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Abstract The objective of this study is to conduct a meta-
analysis of published and unpublished studies that examine
the association between Agent Orange (AO) exposure and
the risk of spina bifida. Relevant studies were identified
through a computerized literature search of Medline and
Embase from 1966 to 2008; a review of the reference list of
retrieved articles and conference proceedings; and by con-
tacting researchers for unpublished studies. Both fixed-
effects and random-effects models were used to pool the
results of individual studies. The Cochrane Q test and index
of heterogeneity (I*) were used to evaluate heterogeneity,
and a funnel plot and Egger’s test were used to evaluate
publication bias. Seven studies, including two Vietnamese
and five non-Vietnamese studies, involving 330 cases and
134,884 non-cases were included in the meta-analysis. The
overall relative risk (RR) for spina bifida associated with
paternal exposure to AO was 2.02 (95% confidence interval
[CI]: 1.48-2.74), with no statistical evidence of heteroge-
neity across studies. Non-Vietnamese studies showed a
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slightly higher summary RR (RR = 2.22; 95% CI: 1.38-
3.56) than Vietnamese studies (RR = 1.92 95% CI: 1.29—
2.86). When analyzed separately, the overall association
was statistically significant for the three case—control
studies (Summary Odds Ratio = 2.25, 95% CI: 1.31-3.86)
and the cross sectional study (RR = 1.97, 95% CI: 1.31-
2.96), but not for the three cohort studies (RR: 2.11; 95%
CI: 0.78-5.73). Paternal exposure to AO appears to
be associated with a statistically increased risk of spina
bifida.

Keywords Agent Orange - Dioxin - Birth defects -
Spina bifida - Meta-analysis

Abbreviation

AO Agent Orange

CDC Centers for disease control and prevention
CI Confidence interval

EOI  Exposure opportunity index

OR Odds ratio

RR Relative risk

Introduction

Spina bifida is among the most common and serious con-
genital malformation of humans. Although spina bifida is
compatible with life, 99% of affected persons are handi-
capped. The prevalence of spina bifida varies from 0.2 to 3
per 1,000 total births by region, period, race and ethnicity
[1]. Both environmental and hereditary factors contribute
to the liability of spina bifida [2]. Agent Orange (AO)
during the US war in Vietnam has been suggested to cause
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spina bifida in the offspring of US soldiers who were
exposed [3].

There are three major types of spina bifida. A mild
form is called spina bifida occulta or hidden spina bifida
which usually causes no disabilities. The other two
include myelomeningocele and meningocele with the
former being more severe and more common than the
latter. The term spina bifida and myelomenigocele can be
used interchangeably. Most babies (70-90%) with spina
bifida either have hydrocephalus at birth or develop it
soon after [4].

Agent Orange is composed of approximately equal
proportions by weight of two defoliants: n-butyl esters of
2,4-dichlophenoacetic acid (2,4-D) and 2,4,5-trichloro-
phenoxyacetic acid (2,4,5-T). Dioxin is a synthetic con-
taminant of the 2,4,5-T. In animal studies, dioxin was
found more toxic than the active ingredients of the herbi-
cides used in Vietnam [3]. Specific concern about AO with
its contaminant-dioxin and spina bifida was raised by Er-
ickson et al. [5] in the early 1980s when the US Centre for
Disease Control (CDC) birth defects study was re-analyzed
using the Exposure Opportunity Index (EOI) based upon
interview data. This study found that the risk of spina bifida
was significantly associated with the estimated levels of
AO exposure, while the association with other birth defects
was insignificant. Furthermore, US Vietnam veterans in
this study with a higher EOI were at greater risk of
fathering a baby with spina bifida. Following this study, the
CDC Vietnam experience study [6] and the Ranch Hand
Study [7] also found an elevated risk for fathering spina
bifida among US veterans who were exposed to AO. Based
on these three studies, the US Institute of Medicine (IOM)
reviewed biannually the health effects of AO and con-
cluded that there is “suggestive” evidence that the risk of
spina bifida is increased in the offspring of US soldiers who
were exposed to AO during the US war in Vietnam [3].

