment
and the exposed human populations on and around former US mil-
itary bases in Da Nang and Bien Hoa. Details of the 2006 and 2009
studies in Da Nang and the 2010 study in Bien Hoa are reported by
Hatfield Consultants and Office 33 (2009, 2011).

Individuals participating in these studies were all at least
18 years old. Eligible individuals were selected from the population
living on or around the former US military bases at Da Nang (now
the Da Nang International Airport) and Bien Hoa (now a Vietnam-
ese Military Airbase). For the Da Nang studies conducted in 2006
and 2009, the sub-populations included in the study were selected
either randomly or non-randomly as follows. Sub-populations
from which samples were selected randomly included: (1) An
Khe Ward, Thanh Khe District (2009 study) located near the west
side of the Da Nang Airport and also close to the Pacer Ivy Area,
where Agent Orange drums were cleaned, re-labeled, and repacked
for shipping the Agent Orange out of Vietnam in 1972 (Young,
2009); (2) Khue Trung Ward, Cam Le District (2009 study) is a
low-lying wetland located south of the Da Nang Airport; (3) Thuan
Tay Ward, Hai Chau District (2009 study) is near the eastern
boundary of the Da Nang Airport; (4) Chinh Gian Ward, Thanh
Khe District (2006 study) is a former wetland connected to Sen
Lake near the north boundary of the Airport; and (5) Thuan Phuoc
Ward, Hai Chau District (2006 study) was the control area located
5 km away from the Airport. Sub-populations from which samples
were selected non-randomly included (1) Sen Lake workers and
their family members (2006 and 2009 studies) who were chosen
non-randomly because they had been in contact with the contam-
inated Sen Lakes inside the Airport; and (2) West Airbase workers
and their family members (2006 and 2009 studies) who were cho-
sen non-randomly because they had been in contact with lakes in
the western perimeter of the Airport. The total sample size for
these studies was 186 participants. For the Bien Hoa study con-
ducted in 2010, Bien Hoa Airbase workers were chosen randomly
and resulted in 42 total participants.

2.2. Questionnaires

All individuals participating in the survey and who provided
blood samples did so voluntarily, and signed consent forms prior
to sampling. Questionnaires and consent forms were in the Viet-
namese language. Staff members from Office 33, the Ministry of
Health and the local health department interviewed each volun-
teer donor in Vietnamese with guidance from Hatfield personnel.
Surveys included information on participants’ age, sex, smoking
habits, general health, residency, work history, food consumption
patterns, and general awareness about dioxins.

Demographic and socioeconomic variables including age, gen-
der, and education were collected from questionnaire surveys
and used in both the Da Nang and Bien Hoa analyses presented
here. Age was determined in years at the time of sampling. Educa-
tion levels were self-reported using multiple grade categories, but
since the sample sizes for both Bien Hoa and Da Nang were small,
this education variable was combined into 2 categories of ‘‘high
school graduate and below’’ and ‘‘any postsecondary education’’.

Additionally, weight, height, current smoking status, and resi-
dency were included in this study. Weight (in kilograms) and
height (in centimeters) information were self-reported, and were
combined to calculate body mass index (BMI) as weight (kg)
divided by height in meters squared (m2), to obtain an estimate
of participants’ body fat. Current smoking status was recoded as
a dichotomous (yes/no) categorical variable and residency infor-
mation was collected by asking participants about their duration
(in years) of living at current ward addresses.

2.3. Measurement of serum dioxin concentrations

To measure the blood serum dioxin concentration, each respon-
dent was asked to donate his or her blood sample, with signed con-
sent forms obtained in advance. Under the supervision of Hatfield
personnel, trained medical staff from the local health departments
in Da Nang and in medical clinics at the Bien Hoa Airbase collected
participants’ blood samples. The samples were then shipped to
AXYS Analytical Services in Sidney, British Columbia, Canada for
analysis using High Resolution Gas Chromatography Mass Spec-
trometry (HR GC/MS) (Hatfield Consultants and Office 33, 2009,
2011). These analyses provided concentrations of 17 PCDD and
PCDF compounds in pg/g or parts per trillion (ppt) (lipid weight
basis) and also the dioxin Toxicity Equivalent Quotients (TEQ)
using Toxic Equivalency Factor (TEF) values from the WHO 2005
scale (WHO, 2011). The 2006 Da Nang dioxin concentrations were
measured from whole blood samples and the 2009 Da Nang and
2010 Bien Hoa dioxin concentrations were measured from serum
samples as reported by Hatfield Consultants and Office 33 (2009,
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2011). Notably, although TCDD levels were measured in different
tissues (serum samples and whole blood samples), results from
studies conducted by other researchers comparing TCDD measures
from whole blood and serum samples on a lipid-adjusted basis are
highly correlated (Patterson et al., 1988; Schecter et al., 1991).

