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Abstract

Objective—Since the 1960s, multiple studies have reported a tendency toward hypertelorism in
individuals with nonsyndromic orofacial clefts (OFCs). However, the association between specific
cleft types and increased interorbital distance has been inconsistent. Using 3D surface imaging, we
tested whether different forms of clefting showed evidence of increased interorbital distance.
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Methods—Intercanthal and outercanthal distances and intercanthal indices were calculated from
3D facial surface images of 287 individuals with repaired OFCs. Raw measurements were
converted to sex and age-normalized Z-scores. Mean Z-scores for individuals with cleft lip (CL),
cleft lip and palate (CLP) and cleft palate (CP) were compared to reference normative values
(controls) and one another directly using t-tests and ANOVA.

Results—The CLP group showed a significant increase in intercanthal width (p = 0.001) and
intercanthal index (p < 0.001) compared to reference norms. The CP group showed a significant
decrease (p < 0.001) in outercanthal width. The CL group showed no difference from reference
norms. The proportion of clinically hyperteloric individuals was generally low, but highest in the
CLP group (7.4%). Cleft severity had little effect on interorbital spacing.

Conclusions—Individuals with CLP exhibited on average a tendency toward mild
hypertelorism, driven primarily by an increase in intercanthal distance. This tendency was not seen
in CL or CP.
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INTRODUCTION

Altered spacing between the orbits (absolute and relative) has been reported in numerous
studies of the facial characteristics associated with isolated orofacial clefting (OFC). Since
the original publication on the topic by Moss (1965), most studies report that individuals
with isolated orofacial clefts (OFCs) tend to be mildly hyperteloric compared to healthy
controls (Dixon et al., 1966; Aduss et al., 1971; Farkas and Lindsay, 1972; Hirschfeld and
Aduss, 1974; Figalova et al., 1974; Smahel and Brejcha, 1983; Smahel, 1984a; 1984b;
Smahel et al., 1985; Athanasios et al., 1991; 1996; Motohashi et al., 1994; Hood et al., 2004;
Krimmel et al., 2006). This tendency, however, appears more pronounced in forms of
clefting that involve the primary palate (Aduss et al., 1971; Dahl et al., 1982; Jain and
Krogman, 1983). In contrast to isolated cleft lip (CL) or cleft lip and palate (CLP), several
studies of isolated cleft palate (CP) report either no change in orbital spacing or a tendency
toward hypotelorism (Farkas and Lindsay, 1972; Smahel, 1984c; Smahel et al., 1985;
Smahel et al., 1987; Hermann et al., 2002; 2003). There is also some evidence that the
degree of abnormality is related to the severity of the cleft (Aduss et al., 1971; Hirschfeld
and Aduss, 1974; Ishiguro et al., 1976; Jain and Krogman, 1983).

Importantly, several lines of evidence suggest that the changes in interorbital spacing
observed in affected individuals are not merely the result of cleft surgical repairs. A number
of studies report the same morphological pattern in unrepaired children (Figalova et al.,
1974; Smahel et al., 1985; Hood et al., 2004; Krimmel et al., 2006). Motohashi et al. (1994)
found that both repaired and unrepaired children with CLP displayed wider interorbital
distances from control children, but did not differ from one another. Further, even mildly
affected individuals including adults with incomplete OFCs (Smahel and Brejcha, 1983) and
individuals with CL (Figalova et al., 1974; Smahel et al., 1985) have been show to exhibit
the same general hyperteloric pattern. Finally, the unaffected biological relatives of
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individuals with OFCs have also been shown to demonstrate a tendency toward
hypertelorism. In a meta-analysis of the cephalometric literature, Weinberg et al. (2006a)
reported that the unaffected parents of children with OFCs had significantly increased
interorbital distances compared with controls. Collectively, these findings point to increased
distance between the orbits as an intrinsically dysmorphic feature associated with clefting (at
least when it involves the primary palate).

All published studies, however, are not in agreement regarding the relationship between
OFC and hypertelorism. A handful of studies, for example, report either no evidence of
increased distance between the orbits in OFCs involving the primary palate (Smahel and
Maullerovd, 1986; Han et al., 1995) or evidence showing a contrasting tendency toward
hypotelorism (Duffy et al., 2000; Singh et al., 2003) in affected individuals. Even in the
majority of studies where increased interorbital distances are reported, the exact nature of
the morphological change is not always consistent. While virtually all studies report
increased width between points on the medial orbital walls (or inner canthi), there is greater
disagreement regarding the lateral (or outer) portions of the orbit with some studies
reporting increased width (Farkas and Lindsay, 1972; Smahel, 1984b; 1984c; Athanasios et
al., 1996; Hood et al., 2004) and others reporting no change (Figalova et al., 1974; Smahel
and Brejcha, 1983; Smahel et al., 1985; Motohashi et al., 1994; Krimmel et al., 2006). This
is important because hypertelorism involving both medial and lateral orbital components
may reflect an underlying etiology different from hypertelorism driven solely by the medial
orbital dimension (Tan and Mulliken, 1997). Finally, while several studies support the
relationship of more pronounced hypertelorism with increased cleft severity (Aduss et al.,
1971; Hirschfeld and Aduss, 1974; Ishiguro et al., 1976; Jain and Krogman, 1983) others
have failed to find a severity effect (Hermann et al., 2002; 2004; Hood et al., 2004). Some of
these disagreements are likely due in part to methodological differences among studies
and/or sampling biases.

