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Abstract

In subjects with orofacial clefts, there is an unresolved controversy on the effect of congenital maxillary growth
deficiency vs. the effect of surgical intervention on the outcome of treatment. Intrinsic growth impairment in
subjects with orofacial clefts can be studied by comparing facial morphology of subjects with untreated cleft and
unaffected individuals of the same ethnic background. Bilateral cleft lip and palate is the most severe and least
prevalent form of the orofacial cleft. The aim of this study was to compare facial morphology in subjects with
unrepaired complete bilateral clefts and unaffected controls using geometric morphometrics. Lateral
cephalograms of 39 Indonesian subjects with unrepaired bilateral complete cleft lip and alveolus (mean age:
24 years), or unrepaired bilateral complete cleft lip, alveolus, and palate (mean age: 20.6 years) and 50 age and
ethnically matched controls without a cleft (25 males, 25 females, mean age: 21.2 years) were digitized and traced
and shape variability was explored using principal component analysis, while differences between groups and
genders were evaluated with canonical variate analysis. Individuals with clefts had a more pronounced premaxilla
than controls. Principal component analysis showed that facial variation in subjects with clefts occurred in the
anteroposterior direction, whereas in controls it was mostly in the vertical direction. Regression analysis with
group, sex, and age as covariates and principal components from 1 to 6 as dependent variables demonstrated a
very limited effect of the covariates on the facial shape variability (only 11.6% of the variability was explained by
the model). Differences between cleft and non-cleft subjects in the direction of facial variability suggest that
individuals with bilateral clefts can have an intrinsic growth impairment affecting facial morphology later in life.
Key words: bilateral cleft lip and palate; bilateral cleft lip; facial morphology; geometric morphometrics;
maxillary growth; unrepaired clefts.

growth deficiency vs. the contribution of surgical interven-
tions to such maxillary growth deficiency. Studies on max-
In subjects with orofacial clefts (OFC) there is an unre- illofacial growth performed to date have usually used
solved controversy on the effect of congenital maxillary lateral radiographs of the head (cephalograms), which
were analyzed with various cephalometric methods. In
subjects with unoperated unilateral cleft lip and palate,

Correspondence cephalometric investigations produced controversial results
Piotr S. Fudalej, Department of Orthodontics, Medical Faculty, Jagiel- showing that the maxilla could be smaller (Capelozza

lonian University, Montelupich Str. 4, 30-155 Krakéw, Poland. T: +48 Ly

12 4245402; E: piotr.fudalej@uj.edu.pl et al. 1993; Ll.ao & Mars, 2005), comparab.le (Shetye .&
Evans, 2006; Diah et al. 2007) or larger (Ortiz-Monasterio

et al. 1974) than in non-cleft controls. The data for
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unoperated bilateral clefts are even scarcer and comprise
mostly case reports (Will, 2000).

These conflicting findings may depend on the error of
the method, different ages of assessment (for example,
evaluation at post-adolescence vs. adulthood) or the use of
samples of mixed ethnic background. It is also possible that
these ambiguities were associated with limitations of con-
ventional cephalometric analysis, which is clinically still
widely used to analyze maxillofacial growth, although the
disadvantages were already pointed out by Moyers & Book-
stein (1979). To overcome these limitations, geometric mor-
phometrics (GM) is the method of choice for analysis of
craniofacial shape. GM offers a precise and accurate descrip-
tion of the shape; it enables rigorous statistical analyses and
greatly facilitates the visualization, interpretation and com-
munication of results (Zelditch et al. 2012). Therefore, the
general aim of this study was to compare facial morphology
in subjects with bilateral cleft lip and alveolus/palate and
unaffected controls using GM methods. The research
hypothesis (Hg) tested in this study was that the patterns of
craniofacial shape variations in subjects with bilateral
cleft lip and alveolus/palate and unaffected controls are
comparable.

Materials and methods

Ethical permission for this study was obtained from the Bioethics
Committee of the University of Indonesia (reference number:
1/EthExIFKGUI/II2015).

Facial morphology of 39 non-syndromic subjects with unrepaired
bilateral complete cleft lip and alveolus (BCLA, 19 males, six
females, mean age 24 years, SD 10.2, range 14-47 years) or
unrepaired bilateral complete cleft lip, alveolus, and palate (BCLP,
seven males, seven females, mean age 20.6 years, SD 8.9, range
14-45 years) were compared with 50 Indonesian subjects without a
cleft (NORM, 25 males, 25 females, mean age 21.2 years, SD 3.2,
range 15-31 years) of the same ethnic background.