2.4. Data analysis

Descriptive statistics were calculated for all variables collected
from the surveys for the Da Nang and Bien Hoa studies. Serum
TCDD concentrations and TEQ values for both studies were highly
skewed based on tests of normality and were, therefore, natural-
log-transformed. Furthermore, bivariate analyses, specifically,
Spearman rank test and ANOVA were also used to test the associ-
ations and distributions of serum TCDD concentrations and TEQ
values with each variable in both studies. Additionally, to deal with
Da Nang and Bien Hoa data sets with missing survey questionnaire
responses that were randomly distributed in the data set, multiple
imputation methods were applied to fill in each missing response
with a set of plausible responses (Berglund, 2010). Then, multiple
linear regression (MLR) was used as the main analytical method
to assess how well the variation in serum TCDD concentrations
can be explained when using a set of explanatory variables. Since
a great deal of information was collected from each survey ques-
tionnaire, the following variable selection procedures were applied
to both Da Nang and Bien Hoa datasets to choose variables for
inclusion in the final models. First, forward stepwise variable selec-
tion and backward-elimination procedures were applied to select
the variables with p-values smaller than the SAS software’s default
criterion of 0.05. To test the stability of their significance, selected
variables resulting from a previous step were then added individ-
ually into the MLR models, which already included demographic
factors. Variables selected from both steps were then combined
in the final model along with demographic factors if the selected
variables satisfied one of the following conditions: (1) they were
found to be associated with tissue dioxin concentrations from pre-
vious published research; or (2) they were related to dietary habits,
since one of the major pathways of dioxin accumulation in adults is
associated with contaminated food consumption (NRC, 2003). Sta-
tistical analyses in this study were conducted using SAS version 9.2
software (SAS Institute Inc., Cary, NC, USA) and R version 3.1.0 (R
Core Team, 2014) with the psych (Revelle, 2014), ggplot2
(Wickham, 2009), plyr (Wickham, 2011), and reshape2
(Wickham, 2007) packages.

2.4.1. Da Nang study
Data from the Da Nang study came from two different years, 45

participants from 2006, 111 from 2009 and 15 from both 2006 and
2009. To combine the data from the two years, we performed a
paired t-test to test whether the differences in serum dioxin levels
of the 15 participants in 2006 and 2009 are statistically significant.
The result from this test allowed us to include the 2009 values for
serum dioxin concentrations and, thus, drop out blood dioxin con-
centrations for the 2006 samples from these 15 re-sampled partic-
ipants in the model for the Da Nang study (t(14) = �1.073,
p = 0.301). Additionally, 31 participants were excluded from the
analysis presented in this study because they either refused to
allow blood samples to be taken or did not appear at the medical
clinic to provide samples. Thus, the total number of participants
included in the Da Nang MLR model was 140.

A Spearman rank test was performed to determine whether
TCDD and TEQ values were correlated. Results from this test
showed a highly positive association between the values for TCDD
and TEQ (r(138) = 0.866, p < 0.0001). Thus, for the purposes of this
study, only the concentrations of TCDD in serum samples were
included in the analysis as a dependent variable.
Dichotomous independent variables used as explanatory vari-
ables for serum dioxin concentrations besides the demographic
and socioeconomic variables in the Da Nang model were as fol-
lows: (1) for dietary factors: eating fish caught from ponds and
lakes in the Da Nang Airport and eating fish muscle, fat and/or
organs; (2) for lifestyle variables: working on or being inside the
Da Nang Airport, buying (and presumably consuming) ducks from
local markets, flood water entered participants’ properties, har-
vesting lotus or other aquatic vegetables growing in ponds/lakes
in the Da Nang Airport, living in Thanh Khe District, and working
as fish farmers or being members of fish farmers’ immediate fam-
ilies; (3) additionally, current smoking status was also included in
the MLR analysis in this model.

2.4.2. Bien Hoa study
The total sample population for the Bien Hoa study was 42 par-

ticipants. Similar to the Da Nang study, TCDD concentration in
serum samples was significantly correlated to TEQ values based
on the Spearman rank test (r(40) = 0.99, p < 0.0001). Thus, the
dependent variable for this Bien Hoa model is the serum TCDD
concentrations.