In an attempt to address the potential link between AO
and human birth defects, Ngo et al. (2006) performed a
systematic review and meta-analysis pooling data from 22
studies (both published and unpublished) of US, Austra-
lian, and Vietnamese veterans, and sprayed civilians. This
meta-analysis found that those exposed, or thought to be
exposed to AO, were almost twice as likely to have a child
with birth defects as were unexposed people. The authors,
however, noted that a particular teratogen or mutagen may
cause specific type(s) of defects; thus there is a possibility
that since not all birth defects are related to AO exposure,
the inclusion of all types of defects in an overall estimate of
RR can result in dilution of RRs for those that are related.
Moreover, the specific birth defects have been reported in
the context of studies of congenital anomalies of all types,
or a wide range of reproductive outcomes. Therefore, the
studies lacked statistical power for the purpose of
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analyzing associations between Agent Orange and a par-
ticular category of birth defects. To address this short-
coming, the aim of this study was to undertake a meta-
analysis to determine the association between paternal AO
exposure and the risk of spina bifida in the offspring.

Spina bifida has been chosen because this birth defect
has been consistently defined and frequently reported in
studies of the association of AO with birth defects. Fur-
thermore, the evidence concerning a potential link
between AO exposure and spina bifida was primarily
based on the IOM’s qualitative review of three published
studies in the US [5, 7, 8] without an overall estimate of
the association. This meta-analysis combines data from
US, Australia, and Vietnam thus increasing statistical
power which permits a more reliable estimate of risk over
individual studies.

Methods

The methods, including data sources, eligible criteria for
selecting studies, review procedure, and statistical methods
are more fully described elsewhere [9]. We used multiple
search strategies including: (1) a literature search of elec-
tronic databases (Medline from 1966 to Dec 2008) and
Embase (1974 to Dec 2008) using the exploded terms:
‘AO’ and ‘Vietnam’ in conjunction with one of following
terms: ‘birth defects’, ‘congenital malformations’, ‘con-
genital anomalies’, ‘adverse reproductive effects’, and
‘adverse developmental effects’, “spina bifida”, “neural
tube defects”, and “meningomyelocoele”; (2) a review of
relevant conference proceedings or published meeting
abstracts, and relevant articles from the bibliography of all
retrieved publications; (3) and by contacting researchers in
the field and The National Committee for Investigation of
the Consequences of the Chemical Used in the Vietnam
War (the 10-80 Committee).

The screening of potentially eligible studies was
undertaken through two sequential steps. First, studies of
the association between AO and birth defects were loca-
ted through reviewing the titles and abstracts, using the
following inclusion criteria: (1) published and unpub-
lished studies providing RR or OR on the association
between AO exposure and birth defects or providing data
that permit the calculation of these; (2) meta-analysis of
the relevant studies; (3) international veteran studies that
compared the incidence of birth defects among children
of ex-service men involved in the Vietnam War with
other ex-service man or general populations. Second, data
on each specific category of birth defects including spina
bifida were extracted, where available, and the numbers
were entered into two by two tables. For the present
meta-analysis, studies were included if they reported an
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OR or RR and 95% CI of an association between AO
exposure and spina bifida, or data that allowed for cal-
culation of these. When one group of a study has no event
of spina bifida (i.e., containing a zero cell in the 2 x 2
table), 0.5 was added to each cell of the two by two table
to estimate the RR [10].

Occupational and environmental studies of dioxin
exposure and birth defects in other non-military situations
were not considered. This is because these studies are
limited by the fact that the exposures were minimal, the
context of exposure varied greatly, the number of people
exposed was small, and length of the time exposed was
short, making the evidence far from conclusive. When a
study had duplicate publications, only the most inclusive
publication was used.

Each study was classified as a cohort study, case—control
study, or cross-sectional study. Studies were further allo-
cated into individual or aggregate studies according to the
assessment of exposure assigned to groups, or measured in
individuals. In addition, all studies that met eligibility
criteria were assessed by the following characteristics:
location of studies (Vietnam vs. other countries), the time
when studies were carried out, levels of exposure, sample
size and sampling methods, the source of exposure and
outcome data, the types of parental exposure (mother,
father or both), measurement and strength of association,
and potential confounding and bias.