In the present study, we investigate several questions related to interorbital spacing and OFC,
focusing on a sample of surgically repaired individuals with available 3D facial surface
scans. We test (1) whether individuals with OFCs involving the primary palate (CL and
CLP) exhibit greater interorbital widths compared to controls; (2) whether individuals with
CL and CLP show a greater tendency toward hypertelorism than individuals with CP; and
(3) whether the degree of orbital spacing is related to cleft severity. To facilitate the
morphological comparisons, we draw upon a large publically available sample of ethnicity-,
age- and sex-matched 3D craniofacial anthropometric norms.

METHODS
Study Sample

The case sample consisted of 287 individuals with isolated OFC. These participants were
recruited as part of a large US and international genetic study of clefting (Weinberg et al.,
2006c). Cases were identified from the patient databases of craniofacial centers in
Pittsburgh, lowa City, Saint Louis, Houston, Denver, and Odense (Denmark). Cases ranged
in age from 3 to 49 years. Cleft type was recorded through detailed health history interviews
with affected cases (or their family members). All cases were surgically repaired prior to the
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time of enrollment; however, due to limitations in the design of the study (self-report), it was
not possible to obtain detailed information regarding surgical history. The sample
breakdown by cleft type is provided in Table 1. Inclusion was limited to individuals of self-
identified European ancestry. Individuals with syndromic forms of OFC were excluded. All
research activities were approved by each recruitment site’s institutional ethics committee.
Written informed consent was obtained prior to enrollment.

3D Imaging and Measurements

3D facial surface images were captured on each participant with a 3dMDface digital
stereophotogrammetry system. Multiple independent investigators have established the
accuracy and reliability of this imaging system (Aldridge et al., 2005; Weinberg et al.,
2006b; Heike et al., 2009). Participants were instructed to keep their eyes open and direct
their pupils upward during 3D image capture; this was done to maximize the visibility of the
outer corner of the eye on the resulting 3D surface model. The left and right endocanthion
(en) and exocanthion (ex) points (Kolar and Salter, 1997) were collected from each 3D facial
surface by trained staff. Prior to collecting data on participant’s 3D scans, all landmarking
staff were evaluated for inter- and intra-rater landmark localization error using an
independent 3D training sample; achieving an intraclass correlation coefficient of at least
0.90 for each landmark was required before proceeding with data collection. The resulting
landmark coordinates were error-checked for left-right reversals.

For each participant, three different measures of orbital spacing were calculated. Two of
these measures were linear distances: the intercanthal width, measured as the linear distance
between the left and right en landmarks, and the outercanthal (or biocular) width, measured
as the linear distance between the left and right ex landmarks. The intercanthal index was
also calculated as the intercanthal width divided by the outercanthal width, multiplied by
100. The intercanthal index provides a measure of the relative spacing between the orbits; a
higher index value indicates increased relative intercanthal width.

Z-score Calculation

The values for all three measurements were converted to Z-scores by comparing against
existing age-, sex- and ethnicity-matched anthropometric norms. The anthropometric norms
were available through the 3D Facial Norms (3DFN) Database (Weinberg et al., in press),
which can be accessed through the FaceBase Consortium (Hochheiser et al., 2011;
www.facebase.org). The 3DFN Database contains a variety of standard craniofacial
anthropometric measures collected from 3D facial surface scans on over 2400 healthy males
and females ranging in age from 3-40 years. Z-scores were calculated by subtracting the
average sex- and age-specific value for a measurement in the 3DFN Database from the
individual observed values in our case sample, then dividing the result by the reported 3DFN
standard deviation. In this way, every subject in the sample is given a Z-score for each of the
three measurements. When calculated in this manner, Z-scores represent sex-and age-
normalized values represented in standard deviation units. A Z-score of +1.0 represents a
one standard deviation increase over the baseline population value for a given trait. A Z-
score of —2.0 represents a two standard deviation decrease over the baseline population
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value. A Z-score of 0.0 would represent no change from the normal population baseline
state.

