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Abstract

VACTERL association is a relatively common condition, though the causes remain poorly
understood. We present data on 79 patients diagnosed with VACTERL association, and perform
statistical analysis on a selected subset of 60 patients with at least three component features, and
who, after review, did not meet criteria for a likely alternate diagnosis. Considered individually, no
two component features are significantly associated, but several multivariate statistical techniques
suggest novel patterns of the co-occurrence of component features, and latent class cluster analysis
demonstrates the presence of five major subgroups of patients. These findings have implications
for both our understanding of VACTERL association and for the approach to research involving
this condition.
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INTRODUCTION

In 1972, a combination of associated defects was named using the acronym VATER; the
condition as originally described included Vertebral defects, Anal atresia, Tracheo-
Esophageal (TE) fistula with esophageal atresia, and Radial and Renal dysplasia [Quan and
Smith, 1973]. The disorder was later expanded to include Cardiac malformations and a less
strict definition of limb anomalies, and was termed VACTERL association, with “L”
indicating the presence of limb anomalies [Temtamy and Miller, 1974; Nora and Nora,
1975].

Since these early descriptions, the definition of VACTERL association in the medical
literature has been problematic for several reasons. First, studies have used different
numbers and types of the phenotypic manifestations as diagnostic criteria (for example, not
all studies include cardiac malformations as a defining feature). Second, different studies
have used the acronym to stand for slightly different features. For example, the “R” in
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VACTERL might stand for renal anomalies, or radial anomalies, or both (in this manuscript
when describing our cohort, “R” will be used to denote renal anomalies, while “L” will
denote limb anomalies). Third, methods of patient ascertainment have varied greatly, as is
often the case in relatively rare disorders. Some cohorts were selected from large
malformation registries, while others were ascertained primarily from surgical clinics
treating a specific manifestation of the condition, such as anal atresia or TE fistula [Rittler et
al., 1996; Botto et al., 1997; Kéllén et al., 2001; Cuschieri et al., 2002; Keckler et al., 2007;
de Jong et al., 2008]. Further obfuscating matters is the fact that patients with a number of
phenotypically-overlapping disorders may share features of VACTERL association, such as
Fanconi anemia, Feingold syndrome, Holt-Oram syndrome, Pallister-Hall syndrome,
Townes-Brocks syndrome, and VACTERL-H; thus, accurate diagnosis can be quite
challenging. Difficulties in diagnosis can affect the care of a single patient and can also
hamper retrospective analysis on a research basis.

In an international study of approximately 10 million infants, approximately 1 in 35,000 live
born infants were felt to have VATER association, defined as the occurrence at least three of
the five VATER anomalies (only cardiac malformations were not included in this analysis).
Seventy-five percent had additional defects not included as part of the definition [Botto et
al., 1997]. Another international study based on four malformation registers suggested that
the condition be divided into an “upper” and a “lower” group, based on the part of the body
affected, with cardiac anomalies as part of the “upper” group and renal anomalies as part of
the “lower group”. One percent of the registered infants with multiple malformations had at
least three features of VATER association. Renal anomalies were not included as part of the
diagnostic definition, as this analysis showed that infants with VATER association were not
at significantly increased risk to have either cardiac or renal malformations [Kallén et al.,
2001]. In infants identified due to the presence of esophageal atresia, 70 of 142 (63%)
demonstrated at least one additional anomaly of VACTERL association [Keckler et al.,
2007].

As implied by its classification as an association, the component findings of VACTERL
association tend to co-occur. However, the condition is likely to be causally heterogeneous.
Possibly due to this heterogeneity, and because of the paucity of familial cases reported,
relatively few studies have sought genetic or other causal explanations among large cohorts
of affected individuals. Most instances in which a genetic cause for VACTERL association
could be purported were presented as single case reports, and the pathogenesis of
VACTERL findings in these reports is not uniformly clear. Mutations in patients with
VACTERL have been reported in genes including HOXD13, PTEN, and due to
mitochondrial dysfunction, while animal models provide evidence that genes such as those
in the Sonic hedgehog and related signaling pathways may be involved [Damian et al., 1996;
Kim et al., 2001; Reardon et al., 2001; Arsi¢ et al., 2002; von Kleist-Retzow et al., 2003;
Thauvin-Robinet et al., 2006; Arsi¢ et al., 2007; Garcia-Barcel? et al., 2008; Shaw-Smith et
al., 2010]. Recent work has shown promise for FOXF1 and the FOX transcription factor
gene cluster at 16g24.1 as candidate genes for conditions that include features of VACTERL
association [Shaw-Smith et al., 2010; Stankiewicz et al., 2009].