Pooling of data was performed using both fixed-and
random-effects models [11, 12], weighting each study by a
measure of its precision as the inverse of the estimated
variance [13]. When there is no detectable heterogeneity,
the two estimates coincide. In the results section, while
random-effects estimates are reported as the primary
analysis, fixed effects estimates are also provided for
comparison.

Heterogeneity of effects across studies was assessed by
the Cochran’s Q statistic [13] and was deemed significant
when P < 0.05. In addition, the coefficient of inconsis-
tency (I%) as described by Higgins and Thompson [14] was
also computed to assess the heterogeneity. I is an estimate
of the proportion of total variation in study estimates that is
due to heterogeneity. To examine the possibility that
publication bias may have affected the results, a funnel
plot of the natural logarithm of OR or RR as the inverse of
the variance of the studies was constructed, and the
regression test for small study effects [15] was used for
quantitative assessment of publication bias and funnel plot
asymmetry. The data on ORs or RRs and 95% CI were
entered into the STATA statistical package version 8.0 to
perform these calculations. We used the META command
to calculate a summary RR and 95% CI, and heterogeneity
statistics, and the META-BIAS command to conduct the
Egger test [10].

Results

Seven studies, involving 330 cases and 134,884 non-
affected children were identified as eligible for the present
meta-analysis (Tables 1, 2). No meta-analyses relevant to
this topic were identified. Four studies were conducted in
the US [5-7, 16], one in Australia [17], and two in northern
Vietnam [18, 19]. Three non-Vietnamese studies were
included in the IOM report, as noted earlier. Three studies
[16, 18, 19] have not been published in any peer-reviewed
journal. Although we did not restrict our inclusion criteria
to studies with fathers exposed, none of the seven studies
involved sprayed civilians (including men and women) or
ex-service women, so only ex-service men were included
in the present meta-analysis. Funnel plots revealed a
symmetrical distribution with no evidence of publication
bias (Egger’s test: intercept = 0.03; P = 0.96) (Fig. 1) for
all studies, as well as for published studies only (Egger’s
test: intercept = 1.00, P = 0.6).

There were three case—control studies with a total of 80
spina bifida cases, three retrospective cohort studies
reporting on 12,875 infants or children of exposed fathers
and 103,220 infants or children of unexposed fathers, and
one cross-sectional study involving 213 children of
exposed fathers and 210 children of unexposed fathers
(Table 3). In the cohort study of US Ranch Hand veterans
[7], four cases of spina bifida were recorded among Ranch
Hand veterans, while none were observed among children
of control veterans.

The pooled RR of seven studies was 2.02 (95% CI:
1.48-2.74) by both fixed-and random-effects models
(Table 3; Fig. 2). The heterogeneity Q statistic is 5.30
(P = 0.51) and the coefficient of inconsistency (12) 1s 0.00,
indicating no statistical evidence for heterogeneity. The
overall association between AO exposure and spina bifida
was statistically significant for the case—control studies
(OR: 2.25, 95% CI: 1.31-3.86) and the cross sectional
study (RR = 1.97, 95% CI: 1.31-2.96), but not for the
cohort studies (RR: 2.11; 95% CI: 0.78-5.73), although the
point estimate was similar. The magnitude of association
was slightly higher in non-Vietnamese veterans (RR: 2.22,
95% CI:. 1.38-3.56) than in North Vietnamese veterans
(RR: 1.92; 95% CI: 1.29-2.86), although 95% CI
overlapped.

It was noted that one Vietnamese study [19] differed
methodologically from other studies. This particular study
was cross-sectional and designed to specifically examine
spina bifida occulta associated with paternal AO exposure.
It provided more than two-thirds of the number of spina
bifida cases and captured more than 50% of the total weight
of effect (Fig. 2). When this study was removed from the
meta-analysis the pooled RR increased slightly to 2.09, and
remained statistically significant, with a corresponding
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Fig. 1 Meta-analysis of association of Agent Orange and spina
bifida: funnel plots of In OR or In RR and precision+ for all studies.
+ Precision defined as inverse variance of In (OR/RR)

confidence interval of (1.31-3.32). Thus, the overall risk
estimate was not directionally affected by a single study
with a methodological difference and which contributed
the largest number of cases.