Statistical Analysis

RESULTS

To statistically assess the degree of morphological deviation in our case sample, mean Z-
scores were calculated for all three measurements for each of the three main groups (CL,
CLP and CP). The mean Z-scores for each group were then tested against a baseline value of
0.0 (representing no deviation from the 3DFN control average) using one-sample t-tests. To
test for differences directly among the three main case groups, the mean Z-scores for each
measurement were compared using ANOVA followed by pairwise Bonferroni post-hoc tests.
To test for possible severity effects, each of the main case groups were further broken down
into less and more severely affected subgroups: the CL group was broken down into
unilateral cleft lip (UCL) and bilateral cleft lip (BCL), the CLP group into unilateral cleft lip
and palate (UCLP) and bilateral cleft lip and palate (BCLP), and the CP group into soft
palate only (included submucous cases) and soft + hard palate subgroups. The mean Z-
scores on the three measurements were subsequently compared between the two subgroups
for a given cleft type via t-test. Based on the distribution of Z-scores, the proportion of
mildly hyperteloric (defined as having a score between +1.0 and +2.0 standard deviations)
and clinically hyperteloric (defined as having a score exceeding +2.0 standard deviations)
was described for each cleft type (Farkas and Lindsay, 1972; Tan and Mulliken, 1997) and
compared using chi-square tests. Finally, Pearson correlations between the Z-scores for each
measure and age were calculated to determine whether hypertelorism tended to increase or
decrease from childhood to adulthood. All statistical tests were conducted in SPSS v.21. The
threshold for statistical significance was set at 0.05.

The results of the one-sample t-tests comparing the main cleft groups to the 3DFN reference
sample are shown in Figure 1. For intercanthal width, the CLP group showed a significant
increase (p = 0.001) compared to the population baseline. The magnitude of the difference
was small, however, with a mean Z-score of only +0.356 standard deviations. Both the CL
and CP groups showed no significant differences from the reference sample. For
outercanthal width, a significant decrease was observed in the CP group (mean Z = -0.509;
p < 0.001); no differences were found in either the CL or CLP groups. Intercanthal index
showed the same pattern as intercanthal width; a significant increase (mean Z = +0.348; p <
0.001) was observed in the CLP group, while the remaining two groups did not differ from
controls.

Comparing the three main cleft groups to one another directly, the CLP group showed a
significant increase in intercanthal width (p = 0.004) over the CP group. For outercanthal
width, the CP group showed a significant decrease (p < 0.001) over the CLP group (Table 2).
There were no differences between CL and CLP or between CL and CP on any of the
measurements. Further, there were no differences among any of the three cleft groups in
intercanthal index. For the severity analysis, no statistically significant differences were
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noted between the less and more severely affected cleft types; this negative result was also
confirmed using non-parametric Mann-Whitney tests.

Finally, the observed proportion of mildly hyperteloric (Z-score +1.0-1.99 sd) and clinically
hyperteloric (Z-score +2.0 sd) individuals in our case sample is provided in Table 3. The
proportion of mildly hyperteloric individuals was highest in the CLP group, followed by the
CL and CP groups. This held true for all three measures of interorbital distance. The
identical pattern was observed for clinical hypertelorism. For intercanthal width, for
example, 7.4% of individuals in the CLP group demonstrated clinical hypertelorism,
followed by 2.6% of CL cases and 1.3% of CP cases. Within each of the main cleft types,
the proportion of clinically hyperteloric individuals was not consistently associated with
increased severity. Among individuals in the CLP groups, for example, those with UCLP
tended to have an increased rate of clinical hypertelorism compared with BCLP. The
opposite tended to be true for CL and CP, with a slightly higher proportion of clinically
hyperteloric cases in the more severely affected subtypes. None of the observed group
differences in proportions were statistically significant as determined by chi-square tests.
The correlation between the extent of hypertelorism and age was not statistically significant
in males (intercanthal width, r = —=0.01; outercanthal width, r = -0.01; intercanthal index, r =
-0.01) or females (intercanthal width, r = —0.08; outercanthal width, r = —0.15; intercanthal
index, r = —0.10).

DISCUSSION

The study investigated the association between OFC and differences in interorbital distance.
The first hypothesis was that individuals with CL and CLP (but not CP) would exhibit
increased interorbital distances compared with controls. To test this hypothesis we compared
averaged measures from each cleft type against normative population baseline values. The
second hypothesis we tested was that interorbital distances would be increased in OFCs
involving the primary palate compared to CP. To test this hypothesis, mean Z-scores from
the three main cleft groups (CL, CLP and CP) were compared directly. Our results provided
partial support for each claim. On average, individuals with CLP had slightly increased
intercanthal width compared to the general population. The CL group, however, did not
show a similar tendency. The CP group, as expected, did not exhibit any evidence in
increased interorbital distance; on the contrary, the CP group showed evidence of
significantly reduced outercanthal width. When the main cleft groups were compared
directly, distinct differences between the CLP and CP groups were noted, with the CLP
group demonstrating significantly increased intercanthal width and the CP group
characterized by significantly reduced outercanthal width. The CL group did not differ from
the CP group on any of the three measures.