We present data on 79 individuals diagnosed with VACTERL association. Unlike many
previous studies, all patients were ascertained because of the initial diagnosis of VACTERL
association, not, for example, because of inclusion in a large database of patients with
multiple malformations, or primarily because of the presence of a single malformation
resulting in ascertainment through a surgical clinic. Application of multivariate statistical
analysis suggests novel patterns of the co-occurrence of certain component features, and
latent class cluster analysis demonstrates the presence of distinct subgroups of patients. As
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VACTERL association is certainly highly causally heterogeneous, these results may be
helpful in directing future studies.

Patient data was collected through our National Human Genome Research Institute/National
Institutes of Health IRB-approved protocol on VACTERL association, the goal of which is
to better define the condition as well as to explore possible etiologies. All patients were
diagnosed as having VACTERL association prior to preliminary inclusion in our study.
Further inclusion criteria specific for the analysis presented here includes the presence at
least one of the following: at least three major defining component features (CF) of
VACTERL association (these major features are: vertebral defects, anal atresia, cardiac
malformations, tracheo-esophageal fistula, renal abnormalities, and limb anomalies); at least
two major CFs plus an affected first-degree relative; at least two major CFs plus another
anomaly. However, participants were excluded if at any point (e.g., at initial screening,
during the visit to the National Institutes of Health (NIH) clinical center, etc.) they were felt
to meet criteria for an alternate condition (see below). Participants were referred by
clinicians or were self-referred. Ten propositi along with a total of 25 family members were
seen in person at the NIH (by B.D.S, D.E.P.A, M.S.R). For patients who did not come to the
NIH, all available medical records were reviewed, with medical histories provided directly
from patients and/or family members as well as from referring clinicians. The author from
Johns Hopkins University (D.A.T.C.) did not have access to individually identified data, and
thus did not require human subjects review.

For the purpose of statistical comparison, patients with insufficient data for analysis or with
less than three component features of VACTERL were not included in statistical analysis
(even if they otherwise met inclusion criteria as described above). Again, patients were
excluded if they were felt to meet criteria for other conditions even if they had been
previously diagnosed as having VACTERL association by an outside clinician (Fig. 1).
These alternative diagnoses included Baller-Gerold syndrome (OMIM #218600) because of
the presence of cranioysnostosis (Patients 22 and 77), VACTERL with hydrocephalus/
VACTERL-H (OMIM #276950) because of the presence of hydrocephalus (Patients 3, 32,
and 47), and CHARGE syndrome (OMIM #214800) because of the presence of ear
anomalies, choanal atresia, and developmental delay (Patient 28). Additionally, patients with
conditions such as Pallister-Hall syndrome (OMIM #146510), MURCS (Mullerian duct
aplasia, Unilateral Renal agenesis, and cervicothoracic somite anomalies, OMIM %601076),
and deletion 22q11.2 (OMIM #188400) may have features of VACTERL association as well
as midline facial clefts (which were reported in Patients 8, 60, and 61, none of whom had
definitive testing or work-up for the presence of these conditions). Two patients (20 and 65)
with trisomy 21 in whom a diagnosis of VACTERL association was considered were also
excluded from the analysis. Patients with genitourinary (GU) anomalies were not excluded,
as the embryology and developmental biology of the GU tract is closely tied to that of the
renal systems and hindgut (depending on the specific tissue involved), and it is logical that
malformations affecting these systems often occur together; additionally, previous studies
have suggested that GU anomalies may be a “secondary” feature of VACTERL association
[Rittler et al., 1996;Botto et al., 1997].

Statistical Analysis

We first examined the prevalence of the six core CFs in our cohort using a six-sample
proportion test without continuity correction. We compared the prevalence of CFs in our
cohort to those of previously published cohorts using two-tailed two-sample proportion
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tests. To address whether or not there is a significant correlation in which CFs tend to co-
occur within our cohort, we then used pair-wise Pearson correlation coefficients (identical to
the phi correlation for binary variables) and estimated the corresponding p-values [Sing et
al., 2005].