Discussion

Results of this meta-analysis combining data from seven
studies show that paternal exposure to AO is associated with
a twofold increase in the risk of spina bifida in their chil-
dren. By pooling data from more than 100,000 population,
with 330 cases of spina bifida, the present meta-analysis has
stronger statistical power than individual studies to estimate
the overall strength of the association with AO. There is no
statistical evidence for heterogeneity across different stud-
ies suggesting that they measured the same underlying risk
and that pooling the data is appropriate. Furthermore, there

Can(83
Erickson(84

(83)

(84)
Donovan(84) -
CDC(88)
Wolf(95)
)

) -

hung (2000
del Junco (2005

Combined -

A 10
Odds ratio/Relative risk and 95% Cls

R S
H
T
1

Fig. 2 Meta-analysis of association of Agent Orange and spina
bifida: odds ratio or relative risk estimate and 95% confidence
intervals for individual studies

is no statistical evidence indicating a deficit of smaller
negative studies minimizing the possibility of publication
bias affecting the summary RR. By providing a quantitative
estimation of risk, the results complement findings from a
previous qualitative review by IOM that the risk of spina
bifida, as a specific birth defect, appeared to be elevated
with paternal AO exposure [3].

As noted in the previous meta-analysis [9], the inclusion
of all types of defects in an overall estimate of RR can
result in dilution of RRs for those that are related. How-
ever, the present meta-analysis found that the magnitude of
the association between AO and spina bifida to be similar
to that when all types of birth defects were considered
(RR = 1.95; 95% CI: 1.59-2.39) [9]. Compared to the
previous meta-analysis, none of the seven studies involved
sprayed civilians, including exposed men and women who
experienced a higher level of exposure [9]. The absence of
a group with a higher level of exposure and maternal

Table 3 Pooling analysis for association between AO exposure and spina bifida

First author, year Design Spina bifida Non-spina-bifida OR/RR 95% CI
Exposed Unexposed Exposed Unexposed

Can 1983 [18] Cohort 1 6 26,501 100,774 0.63 0.08-5.26
Donovan 1984 [17] cC 11 20 9 17 1.04 0.35-3.10
Erickson 1984 [5] cC 20 NA NA NA 2.70 1.20-6.20
CDC 1988 [6] Cohort 9 1,661 1,463 1.70 0.6-5.00
Wolf 1995 [7] Cohort 4 0 797 982 6.19 0.72-52.90
Hung 2000 [19] CS 131 94 82 116 1.97 1.31-2.96
del Junco 2006 [16] CC NA NA NA NA 3.16" 1.22-8.20
Pooled 2.02 1.48-2.74

Test for heterogeneity: Q = 5.30 on 6 degrees of freedom (P = 0.51)
NA not available, CC case—control, CS cross-sectional
? For both anencephaly and spina bifida
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exposure in the present meta-analysis could explain the
lack of increase in observed effects when the outcome is
focused on spina bifida.

Studies of AO exposure and the risk of spina bifida have
been criticized for their methodological limitations,
including small sample size, possible exposure misclassi-
fication, limited validation of self-reported birth defects
(for Vietnamese studies), differential ascertainment of
cases, and lack of adjustment for confounding. Moreover,
the studies in this review included a range of study designs,
populations, methods of ascertainment of outcome, levels
of exposure, and timing of exposure assessment. The
homogeneity of observed associations, therefore, should be
interpreted with caution. The consistency in findings across
studies might be due to a shared bias or unmeasured con-
founding. However, we can think of no reason for a uni-
form bias or confounding to move OR/RR in all studies in
the same direction. It is also of note that the two studies [7,
16] that measured individual serum dioxin concentration to
determine exposure status produced higher risk estimates
than the studies where exposure was assigned collectively
or indirectly through EOI to war veterans. Given that
studies without biological measures of exposure are subject
to exposure misclassification because not all veterans who
involved in the war were exposed to AO [3], this difference
suggests that exposure misclassification may have diluted
the effect of AO in the study as a whole.