For the Bien Hoa study, we considered fewer explanatory vari-
ables in the model due to the smaller sample size (n = 42). Besides
demographic, socioeconomic and health factors, the following
dichotomous (yes/no) independent variables were included in
the MLR model: eating birds at least a few times per week; eating
fish caught from ponds and lakes in the Bien Hoa Airbase; eating
fish muscle, fat and/or organs; raising and harvesting ducks inside
the Bien Hoa Airbase; fish-farmers and their immediate family
members; and personally handling or working with Agent Orange
and/or other defoliants.

3. Results

The characteristics of participants included in the Da Nang
study are shown in Table 1. Of the 140 participants in the Da Nang
study, 56% were male, 79% were high school graduates or below,
and 36% were currently smoking. The average age of Da Nang par-
ticipants was 39.6 years (SD = 12.4 years) and they had an average
BMI of 21.6 kg m�2 (SD = 3.0 kg m�2). The average number of years
residing at their current ward address was 22.1 years with a wide
range of values (SD = 13.6 years). About one-third (37%) of the par-
ticipants reported either working at or being inside the Da Nang
Airport, while 16% were fish farmers or members of their immedi-
ate families. Sixty-nine (69) percent bought ducks from local mar-
kets. As for residence location, 42% of participants lived in Thanh
Khe District and approximately 42% of participants had floodwater
enter their property during monsoon rains.

Table 1 also shows characteristics of the 42 Bien Hoa partici-
pants. The average age of the sample population was 47.1 years
(SD = 3.2 years) with an average BMI of 22.2 kg m�2

(SD = 2.0 kg m�2). A majority (88%) of Bien Hoa participants were
male, and 62% had an educational level of postsecondary. Their
average total years of residency was 17.1 years (SD = 6.5 years).
All participants in the Bien Hoa study were Airbase workers.
Almost half (47%) of the participants raised and harvested ducks
from ponds and lakes on the Bien Hoa Airbase. Fourteen (14) per-
cent of Bien Hoa participants were fish farmers or members of
farmers’ immediate families.

3.1. Descriptive statistics for serum dioxin concentrations

Bien Hoa participants had higher geometric mean serum TCDD
concentrations (82.431 ppt lipid weight basis) than Da Nang par-
ticipants (11.913 ppt) as shown in Table 2. Similar to the serum
TCDD concentrations, the Bien Hoa participants’ mean serum TEQ



Table 1
Characteristics of participants in Da Nang (n = 140) and Bien Hoa (n = 42) studies.

Characteristic Da Nang Bien Hoa

Missinga (n) Mean ± SD n (%) Missinga (n) Mean ± SD n (%)

Age (years) 0 39.6 ± 12.4 0 47.1 ± 3.2
Body mass index (kg m�2) 6 21.6 ± 3.03 0 22.2 ± 2.0
Residency (years) 1 22.1 ± 13.6 0 17.1 ± 6.5
Male 0 79 (56.4) 0 37 (88.1)
Education 0 0

High school graduate or below 111 (79.3) 16 (38.1)
Any postsecondary 29 (20.7) 26 (61.9)

Currently smoking 3 49 (35.8) 0 16 (38.1)
Fish farmers or immediate families 0 23 (16.4) 0 6 (14.3)
Eating fish muscle, fat and/or organs 1 70 (50.4) 0 23 (54.8)
Ever worked on or been inside Da Nang Airport 0 52 (37.1)
Buying ducks from local markets 15 86 (68.8)
Flood water enters home 1 58 (41.7)
Harvesting lotus or other aquatic vegetables from Da Nang Airport 1 25 (18.0)
Living in Thanh Khe district 0 59 (42.1)
Ever eaten fish caught from ponds/lakes in Da Nang Airport 1 44 (31.6)
Ever eaten fish caught from Bien Hoa Airbase 1 37 (90.2)
Eating birds at least a few times per week 2 20 (50.0)
Raising, harvesting ducks from ponds/lakes in Bien Hoa Airbase 2 19 (47.5)
Personally handling or working with Agent Orange and/or other defoliants 0 10 (23.8)

a Each number represents the number of participants with missing survey responses and for whom plausible responses were estimated using multiple imputation methods
(Berglund, 2010).