Next, in order to analyze the clustering of component features, we performed three types of
analyses. First, we used hierarchical clustering (HC), which, unlike analysis using Pearson
correlation coefficients, allows us to consider multiple CFs simultaneously. HC uses an
agglomerative algorithm that joins the most similar CFs and then joins the next most similar
using the first aggregation as a single combined unit [Venables and Ripley, 2002]. In HC,
the clusters were generated via complete linkage and to assess the uncertainty of the
analysis, approximately unbiased (AU) and bootstrap probability (BP) values were
calculated using the R pvclust package [R Development Core Team, 2009; Suzuki and
Shomodaira, 2009]. For this analysis, we generated 10,000 bootstrap samples and used a
90% cutoff value for the AU p-values. Second, we used Kruskal's multidimensional scaling
(MDS) method to create a two-dimensional representation of CF clustering. MDS was used
so that the ratio of the sum of squared differences between the input distances (calculated
using the presence or absence of each CF for each patient) and those of the configuration are
minimized. Finally, we performed latent class cluster analysis (LCCA) to divide the patients
into groups based on presence or absence of CFs. Models containing 1-8 classes were fitted
to the data with Latent GOLD 4.0 (Statistical Innovations, Belmont, MA, USA). Latent
GOLD uses hoth expectation/maximization and Newton-Raphson algorithms to find the
maximum likelihood of each model after estimating model parameters [Vermunt and
Magidson, 2002]. The number of latent classes was ascertained using a likelihood ratio test
to determine whether increases in likelihood associated with increased latent classes justified
their inclusion. In order to assess the certainty of our clusters, p-values associated with L2
statistics were calculated for each individual in the data set and based on these probabilities,
patients were assigned to a specific cluster. Then, the probability of each cluster expressing
a specific CF was estimated.

From our cohort of 60 patients included in the full analysis, 55% (33/60) were female and
45% (27/60) were male. This was no significant difference in gender (xz(l) =0.600,p =
0.439). Seventy-eight percent (47/60) had vertebral defects, 55% (33/60) had anal atresia,
80% (48/60) had cardiac malformations, 52% (31/60) had tracheo-esophageal fistula, 72%
(43/60) had renal abnormalities and 47% (28/60) had limb anomalies (Table I, Fig. 2). The
presence of these findings is compared to that of previously published studies (Table II).
While significant differences of the prevalence of certain CFs are noted between our cohort
and other previously published cohorts, differences in ascertainment methods reduces the
validity of further comparisons.

The ages of patients ranged from neonates to 64 years. No patients had an underlying
genetic etiology identified, though the diagnostic approach was vastly different between
patients, even when patients were diagnosed and treated at the same tertiary children's
hospital in the same time frame. Details of genetic testing were not equally available for all
patients, and these data have not been included in this analysis due to lack of uniformity.
Anecdotally, the diagnostic approach to some patients included high-resolution karyotype,
high-density microarray, testing to rule out Fanconi anemia, and several single-gene tests,
while other patients with similar findings underwent no testing at all and were told that
“VACTERL is not a genetic condition”.
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Statistical Analysis

Hierarchical

Prevalence of Component Features—To compare the proportion of the six component
features (CFs) of VACTERL association, a six-sample proportion test without continuity
correction was performed. There is a statistically significant unequal distribution of CF
prevalence, with some CFs occurring more commonly than others (X2(5) =27.4, p-value <
0.0001).

Correlation analysis—To address whether CFs tend to co-occur, pair-wise Pearson
correlation coefficients and their p-values were estimated (Table I11). There were no
statistically significant correlations. In other words, when only two CFs are considered
together, there is no evidence that two features co-occur more than by chance.

clustering and multidimensional scaling

Hierarchical clustering (HC) analysis shows that only one cluster is strongly supported by
the data at the 90% level (Fig. 3a). This cluster includes vertebral defects, cardiac
malformations, and renal anomalies. This result suggests that these three VACTERL
component features tend to appear together more often than do any other CFs. Separately,
anal atresia, TE fistula, and limb anomalies appear to cluster together, but not at the same
level of statistical significance. Kruskal's multidimensional scaling (MDS) analysis gives
results similar to the HC analysis (Fig. 3b), confirming that when all CFs are analyzed
together, vertebral defects, cardiac malformations, and renal anomalies tend to cluster
together. MDS further reiterates that the combination of anal atresia, TE fistula, and limb
anomalies do not cluster together.