Misclassification and under-ascertainment of birth
defects were unlikely in non-Vietnamese studies that
obtained birth defects from hospital records or birth defects
registries, but may have occurred in the two Vietnamese
studies where a registry was non-existent. The possibility
of misclassification of spina bifida, however, was minimal
because the two Vietnamese studies included live children
where spina bifida was confirmed by physician examina-
tion and/or radiography. However, the largest Vietnamese
study [18] reported only one case of spina bifida in the
exposed (0.04 per 1,000 births) and 6 in the unexposed
(0.06 per 1,000 births) which is lower than the prevalence
of spina bifida in the general population, as noted earlier
(i.e., 0.2-3 per 1,000 total births). This study, including
only live children, may suffer from under-reporting bias as
children with spina bifida are subject to excess mortality
[1]. Differential under-reporting may result because
exposed Vietnamese children with spina bifida are more
likely to die unreported, or milder cases (e.g., closed
without hydrocephalus) go undetected due to the poor
access to health services during the post-war period where
a diagnosis and treatment of spina bifida could have been
made. If the differential in case ascertainment is great
enough, it could alter the direction of the exposures esti-
mated effect. Severe under-reporting could lead to the
appearance of a protective effect for this group. Therefore,
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the lower summary RR from studies of Vietnamese vet-
erans who experienced a higher level of exposure to AO [9]
is unsurprising.

Confounding is a major threat to observational studies.
Inadequate maternal intake of folic acid and diabetes
mellitus type 1 in pregnant women are established risk
factors for spina bifida. Furthermore, maternal overweight
and obesity were found to increase the risk of spina bifida
[20]. Low social economic class as measured by parental
occupation (e.g., agricultural) and education, has been
found to be associated with and increased risk for having
an offspring with neural tube defects (NTD) in some
studies [1]. In this meta-analysis, the possibility that con-
founding is responsible for the observed association is
minimal for several reasons. Firstly, the findings are con-
sistent across studies in different times, places, and
exposed populations, by different investigators, with dif-
ferent research designs. Secondly, the studies were statis-
tically homogenous, lending further credibility for the
observed association. Thirdly, the lower elevated risk
experienced by North Vietnamese veterans demonstrated
that factors associated with the occurrence of spina bifida
that were more likely to occur in Vietnam as the conse-
quence of the war, such as poor parental nutritional status,
maternal folate deficiency, or maternal infection and fever
during pregnancy, was unlikely to explain the observed
association. And finally, the statistically significant relative
risk of more than two reduces the likelihood of significant
confounding producing the result.

AO was one among multiple herbicides sprayed over
South Vietnam during the war; others were picloram, and
cacodylic acid [21]. Concerns have been raised about non-
dioxin contaminants of herbicides, but far too little is
known about their distribution and concentration in the
formulations used in Vietnam to permit conclusions con-
cerning their impact [21]. However, there is evidence that
picloram causes male-mediated birth defects, including
persistent histologic effects in testes of animals. High,
maternally toxic doses of cacodylic acid are feototoxic and
teratogenic in rats and mice [3]. Therefore, there is a
possibility that the occurrence of spina bifida could be also
attributed to exposure to other herbicides than AO.

The combination of studies with a range of quality in a
meta-analysis has been a concern. Vietnamese studies
appeared weak under some methodological criteria relative
to the non-Vietnamese studies, such as exposure assess-
ment based on ecological measure and lack of adjustment
for confounding variables. As originally proposed by Glass
[22, 23] and confirmed by our previous meta-analyses [9],
the quality of the study does not appear to directionally
affect the result. The risk estimate is statistically significant
regardless of whether Vietnamese studies were included or
excluded.
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Although there were too few studies to perform sub-
group meta-analysis according to the level of AO exposure,
there is some indication of a dose-response relationship in
the studies reviewed here. Among non-Vietnamese studies,
the study of Ranch Hand veterans [7] who directly con-
ducted AO spraying, produced a higher risk of spina bifida
associated with paternal exposure to AO than studies of
non-Ranch Hand veterans [5, 6, 16, 17]. Our observation is
well supported by Erickson et al. [5] who reported that the
estimated risks for spina bifida were higher for sub-groups
of veterans with a greater AO Exposure Opportunity Index.
Similarly, Knafl and Schwartz (2001) analyzed reproduc-
tive outcome data from the Air Force Health Study by [24]
and found that spina bifida was among three malformations
(anomalies of ear, face, and neck; spina bifida; and anen-
cephaly) of 28 defect types examined for which adjusted
estimated odds ratios increased with the increase in the
observed serum dioxin levels [25].