Taken together, the above results suggest that OFCs involving the primary palate are not
universally associated with increased interorbital distance. The finding of increased
intercanthal width in CLP is in broad agreement with the majority of previous
anthropometric and cephalometric studies (Dixon et al., 1966; Aduss et al., 1971; Farkas and
Lindsay, 1972; Hirschfeld and Aduss, 1974; Figalova et al., 1974; Smahel and Brejcha,
1983; Smahel, 1984a; 1984b; Smahel et al., 1985; Athanasios et al., 1991; 1996; Motohashi
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et al., 1994; Hood et al., 2004; Krimmel et al., 2006). Our finding that CL did not differ
from controls is in agreement with Hood et al. (2004), who also used 3D surface-based
anthropometry. However, at least one cephalometric study has reported increased interorbital
width in CL cases (Aduss et al., 1971). Smahel (1984a) also reported increased interorbital
distances in CL compared with controls based on cephalometric measures, but when
anthropometric soft-tissue measures were examined, no differences were noted. In contrast,
both Figalova et al. (1974) and Smahel et al. (1985) used direct anthropometry to show that
CL cases had increased intercanthal width (but not outercanthal width) over controls. The
differences in CL may be subtler than in CLP, and small changes in the composition of cases
(e.g., the relative proportion of complete versus incomplete CL) could explain some of the
variation among studies.

Previous case-control studies on CP have been inconsistent, with some showing increased
interorbital distances (Athanasios et al., 1991) and others showing no change (Farkas and
Lindsay, 1972; Smahel, 1984c; Smahel et al., 1985; Smahel et al., 1987; Duffy et al., 2000)
or even reductions (Figalova et al., 1974). Our results revealed no change in intercanthal
width in CP, but a significant reduction in outercanthal width, compared to controls. This
finding suggests a possible reduction in the size of the soft-tissue orbits in CP. The
inconsistent findings in CP could be explained in part by differences in study methodology
or sample composition, particularly since the potential for unrecognized syndromes is much
higher than in other forms of clefting. Our findings, however, were largely consistent with
prior cephalometric and anthropometric studies comparing different cleft types directly
(Aduss et al, 1971; Dahl et al., 1982; Jain and Krogman, 1983; Smahel et al., 1987;
Hermann et al., 2002; 2003). Compared directly to CLP, our CP sample had significant
reductions in both intercanthal and outercanthal width.

The proportion of clinically hyperteloric individuals (intercanthal width > +2 sd) in our cleft
groups ranged from 1.3% in CP to 2.6% in CL to 7.4% in CLP (overall 4.5% among all cleft
types). In prior studies, the proportion of truly hyperteloric individuals varies greatly, in part
due to the use of different measures and thresholds. Dixon et al. (1966) reported about 20%
of their OFC sample exhibited clinical hypertelorism (defined as having an intercanthal
index > 42). Using a relatively relaxed threshold (> +1 sd), Aduss et al. (1971) reported that
2.5% of their sample of mixed clefts displayed hypertelorism, based on cephalometry.
Figalova et al. (1974), using a much more stringent threshold, reported that 7.6% of
individuals with primary palate clefts had an intercanthal index in excess of +3 standard
deviations from the norm. Using the same definition for clinical hypertelorism as the present
study (intercanthal width > +2 sd), Farkas and Lindsay (1972) reported that overall 6.9% of
their cleft sample exhibited clinical hypertelorism; CLP cases were at 8.7%, while CP cases
were at 2.4%. These numbers are very similar to ours. Taken together, these results suggest
that the proportion of severely hyperteloric individuals with OFCs is relatively small, with
the majority of cases falling within 1 standard deviation of the general population mean.

The third hypothesis tested in this study was that more severely affected individuals would
demonstrate increased interorbital distances. We tested this by comparing the mean Z-scores
of unilateral versus bilateral OFCs involving the primary palate; for CP we compared clefts
only involving the soft palate to clefts involving the soft and hard palate. However, we did
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not find strong evidence of relationship between interorbital distance and cleft severity.
Within each of the three main cleft groups, when less and more severely affected case
subsets were compared directly, no significant differences were observed. When looking at
the proportion of cases that met the clinical/statistical definition of hypertelorism, although
there were also no statistical differences, some trends were apparent. Both the CL and CP
groups showed an increase in the more severely affected subset (although in CL the total
number of bilaterally affected cases was very small). In contrast, for the CLP group the
opposite pattern was observed; unilateral cases had higher rates of clinically defined
hypertelorism than bilateral cases.