Latent class cluster analysis

Latent class cluster analysis (LCCA) showed a model dividing the patients into 5 different
subgroups provides the best fit for this cohort (Fig. 4). Of the 60 patients included in the
analysis, 23 (38%) were in Cluster 1, 16 (26%) were in Cluster 2, 12 (20%) were in Cluster
3, 7 (12%) were in Cluster 4, and 2 (4%) were in Cluster 5. The results of the LCCA
demonstrate distinct subpopulations within the cohort. For example, patients in Cluster 1 are
unlikely to have anal atresia, a malformation involving the distal gastrointestinal (Gl) tract,
while patients in Clusters 2 and 3 are unlikely to have TE fistula, a malformation involving
the proximal gastrointestinal and respiratory tracts. Clusters 4 and 5 are smaller than the
others, but patients in Cluster 4 are more likely to have all or many of the CFs of VACTERL
association. Due to the small size of Cluster 5, it is difficult to draw conclusions from this
subgroup.

DISCUSSION

Results from this study highlight a number of important findings regarding VACTERL
association, which remains a poorly-understood condition. First, while previous studies have
highlighted controversies regarding the inclusion of certain features, our results show that it
may be hasty to ignore specific findings. Each component feature was observed in over half
of the patients in our cohort, except for limb anomalies, which was seen in just under half.
The fact that our cohort was overall well-characterized lends credence to the results here, as
it is less likely that these patients had alternate diagnoses. However, it is very challenging to
compare the results of our study with those of previous cohorts of patients diagnosed with
VATER/VACTERL association. Methods of ascertainment, inclusion, and even criteria for
diagnosis differed, and extraction of exact data from previous publications was difficult.

This study shows how the application of various types of statistical analyses can be used to
dissect a complex condition. When looking at pairs of any two component features in
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isolation, we did not observe statistically significant association. However, when we
considered the co-occurrence of features using clustering analysis techniques, we do observe
trends which suggest the grouping of certain features in our cohort. two The application of
two types of cluster analysis show that vertebral, cardiac, and renal anomalies tend to occur
together when the cohort is considered as a whole. However, with LCCA, some clusters of
patients (such as clusters 1, 2, and 4) do demonstrate this grouping of findings, but other
subgroups do not. This demonstrates the power of LCCA to separate cohorts of patients into
subpopulations, thus demonstrating heterogeneity that cruder analyses based on entire
cohorts will miss.

The application of LCCA to complex diseases may result in better phenotypic classification
of the patients according to different underlying biological factors [Acosta et al., 2008].
These factors may include multiple interacting molecular and environmental insults
occurring in a tightly ordered spatial and chronological manner during embryonic
development. LCCA may thus be a valuable tool for investigating pleiotropy and variable
expressivity in disorders such as VACTERL association.

Previous work has suggested that patients with VATER association might be subdivided
into “upper” and “lower” groups, with patients with cardiac malformations belonging to the
upper group, and patients with renal defects belonging to the lower group [Kallén et al.,
2001]. Our LCCA analysis suggests other, more specific types of subgroups. First, there
seem to be large and distinct subgroups (clusters 1, 2, and 3, which together comprise 51 of
the 60 patients analyzed by LCCA) segregating upper vs. lower intestinal tract
malformations. This makes intuitive sense, both in terms of spatiotemporal developmental
separation of the upper and lower gastroinestinal tract and because different genes affect the
development of the upper and lower intestines. More generally, these data suggest the
possibility of exploring candidate genes specific for each cluster based on the component
findings in that cluster and the known expression patterns of the genes. Data from this type
of LCCA could also be helpful in attempting to unravel the causes of VACTERL. For
example, with a larger sample size, it would theoretically be possible to conduct association-
type analyses based on the clusters defined by LCCA. That is, distinct clusters could be
compared with one another as “cases” and “controls”.

Second, patients who belong to a relatively small subgroup (cluster 4, which includes only
seven patients) appear to have most or all features of VACTERL association. There may
certainly be ascertainment bias in which more severely affected individuals are more likely
to seek a study such as the one described here. However, this group also points to the
possibility of eventual genotype-phenotype correlations: perhaps certain genetic changes
tend to result in the presence of a distinct pattern of anomalies, as has been elegantly
described in the case of mutations due to GLI3 [Johnston et al., 2005].