The outcome under investigation is important for
assessment of risk, given the heterogeneity in clinical pre-
sentation of spina bifida. Unfortunately, types of spina bifida
or co-occurrence of spina bifida with other defects were not
specified in all studies reviewed, except for the study by
Hung et al. [19] that indicated to focus on spina bifida
occulta. Furthermore, data on anencephaly—another com-
mon form of neural tube defect (NTD) was too limited to
subject to statistical analyses, with 2 out of 5 non-Vietnam-
ese studies reporting no anencephaly cases among the
unexposed and a small number of cases in the exposed [6, 7].
Also, as infants born with anencephaly often die soon after
birth, Vietnamese studies using parental self-report that was
then verified by physician’s examination of live children for
ascertainment of birth defect outcomes may not ascertain this
type of NTD. The non-inclusion of anencephaly constitutes
under-enumeration bias for NTD and would move the OR/
RR towards 1, under-estimating the effect of Agent Orange.

Concerning the timing of exposure, most studies were
carried out almost 10 years or longer after the time of
exposure. Although 2 non-Vietnamese veteran studies [7,
16] measured serum dioxin levels to determine exposure
status, they were collected and analyzed 10 or 20 years
after the time of conception. Furthermore, when studies
were arranged in the order of length of time since exposure,
no consistent pattern of increase or decrease of RR or OR
were found. For example, three studies of US and Aus-
tralian veterans [5, 6, 17] that ascertained birth defects in
three overlapping periods (i.e., 1965-1987; 1968-1980;
1966-1979) provided estimates of relative risk of 1.70
(95% CI: 0.6-5.0), 2.7 (95% CI: 1.2-6.2), and 1.04 (95%
CI: 0.35-2.31), respectively. Thus, it is impossible to
address the extent to which latency of follow-up after
exposure affects the magnitude of the AO-spina bifida
association.

The paternal-mediated mechanism in which dioxin can
cause human birth defects is not fully established. It has been
suggested that the lack of an established biological mecha-
nism that explains the statistical association may reflect the
gap in existing scientific knowledge and thus does not rule
out a possible causal relationship between Agent Orange and
spina bifida [26]. Furthermore, the detrimental effect of
dioxin in causing congenital malformations has been docu-
mented in animal studies in which dioxin was shown to act
as either a teratogen or mutagen [27-32]. In humans,
paternal exposure to dioxin can impact on gene expression
through activating the aryl hydrocarbon receptor (AHR)/
aryl hydrocarbon receptor nuclear translocator (ARNT)
complex in spermatogenesis, resulting in NTDs [33]. The
wide and abundant distribution of AHR and ARNT in the
human testis makes it amongst most sensitive organs to
dioxin’s effects, and thus explains how dioxins can interfere
directly with human spermatogenesis and fertility [34].

In summary, this meta-analysis provides more evidence
to support the IOM’s conclusion concerning the potential
link between paternal exposure to AO and the risk of spina
bifida in the offspring. The data are consistent with six out of
seven studies showing the same direction of risk. Despite the
fact that Vietnamese studies were of low quality, the overall
risk estimate were not directionally changed by the inclusion
and exclusion of studies with methodological deficiencies.
Consistent findings across studies suggest that the observed
association is hard to explain by chance. Limitations of
Vietnamese studies, coupled with limited knowledge con-
cerning biological mechanisms that could explain the
observed statistical association, provide justification for
more biological and epidemiological studies to further elu-
cidate the association between AO and spina bifida.

Future epidemiological studies should be conducted in
heavily sprayed regions in Vietnam where dioxin concen-
trations in the environment remain high [35] with inclusion
of biological measures of AO exposure to avoid exposure
misclassification. Future studies also need to incorporate
measures of folate intake to adjust for this potential con-
founder or effect modifier. Before a large and well-
designed study can be conducted, support for children with
spina bifida in AO affected populations, implementation of
dioxin mitigation strategies and folate fortification for
women at child bearing ages to prevent further occurrence
of spina bifida in AO affected regions in Vietnam are
urgently needed.
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