Only a handful of prior studies have assessed severity effects in the manner above, but each
of these studies reported an increase in interorbital width (cephalometrically-defined) in
BCLP cases compared to UCLP cases (Aduss et al., 1971; Hirschfeld and Aduss, 1974;
Ishiguro et al., 1976; Jain and Krogman, 1983). Although our measurements were limited to
soft-tissue, it is not entirely clear why we did not replicate these previous findings for our
CLP sample. An alternative approach to testing for severity is to treat CL and CLP as a
continuum, although there is now emerging evidence from genetic studies that these two
types of cleft might be etiologically distinct rather than simply variants of the same trait
(Rahimov et al., 2008; Ludwig et al., 2012). Aduss et al. (1971) and later Hirschfeld and
Aduss (1974) did report an increased in interorbital distance in CLP compared with CL, but
several other studies have failed to find such an effect (Hermann et al., 2002; 2004; Hood et
al., 2004). Notably, in the present study we also failed to find significant differences between
CL and CLP on any of the three interorbital distance measures. The proportion of clinically
hyperteloric individuals was higher in our CLP group than in our CL group, but again this
difference was not statistically significant.

The observed trend toward hypertelorism in our CLP group was driven entirely by increased
intercanthal width. Building on the work of Tessier (1972) and others, Tan and Mulliken
(1997) refer to this condition as interorbital hypertelorism, when the lateral displacement is
limited to the medial orbital walls. This pattern can be distinguished from true orbital
hypertelorism, which involves lateral displacement of the entire orbital complex. There has
been very little investigation into the causal factors underlying the association between
hypertelorism and OFC. The cleft surgical repair is an unlikely factor, since the same
hyperteloric tendency has been reported in both unrepaired cases (Motohashi et al., 1994)
and the unaffected first-degree relatives of affected cases (Weinberg et al., 2006a). Greig
(1924) proposed a general relationship between dysmorphology of the anterior cranial base
and hypertelorism. Moss (1965) offered two different explanations in his study of
hypertelorism in OFC, one involving the anterior cranial base and the other involving
intrinsic dysplasia of the nasal capsule. Tessier (1972), based on an analysis of skull images
in clinical cases of hypertelorism, believed that the problem was intimately related to
abnormal transverse enlargement of the ethmoid. Several PA cephalometric studies showing
increased interorbital distance in OFC report concomitant increases in nasal cavity and/or
cranial base width (Ishiguro et al., 1976; Smahel and Brejcha, 1983; Smahel, 1984b;
Motohashi et al., 1994). These findings suggest that the observed increased interorbital
spacing is part of a broader pattern of increased transverse craniofacial dimensions.
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In cases of rare syndromes characterized by prominent hypertelorism, the condition can
sometimes be attributed to a specific genetic mutation that disrupts early craniofacial
development. Several of these syndromes (e.g., Greig cephalopolysyndactyly syndrome,
OMIM: #175700) have been shown to involve mutations in sonic hedgehog (SHH) pathway
genes (Balk and Biesecker, 2008). Experimental activation and inhibition of the SHH
signaling pathway has been shown to directly influence the breadth of the upper face in a
dose-dependent manner in chick embryos (Marcucio et al., 2005; Hu and Marcucio, 2009;
Young et al., 2010). In humans, genetic syndromes that include clefting and hypertelorism as
features can result from mutations in SHH pathway genes (e.g., basal cell nevus syndrome,
OMIM: #109400). However, the genetic factors involved in nonsyndromic forms of clefting
are still largely unknown (Leslie and Marazita, 2013). In a study examining SHH variants in
a South American OFC cohort, Orioli et al. (2002) found little evidence of functional
mutations. Further, SHH pathway genes have not been identified in any of the genome-wide
association studies of OFC to date (Leslie and Marazita, 2013). A detailed examination of
SHH pathway genes in a subset of cases with both clefting and more pronounced
hypertelorism may uncover associations between these genes and OFC.

Several important limitations must be considered when interpreting the results of the present
study. Foremost among these was the lack of access to measurements of skeletal
morphology. Thus, it was not possible for us to determine to what extent our soft-tissue
findings extended to the underlying bony orbits. It must be noted, however, that our findings
were largely in agreement with the results of prior hard-tissue studies, suggesting that we are
reporting on the same general phenomenon. Data on corresponding skull measures could
have important implications for the surgical correction of hypertelorism and the fusion of 3D
facial surface images with CBCT scans would provide one avenue to explore both types of
measurements simultaneously. The general lack of detailed information about cleft surgical
repairs in our affected cases was another limitation. The number, type, and timing of surgery
could all be important factors to consider. The impact of epicanthal folds on our
measurements was also not explicitly considered in the analysis, as this is difficult to assess
on some 3D facial surface scans.