The BCLP sample was collected between 1986 and 1997 in the
province of Nusa Tenggara, Indonesia, as part of a larger study as
described earlier (Latief et al. 2010) in a cooperation between the
University of Brawijaya, Faculty of Medicine (Malang, Indonesia),
Universitas Indonesia, Faculty of Dentistry (Jakarta, Indonesia),
University Medical Center Leiden, Department of Oral and Maxillo-
facial Surgery (Leiden, The Netherlands) and the Radboud Univer-
sity Medical Center (Nijmegen, The Netherlands). Only
pretreatment lateral cephalograms of individuals of 14 years
and older with bilateral complete clefts were included for fur-
ther analysis. The control group comprised age-matched non-cleft
adults coming from the same ethnic group as the cleft affected
patients — Proto Malayid.

Facial morphology was evaluated on lateral cephalograms.
Because the visualization of soft tissue contours was difficult due to
the sub-optimal quality of some radiographs, the analysis of the
facial morphology was limited to hard tissues. Moreover, the mag-
nification factor was not known for each radiograph. As a result,
the actual size of the craniofacial region could not be established
for each subject.

The geometry of the cranial base, the maxillary complex, the
mandible, and the anterior dentition was captured using 18

anatomical landmarks (Fig. 1). The choice of landmarks was deemed
sufficient to represent key anatomical structures of the facial skele-
ton. Moreover, similar landmarks were used in a publication
employing geometric morphometrics to study cleft patients (Bart-
zela et al. 2011).

The lateral radiographs were scanned at 300 dpi resolution. The
landmarks were digitized by one investigator (P.F.) on the scan of
each radiograph with the tpsDig2 program, version 2.18 (http:/
life.bio.sunysb.edu/morph/). Two-dimensional landmark coordinates
were extracted and exported in TPS format to be used in analyses
with the MorpHo) program, version 1.06d (Klingenberg, 2011). To
assess the effect of the measurement error, 28 subjects (14 with a
cleft and 14 non-cleft controls) were re-digitized after more than
2 weeks by the same observer.

Method error assessment

Error of the method was assessed with analysis of variance (Pro-
crustes anova) on 28 re-digitized cephalograms. The following
effects were included: group (i.e. BCLA, BCLP or NORM), sex, and
duplicate measurements on shape variation. In general, in Pro-
crustes anovA the total variance in shape is decomposed into main
(here: individuals), other main (here: group and sex), and error
(here: duplicate measurement error) components with computed
ratios between these components corrected by the appropriate
number of degrees of freedom allowed to generate the test statis-
tics (Viscosi & Cardini, 2011).

Statistical analysis

The comparisons of facial morphology were performed with geo-
metric morphometrics (GM) methods. The GM analyses were carried
out on shape variables obtained with generalized Procrustes analy-
sis, which is based on minimizing the square distances between cor-
responding points and scaling all point configurations to a common
size (Halazonetis, 2004).

Two areas were analyzed in the study: shape variability within
the sample/groups and intergroup differences. Shape variability
was explored using principal component analysis (PCA) (Jolliffe,
2002). The principal components (PCs) were evaluated to define the
morphological changes that differentiated the sample. The effect
of group, age, and sex on the shape was evaluated with multivari-
ate regression analysis, where Procrustes shape coordinates were
dependent variables and the group, age, and sex were covariates.
The differences between the BCLA, BCLP, and NORM groups for
males and females were evaluated using canonical variate analysis
(CVA), a method used to find the shape features that best distin-
guish among multiple groups of specimens. CVA allows estimation
of the degree at which specimens may be effectively sorted as mem-
bers of a priori groups, which implies both differences in the mean
shape and some degree of non-overlap in the distributions of traits
(Zelditch et al. 2012). The Procrustes and Mahalanobis distances
between group means were established with the CVA. Sexual
dimorphism in the BCLA, BCLP, and NORM groups was evaluated
with discriminant function analysis (DA), which is equivalent to CVA
but is used for comparisons only between two groups. Analogous
to CVA, in DA the Procrustes and Mahalanobis distances between
genders were calculated.

All GM analyses and statistical tests were performed in MorrHo)
and past v.3 software. Permutation tests (100 000 permutation runs)
with a significance level of 0.05 were used to establish intergroup
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Fig. 1 Landmarks identified on each
cephalogram.

differences in facial shapes. The visualization of facial shape
changes was achieved by the construction of wireframes, i.e. sets of
lines connecting landmarks.