Table 2
Serum TCDD concentrations and TEQa values in pg/g lipid for participants in Da Nang,
Bien Hoa, and National Health and Nutrition Examination Survey (NHANES) 2003–
2004b studies.

Da Nang
(n = 140)

Bien Hoa
(n = 42)

NHANES
(n = 719)

2,3,7,8-TCDD
Geometric mean 11.913 82.431 –c

Range 0.005–1340 13.7–1970 –d

50th Percentile 8.520 67.75 –c

75th Percentile 35.575 132.50 2.9
95th Percentile 212.400 1004.35 5.3

TEQ
Geometric mean 54.107 197.9 14.1
Range 7.75–1410 19.3–2020 –d

50th Percentile 50.60 82.85 14.1
75th Percentile 79.15 143.25 22.4
95th Percentile 293.15 1043.35 39.0

a TEQ values were calculated from 2005 WHO TEF values (WHO, 2011). In the Da
Nang and Bien Hoa studies, no detection = ½ detection limit value.

b NHANES data are extracted from Chen et al. (2013).
c These values are not calculated due to high proportions of results were below

limit of detection.
d Not available.
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values were approximately 3 times higher (197.9 ppt) than Da
Nang participants (54.107 ppt). Complete values of dioxin congen-
ers for Da Nang and Bien Hoa studies are summarized and pre-
sented in Supplementary Table 1.

3.2. Regression results for serum dioxin concentration

The results of multiple linear regression analyses for natural-
log-transformed TCDD concentrations with demographic charac-
teristics, lifestyles and dietary habits as explanatory variables for
the Da Nang study are shown in Table 3. Older age was associated
with significantly higher serum dioxin concentration (eb = 1.04,
95% confidence interval (CI): 1.02, 1.061; p = 0.0001). Participants
whose property was flooded during monsoon rains had signifi-
cantly higher serum TCDD concentrations (eb = 1.71, 95% CI:
1.058, 2.763; p = 0.0288). Participants who had worked on or been
inside the Da Nang Airport had significantly higher serum dioxin
concentrations (eb = 1.817, 95% CI: 1.027, 3.215; p = 0.0404). Fish
farmers working on the Da Nang Airport and their immediate fam-
ily members were weakly associated with higher serum TCDD con-
centrations (eb = 2.65, 95% CI: 0.98, 7.166; p = 0.0548).

MLR results for the Bien Hoa study (Table 4) suggest that raising
and harvesting ducks inside the Bien Hoa Airbase was weakly asso-
ciated with serum dioxin concentrations (eb = 1.9, 95% CI: 0.949,
3.807; p = 0.069). But fish farmers working inside the Bien Hoa Air-
base and their immediate family members had significantly higher
serum dioxin concentrations than other participants in the sample
population (eb = 3.748, 95% CI: 1.287, 10.918; p = 0.017).
4. Discussion

Participants in this study were exposed to TCDD for a long per-
iod of time at both sites, with mean residencies of 22.1 and
17.1 years on or near the Da Nang and Bien Hoa sites, respectively.
Though living on or near the Bien Hoa Airbase site for shorter aver-
age lengths of time, Bien Hoa participants had substantially higher
geometric mean serum TCDD concentrations than Da Nang partic-
ipants (Table 2). This difference in serum TCDD levels at the two
sites was likely due to a number of factors including differences
in exposure levels and pathways. In addition, samples from popu-
lations at the two sites were drawn differently with participants
selected for the Bien Hoa study being limited to individuals who
worked on the Bien Hoa site.

Given the differences in how study populations were drawn and
the potential differences in exposure levels at the Da Nang and
Bien Hoa sites, issues discussed here will focus on an evaluation
of exposure pathways associated with reported serum dioxin con-
centrations in the Da Nang and Bien Hoa study populations. Results
from the Da Nang MLR model (Table 3) showed that four demo-
graphic and lifestyle variables contributed significantly to
increased serum TCDD concentrations in study participants: (1)
living on property where flood water entered during monsoon
rains, (2) working on or been inside the Airport, (3) age at sam-
pling, and (4) fish farmers or their immediate families. For the Bien
Hoa study (Table 4), due in part to the smaller sample size, only
fish farmers or their immediate family members had a significant
positive association with serum TCDD concentrations.



Table 3
Multiple linear regression model effects for natural-log-transformed serum TCDD concentrations for the Da Nang study (n = 140).