Acknowledgments

Funding Statement: This work was funded by grants from the National Institute of Dental and Craniofacial
Research (R01-DE016148; U01-DE020078) and the Centers for Disease Control (R01-DD000295). The contents of
this work are the sole responsibility of the authors and do not necessarily represent the official views of the NIDCR
or the CDC.

The authors are grateful to the families that participated in this study and to the staff at the various recruitment sites.

References

Aduss H, Pruzansky S, Miller M. Interorbital distance in cleft lip and palate. Teratology. 1971; 4:171—
182.

Aldridge K, Boyadjiev SA, Capone GT, DeLeon VB, Richtsmeier JT. Precision and error of three-
dimensional phenotypic measures acquired from 3dMD photogrammetric images. Am J Med Genet
Part A. 2005; 138A:247-253. [PubMed: 16158436]

Cleft Palate Craniofac J. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weinberg et al.

Page 10

Athanasiou AE, Hack B, Enemark H, Sindet-Pedersen S. Transverse dentofacial structure of young
men who have undergone surgical correction of unilateral cleft lip and palate: a posteroanterior
cephalometric study. Int J Adult Orthodon Orthognath Surg. 1996; 11:19-28. [PubMed: 9046624]

Athanasiou AE, Moyers RE, Mazaheri M, Toutountzakis N. Frontal cephalometric evaluation of
transverse dentofacial morphology and growth of children with isolated cleft palate. J
Craniomaxillofac Surg. 1991; 19:249-253. [PubMed: 1939671]

Balk K, Biesecker LG. The clinical atlas of Greig cephalopolysyndactyly syndrome. Am J Med Genet
Part A. 2008; 146A:548-557. [PubMed: 18241058]

Dahl E, Kreiborg S, Jensen BL, Fogh-Andersen P. Comparison of craniofacial morphology in infants
with incomplete cleft lip and infants with isolated cleft palate. Cleft Palate J. 1982; 19:258-266.
[PubMed: 6959743]

Dixon, DA. Abnormalities of the teeth and supporting structures in children with clefts of lip and
palate. In: Drillien, C.Ingram, T., Wilkinson, E., editors. The Causes and Natural History of Cleft
Lip and Palate. Edinburgh: E & S Livingstone; 1966. p. 178-205.

Duffy S, Noar JH, Evans RD, Sanders R. Three-dimensional analysis of the child cleft face. Cleft
Palate Craniofac J. 2000; 37:137-144. [PubMed: 10749054]

Farkas LG, Lindsay WK. Morphology of the orbital region in adults following the cleft lip/palate
repair in childhood. Am J Phys Anthropol. 1972; 37:65-73. [PubMed: 5039739]

Figalova P, Hajnis K, Smahel Z. The interocular distance in children with cleft before the operation.

Acta Chir Plast. 1974; 16:65-77. [PubMed: 4137277]

Greig DM. Hypertelorism: A hitherto undifferentiated congenital craniofacial deformity. Edinb Med J.
1924; 31:560-593.

Han BJ, Suzuki A, Tashiro H. Longitudinal study of craniofacial growth in subjects with cleft lip and
palate: from cheiloplasty to 8 years of age. Cleft Palate Craniofac J. 1995; 32:156-166. [PubMed:
7748878]

Heike CL, Cunningham ML, Hing AV, Stuhaug E, Starr JR. Picture perfect? Reliability of craniofacial
anthropometry using three-dimensional digital stereophotogrammetry. Plast Reconstr Surg. 2009;
124:1261-1272. [PubMed: 19935311]

Hermann NV, Darvann TA, Jensen BL, Dahl E, Bolund S, Kreiborg S. Early craniofacial morphology
and growth in children with bilateral complete cleft lip and palate. Cleft Palate Craniofac J. 2004;
41:424-438. [PubMed: 15222784]

Hermann NV, Kreiborg S, Darvann TA, Jensen BL, Dahl E, Bolund S. Early craniofacial morphology
and growth in children with unoperated isolated cleft palate. Cleft Palate Craniofac J. 2002;
39:604-622. [PubMed: 12401107]

Hermann NV, Kreiborg S, Darvann TA, Jensen BL, Dahl E, Bolund S. Craniofacial morphology and
growth comparisons in children With Robin sequence, isolated cleft palate, and unilateral complete
cleft lip and palate. Cleft Palate Craniofac J. 2003; 40:373-396. [PubMed: 12846603]

Hirschfeld WJ, Aduss H. Interorbital distance in cleft lip and palate: significant differences found by
sign test. J Dent Res. 1974; 53:947. [PubMed: 4526386]