The diversity of possible alternative diagnoses among patients excluded from the final
statistical analysis (see the Methods section for specific details) emphasizes the importance
of a thorough clinical evaluation by a geneticist familiar with VACTERL association and
related disorders. Certain conditions that have features overlapping those of VACTERL
association, such as CHARGE syndrome, 22q11.2 syndrome, deletion 22g11.2, and Baller-
Gerold syndrome, already have genetic testing available. Results from this testing can be
helpful for assigning a diagnosis and to identify associated medical problems that should be
evaluated, for establishing prognosis, and for genetic counseling. Among the conditions that
are part of differential diagnosis, Fanconi anemia is particularly noteworthy, as patients with
this disorder have a high risk of hematologic abnormalities including bone marrow failure,
myelodysplastic syndrome, and leukemia. The availability of chromosomal breakage assays
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as a sensitive test for Fanconi anemia makes it especially important not to miss this critical
diagnosis [reviewed in Tamary and Alter, 2007].

While some manifestations of VACTERL association may be obvious either prenatally or
immediately after delivery, others can be more subtle, and may be ascertained only many
years later. We advise clinicians encountering patients with features of VACTERL
association to carefully evaluate for the presence of each of the component features, as well
as for other features that may be associated with overlapping conditions. In our experience
with our NIH study on VACTERL association, we have often identified the presence of
subtle VACTERL anomalies that were not previously known. While the majority of these
findings are likely to have no clinical significance (such as the presence of very subtle limb
anomalies), others, such as mild structural renal or cardiac anomalies, warrant further
clinical monitoring. Finally, just as it is important to perform laboratory-based testing to rule
out Fanconi anemia, it is also important to assess for the presence of hydrocephalus (found
in VACTERL-H, or VACTERL with hydrocephalus), as this condition may warrant
immediate medical intervention.
In summary, it is interesting to ponder explanations for the presence of the distinct groups
identified in our analysis, but replication of these results involving larger number of patients
is critical to establish the validity of our findings. As our continued work into genetic and
environmental causes of this condition proceeds it will be additionally revealing to
reexamine our results in retrospect to see if there is indeed a plausible explanation for
segregation into subgroups. While our analysis shows some trends which are worth
pursuing, new advances in diagnostic genetic techniques, such as extremely high-density
microarray platforms and the increasing availability of high-throughput sequencing
(including genomic sequencing), will likely result in a causal explanation for many
previously poorly-understood conditions. It will be fascinating to reanalyze this cohort as
such explanations become available.
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Fig. 1.
Inclusion characteristics of patients in this study.
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Fig. 2.

Six-set Edwards-Venn diagram showing overlap of features in patients included in the full
analysis. V: vertebral defects; A: anal atresia; C: cardiac malformations; TE: tracheo-
esophageal fistula; R: renal abnormalities; L: Limb anomalies.
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Fig. 3.

A. Hierarchical cluster dendogram of component features with both AU (in red, on the left
side of each pair of values) and BP (in green, on the right side of each pair of values) p-
values. The vertical distance between component features indicates the likelihood that CFs
will co-occur. Features that tend to co-occur are vertically closer. Only the cluster that
includes vertebral defects, cardiac malformations, and renal anomalies (in the red box) tends
to occur at a statistically significant level. B. Multidimensional scaling (MDS) shows results
similar to the HC analysis. In this two-dimensional depiction, physical distance between CFs
represents the likelihood that CFs will co-occur. Features that tend to co-occur are closer to
each other. Again, vertebral defects, cardiac malformations, and renal anomalies cluster
most closely together.

V: vertebral defects; A: anal atresia; C: cardiac malformations; TE: tracheo-esophageal
fistula; R: renal abnormalities; L: Limb anomalies.
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Profile plot of the clusters derived from Latent class cluster analysis (LCCA). In the plot, the
X-axis represents each of the CFs of VACTERL association. The Y-axis represents the

probability of having each of the CFs within each cluster.
V: vertebral defects; A: anal atresia; C: cardiac malformations; TE: tracheo-esophageal
fistula; R: renal abnormalities; L: Limb anomalies.
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