Estimate (eb) 95% CI p-Value

Age at sampling (years) 1.04 (1.02, 1.061) 0.0001
Body mass index (kg m�2) 1.028 (0.955, 1.107) 0.4592
Residency (years) 0.997 (0.98, 1.014) 0.7488
Male 1.126 (0.68, 1.863) 0.6418
Educationa 1.325 (0.738, 2.379) 0.3427
Currently smoking 1.173 (0.708, 1.943) 0.5337
Ever eaten figh caught from ponds/lakes in the Da Nang Airport 1.171 (0.615, 2.228) 0.6281
Eating fish muscles, fat and/or organs 0.743 (0.472, 1.171) 0.1988
Ever worked on or been inside Da Nang Airport 1.817 (1.027, 3.215) 0.0404
Buying ducks from the local markets 0.786 (0.495, 1.247) 0.3027
Flood water entered home 1.71 (1.058, 2.763) 0.0288
Harvesting lotus or other aquatic vegetables from ponds/lakes in the Da Nang Airport 2.091 (0.815, 5.36) 0.1236
Living in Thanh Khe district 1.491 (0.855, 2.599) 0.1575
Fish farmers or immediate family members 2.65 (0.98, 7.166) 0.0548
Average adjusted R2 0.447

a ‘‘High School Graduate and Below’’ is the omitted reference group.

Table 4
Multiple linear regression model effects for natural-log-transformed serum TCDD concentrations for participants in the Bien Hoa study (n = 42).

Estimate (eb) 95% CI p-Value

Age at sampling (years) 0.949 (0.86, 1.047) 0.280
Body mass index (kg m�2) 1.021 (0.871, 1.197) 0.792
Residency (years) 0.986 (0.932, 1.043) 0.609
Male 1.348 (0.542, 3.352) 0.506
Educationa 0.779 (0.409, 1.484) 0.432
Currently smoking 0.805 (0.44, 1.472) 0.467
Eating fish caught from ponds/lakes in the Bien Hoa Airbase 1.396 (0.506, 3.855) 0.505
Eating fish muscles, fat and/or organs 0.878 (0.436, 1.768) 0.706
Eating birds at least a few times per week 0.574 (0.302, 1.089) 0.086
Raising, harvesting ducks inside the Bien Hoa Airbase 1.9 (0.949, 3.807) 0.069
Handling or working directly with Agent Orange and/or other defoliants 1.231 (0.507, 2.988) 0.634
Fish farmers or immediate family members 3.748 (1.287, 10.918) 0.017
Average adjusted R2 0.494

a ‘‘High School Graduate and Below’’ is the omitted reference group.
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To further assess the extent of dioxin contamination in Da Nang
and Bien Hoa participants, we compared their mean serum
lipid-adjusted TCDD and TEQ values to the National Health and
Nutrition Examination Survey (NHANES) 2003–2004 data (Chen
et al., 2013). Residents living on or near Da Nang and Bien Hoa sites
have much higher serum TCDD levels and TEQ values as compared
to this reference population (Table 2). This indicates a high priority
for follow-up risk assessment studies to be conducted at Da Nang
and Bien Hoa.

Working on or having been inside the Da Nang Airport was also
a significant contributor to serum dioxin concentrations in study
participants (Table 3). Hatfield Consultants and Office 33 (2009)
reported very high soil dioxin concentrations (as high as 13,400
ppt dry weight) on the Da Nang Airport grounds, particularly at
the former Mixing and Loading, and Storage Areas. Garabrant
et al. (2009) also suggested that historic exposures contributing
to serum dioxin concentrations included activities such as working
at dioxin-contaminated sites in Midland and Saginaw, Michigan.

Results from our study also suggest that water-related activities
at contaminated ponds and lakes inside the dioxin hot spots are an
important source of exposure to dioxin for Da Nang and Bien Hoa
participants. For instance, in both studies, fish farming activities
were significantly associated with elevated serum dioxin concen-
trations (Tables 3 and 4). Moreover, Hatfield and Office 33 (2009,
2011) reported high TCDD concentrations in fish caught from these
contaminated ponds and lakes inside both Da Nang and Bien Hoa
sites. This association is likely due to consumption of contaminated
fish as well as contact with contaminated water and sediments
(Schecter et al., 2001). However, eating fish caught from ponds/
lakes in both Da Nang and Bien Hoa studies was not significantly
associated with higher serum TCDD levels due to the following
limitations in our study: (1) we did not have sufficient information
related to the frequency and the amount of fish consumption in
these participants, and (2) our survey questions did not specify
whether this dietary habit was a current or past practice. On the
other hand, as expected from our MLR models, consumption of
lotus or other aquatic vegetables harvested from ponds/lakes in
the Da Nang Airport was not significantly associated with increas-
ing the risk of exposure to dioxin in these participants since they
have been reported to have low dioxin levels (NRC, 2003;
Schecter et al., 2003). Nonetheless, these water-related activities
at the Da Nang and Bien Hoa sites, as well as possible consumption
of fish, lotus or ducks from these sites, are important sources of
dioxin exposure as previously reported by Schecter et al. (2003),
Hatfield Consultants and Office 33 (2009, 2011), and Tran et al.
(2010).