Hochheiser H, Aronow BJ, Artinger K, Beaty TH, Brinkley JF, Chai Y, Clouthier D, Cunningham ML,
Dixon M, Donahue LR, Fraser SE, Hallgrimsson B, Iwata J, Klein O, Marazita ML, Murray JC,
Murray S, de Villena FP, Postlethwait J, Potter S, Shapiro L, Spritz R, Visel A, Weinberg SM,
Trainor PA. The FaceBase Consortium: A comprehensive program to facilitate craniofacial
research. Dev Biol. 2011; 355:175-182. [PubMed: 21458441]

Hood CA, Hosey MT, Bock M, White J, Ray A, Ayoub AF. Facial characterization of infants with cleft
lip and palate using a three-dimensional capture technique. Cleft Palate Craniofac J. 2004; 41:27-
35. [PubMed: 14697073]

Hu D, Marcucio RS. A SHH-responsive signaling center in the forebrain regulates craniofacial
morphogenesis via the facial ectoderm. Development. 2009; 136:107-116. [PubMed: 19036802]

Ishiguro K, Krogman WM, Mazaheri M, Harding RL. A longitudinal study of morphological
craniofacial patterns via P-A X-ray headfilms in cleft patients from birth to six years of age. Cleft
Palate J. 1976; 13:104-126. [PubMed: 1062243]

Jain RB, Krogman WM. Craniofacial growth in clefting from one month to ten years as studied by P-A
headfilms. Cleft Palate J. 1983; 20:314-326. [PubMed: 6580972]

Cleft Palate Craniofac J. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weinberg et al.

Page 11

Kolar, JC., Salter, EM. Craniofacial Anthropometry: Practical Measurement of the Head and Face for
Clinical, Surgical and Research Use. Springfield: Charles C. Thomas; 1997.

Krimmel K, Kluba S, Bacher M, Dietz K, Reinert S. Digital surface photogrammetry for
anthropometric analysis of the cleft infant face. Cleft Palate Craniofac J. 2006; 43:350-355.
[PubMed: 16681408]

Leslie EJ, Marazita ML. Genetics of cleft lip and cleft palate. Am J Med Genet Part C Semin Med
Genet. 2013; 163:246-258.

Ludwig KU, Mangold E, Herms S, Nowak S, Reutter H, Paul A, Becker J, Herberz R, AlChawa T,
Nasser E, Bohmer A, Mattheisen M, Alblas MA, Barth S, Kluck N, Lauster C, Braumann B, Reich
RH, Hemprich A, Pétzsch S, Blaumeiser B, Daratsianos N, Kreusch T, Murray JC, Marazita ML,
Scott AF, Beaty TH, Kramer FJ, Wienker TF, Steegers-Theunissen RP, Rubini M, Mossey PA,
Hoffmann P, Lange C, Cichon S, Propping P, Knapp M, Nothen MM. Genome-wide meta-analyses
of nonsyndromic cleft lip with or without cleft palate identify six new risk loci. Nat Genet. 2012;
44:968-971. [PubMed: 22863734]

Marcucio RS, Cordero DR, Hu D, Helms JA. Molecular interactions coordinating the development of
the forebrain and face. Dev Biol. 2005; 284:48-61. [PubMed: 15979605]

Moss ML. Hypertelorism and cleft palate deformity. Acta Anat. 1965; 61:547-557. [PubMed:
5864210]

Motohashi N, Kuroda T, Capelozza Filho L, de Souza Freitas JA. P-A Cephalometric Analysis of
Nonoperated Adult Cleft Lip and Palate. Cleft Palate Craniofac J. 1994; 31:193-200. [PubMed:
8068702]

Orioli IM, Vieira AR, Castilla EE, Ming JE, Muenke M. Mutational analysis of the sonic hedgehog
gene in 220 newborns with oral clefts in a South Americal (ECLAMC) population. Am J Med
Genet. 2002; 108:12-15. [PubMed: 11857543]

Rahimov F, Marazita ML, Visel A, Cooper ME, Hitchler MJ, Rubini M, Domann FE, Govil M,
Christensen K, Bille C, Melbye M, Jugessur A, Lie RT, Wilcox AJ, Fitzpatrick DR, Green ED,
Mossey PA, Little J, Steegers-Theunissen RP, Pennacchio LA, Schutte BC, Murray JC. Program
NISC Comparative Sequencing. Disruption of an AP-2alpha binding site in an IRF6 enhancer is
associated with cleft lip. Nat Genet. 2008; 40:1341-1347. [PubMed: 18836445]

Singh GD, Kutcipal E, McNamara JA. Deformations of the midfacial complex in twins with orofacial
clefts. Cleft Palate Craniofac J. 2003; 40:403-408. [PubMed: 12846605]

Smahel Z. Craniofacial changes in unilateral cleft lip in adults. Acta Chir Plast. 1984a; 26:129-148.
[PubMed: 6083683]

Smahel Z. Craniofacial morphology in adults with bilateral complete cleft lip and palate. Cleft Palate J.
1984b; 21:159-169. [PubMed: 6592058]

Smahel Z. Variations in craniofacial morphology with severity of isolated cleft palate. Cleft Palate J.
1984c; 21:140-158. [PubMed: 6592057]

Smahel Z, Brejcha M. Differences in craniofacial morphology between complete and incomplete
unilateral cleft lip and palate in adults. Cleft Palate J. 1983; 20:113-127. [PubMed: 6573979]

Smahel Z, Brousilova M, Miillerova Z. Craniofacial morphology in isolated cleft palate prior to
palatoplasty. Cleft Palate J. 1987; 24:200-208. [PubMed: 3477341]

Smahel Z, Miillerova Z. Craniofacial morphology in unilateral cleft lip and palate prior to palatoplasty.
Cleft Palate J. 1986; 23:225-232. [PubMed: 3460724]

Smahel Z, Pobisoa Z, Figalova P. Basic cephalometric facial characteristics in cleft lip and/or cleft
palate prior to the first surgical repair. Acta Chir Plast. 1985; 27:131-144. [PubMed: 4060963]

Tan ST, Mulliken JB. Hypertelorism: nosologic analysis of 90 patients. Plast Reconstr Surg. 1997;
99:317-327. [PubMed: 9030136]

Tessier P. Orbital hypertelorism: I. Successive surgical attempts. Material and methods. Causes and
mechanisms. Scand J Plast Reconstr Surg. 1972; 6:135-155. [PubMed: 4652235]

Weinberg SM, Maher BS, Marazita ML. Parental craniofacial morphology in cleft lip with or without
cleft palate as determined by cephalometry: a meta-analysis. Orthod Craniofacial Res. 20064a;
9:18-30.

Weinberg SM, Naidoo S, Govier DP, Martin RA, Kane AA, Marazita ML. Anthropometric precision
and accuracy of digital three-dimensional photogrammetry: comparing the Genex and 3dMD

Cleft Palate Craniofac J. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Weinberg et al. Page 12

imaging systems to one another and to direct anthropometry. J Craniofac Surg. 2006b; 17:477-
483. [PubMed: 16770184]

Weinberg SM, Neiswanger K, Martin RA, Mooney MP, Kane AA, Wenger SL, Losee J, Deleyiannis F,
Ma L, De Salamanca JE, Czeizel AE, Marazita ML. The Pittsburgh Oral-Facial Cleft Study:
expanding the cleft phenotype. Background and justification. Cleft Palate Craniofac J. 2006c¢;
43:7-20. [PubMed: 16405378]

Weinberg SM, Raffensperger ZD, Kesterke MJ, Heike CL, Cunningham ML, Hecht JT, Kau CH,
Murray JC, Wehby GL, Moreno LM, Marazita ML. The 3D Facial Norms Database: Part 1. A
web-based craniofacial anthropometric and image repository for the clinical and research
community. Cleft Palate Craniofac J. in press.

Young NM, Chong HJ, Hu D, Hallgrimsson B, Marcucio RS. Quantitative analyses link modulation of
sonic hedgehog signaling to continuous variation in facial growth and shape. Development. 2010;
137:3405-3409. [PubMed: 20826528]

Cleft Palate Craniofac J. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Weinberg et al.

Page 13

0.8

0.6

0.4

LT | T
I S| - T 1
l L L

o
——

Mean Z-Score

CL CLP cpP

Figure 1.
Mean Z-scores for each of the three measures organized by cleft group. The upper and lower

bounds indicate the 95% confidence interval around the mean. Statistical significance was
assessed using one-sample t-tests (see text) and is indicated here when the confidence
interval does not include zero. The different variables are indicated by different shapes:
intercanthal width is indicated by the black diamond (4p); outercanthal width is indicated by
the black square (H); intercanthal index is indicated by the black triangle (A).
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Table 1

Sample breakdown by cleft type (subtype) and sex

Male | Female | Total
All CL 44 (25.9%) | 32 (27.3%) | 76 (26.5%)
ucL 40 (23.5%) | 28(23.9%) | 68 (23.7%)
BCL 4 (2.4%) 4 (3.4%) 8 (2.8%)
All CLP 96 (56.5%) | 40 (34.2%) | 136 (47.4%)
UCLP 63 (37.1%) | 30 (25.6%) | 93 (32.4%)
BCLP 33(19.4%) | 10 (8.5%) 43 (15.0%)
All CP 30 (17.6%) | 45(38.5%) | 75 (26.1%)
Soft Only | 13 (7.6%) 22 (18.8%) | 35(12.2%)
Hard+Soft | 17 (10.0%) | 23 (19.7%) | 40 (13.9%)
All Clefts 170 117 287

See text for cleft type definitions
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