In addition to water-related activities at contaminated ponds
and lakes inside the dioxin hot spots, living at the areas where
floodwaters enter homes located near dioxin contaminated sites
also increases the risk of exposure to dioxin in residents living at
these areas. Historically, these participants were more likely to
have been exposed to higher TCDD contamination in soils. This
result suggests that one of the potential mechanisms of dioxin
spreading in these areas is via water-mediated transport of con-
taminated soils (Quynh et al., 1989; Hatfield and Office 33, 2009,
2011).

Though the effect of residency on increasing serum TCDD levels
in our MLR models was not statistically significant, it is important
to note that those who moved to or started working on the Da
Nang site more recently (i.e. 5 years) have lower serum TCDD
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concentrations (t(134.7) = 2.756, p = 0.007). Additionally, in the Da
Nang study, participants living closer to the Airport have higher
serum TCDD levels than those living 5 kilometers (km) away from
the Airport (Supplementary Figs. 3a and 3b). We were unable to
conduct similar analyses on the Bien Hoa study because of the fol-
lowing reasons: (1) the sample population was limited to only Bien
Hoa Airbase workers and (2) there are only two participants who
moved to their current addresses 5 years ago. These participants,
however, are fish farmers with extremely high serum TCDD con-
centrations; therefore using them in such an analysis might bias
the result.

Our study also suggests that age of participants was also asso-
ciated with elevated serum TCDD concentrations in the MLR model
for the Da Nang study. We illustrate the distributions of serum
TCDD concentrations by age of participants in the Da Nang and
Bien Hoa studies in Supplementary Figs. 1 and 2. Similar results
to ours were also reported in Quynh et al. (1989), Burns et al.
(2010), and Chen et al. (2013). This age-TCDD relationship is likely
associated with a longer exposure period and/or it may also reflect
a longer TCDD half-life in older individuals (Wolfe et al., 1994).

There are several limitations in our study that prevented max-
imum exploration of the data. To be able to include more explan-
atory variables in the MLR model, we would have needed a
larger sample size. This obstacle restricted the number of explana-
tory variables included in the Bien Hoa MLR model compared to
the number included in the Da Nang model, which had a larger
sample size. Additionally, one of the requirements to apply the
MLR model is approximately even distribution of each answer cat-
egory in dichotomous categorical variables. For example, in the Da
Nang data sets, only 6 out of 140 participants reported that they
raised or harvested ducks from the Da Nang Airbase. This variable
was, therefore, not included in the Da Nang model.
5. Conclusions

We were able to find statistically significant and practically
important associations between demographic and lifestyle vari-
ables and serum TCDD concentrations. Results from both Da Nang
and Bien Hoa studies show that contributions to serum TCDD lev-
els in people residing on or near these sites included activities such
as working or being on the sites, as well as fish-farming on contam-
inated ponds and lakes. Equally important, our findings also show
that local environmental conditions such as flooding during mon-
soon rains where these residents were living also increased the risk
of exposure to TCDD residues. Although our study found several
risk factors related to dioxin accumulation in residents living on
or near Da Nang and Bien Hoa sites, we acknowledge that there
might be some other major unidentified pathways of exposure to
dioxin in these populations since our MLR models explained only
small proportions of the overall variation in TCDD levels.

The findings in this study suggest a high priority for a follow-up
risk assessment for residents living on or near these dioxin con-
taminated hot spots. Additionally, to reduce human exposure to
dioxin effectively, not only public educational programs but also
strategies for environmental remediation of dioxin contamination
or removal of TCDD should be implemented at these sites (Tran
et al., 2013). We note, however, that the Da Nang Airport is cur-
rently being cleaned up with funding by the US Government
(USAID, 2013). Bien Hoa is also targeted for cleanup in the next
few years (Boivin et al., 2011).
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