Results

Method error

In the re-digitized subsample, we found that the measure-
ment error was relatively small — it explained 5.82% of the
total variation (Table 1).
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Shape variability

Overall shape variability in the sample is presented in Fig. 2.
The pattern of scatter of individual shapes and the fact that
confidence ellipses of the BCLA, BCLP, and NORM groups
largely overlap one another, suggest a limited difference
between the mean shapes of the groups. The PCA showed
that the first six principal components (PC1-PC6), each
accounting for at least 5% of variance, explained in total
67.3% of variance among individuals (Table 2). The first
major axis of shape variation (PC1, 19.5% of variance)

Table 1 Procrustes anova for sources of shape variation in a subsample of re-digitized 28 subjects [9 with BCLA, 5 with BCLP, and 14 without

clefts (NORM)].

Shape variation

Effect Explained SS SS MS df F P
Group 8.63% 0.027916 0.000436 64 1.27 0.080
Sex 4.03% 0.013026 0.000407 32 1.19 0.221
Individual 81.38% 0.263234 0.000343 768 15.73 < 0.001
Measurement error 5.82% 0.018829 0.000022 864 1.53 0.070
Residual 0.14% 0.000457 0.000014 32

Total 100.00% 0.323463

df, degrees of freedom; F, F statistics; MS, mean squares; P, P-value; SS, sum of squares.

© 2019 Anatomical Society
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depicts shape patterns in the vertical direction along with
some variation of the anteroposterior position of the maxil-
lary complex, and PC2 (15% of variance) demonstrates
mainly anteroposterior shape patterns, particularly of the
size and/or position of the mandible relative to the cranial
base and maxillary complex. PC3 accounts for variation in
the posterior facial height and anteroposterior maxillary
position, PC4 explains variation of the mandibular size and
incisor relationship, PC5 explains variation of the maxillary
position relative to the cranial base, and PC6 accounts for
variation in the maxillary incisors relative to the cranial base.

Figure 3 presents shape variability separately in a pooled
BCLA and BCLP group and in the NORM group. In compar-
ison with non-cleft subjects, shape variability in individuals

Table 2 Proportion of variance in a sample comprising subjects with
and without clefts described by principal components (PCs), explaining
at least 5% of variance each, in shape space.

Principal component (PC) % Variance Cumulative %

PC1 19.5 19.5
PC2 15.0 345
PC3 12.0 46.4
PC4 9.2 55.6
PC5 5.8 61.5
PC6 5.8 67.3
Remaining PCs 32.7 100

Y om " 006 0.09

PC1
(19.45%)

Fig. 2 Principal component analysis of shape
variables in the whole sample (subjects with
and without cleft pooled together).

with clefts is more pronounced in the anteroposterior than
in vertical direction.

Age-shape correlation

Regression analysis (Table 3) with group, sex, and age as
covariates and PC1-PC6 as dependent variables (regression
model with all principal components, i.e. PC1-PC32 as
dependent variables, is available on request) demonstrated
a very limited effect of the age on the facial shape variabil-
ity. The model explained only 11.6% of the whole variabil-
ity in the sample, and the age ‘weighted’ significantly less
than group and sex. This indicates that a subject’s age was
not a predictor of the facial shape, either in males or in
females, or with or without a cleft.

Sexual dimorphism

Regression analysis (Table 3) showed that the sex and group
had limited, but for most PCs comparable, effects on facial
shape variability. There was a statistically significant differ-
ence between males and females without a cleft (Table 4),
with males having a shorter anterior facial height and flat-
ter mandibular plane than females (Fig. 4). Among subjects
with a cleft, males and females with BCLA demonstrated
sexual dimorphism expressed mainly in the anteroposterior
relationship of the maxilla and mandible, whereas no sex-
ual dimorphism was found in the BCLP group (Fig. 4).

© 2019 Anatomical Society
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Fig. 3 Variation in unaffected subjects AN
(NORM) and a pooled group of subjects with A h

bilateral cleft lip and alveolus (BCLA) and
bilateral cleft lip and palate (BCLP) along the pc1
first two principal components (PC).

Differences between BCLA, BCLP, and NORM groups

The CVA showed differences between the mean shape
configurations of each group (Table 5). Pairwise compar-
isons (NORM vs. BCLA, NORM vs. BCLP, and BCLA wvs.

Table 3 Multivariate regression analysis with group, sex, and age as
covariates (independent variables) and principal components 1-6 (PC1
—PC6) as dependent variables.

Regression coefficients” for. ..

Explained variance: 26.1% : pPc2
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BCLP) in males revealed statistically significant differences
between subjects with and without a cleft; the difference
between males with BCLA and BCLP was confirmed using
Mahalanobis distance only (the Procrustes distance was
comparable). The first canonical variate (CV1, 93.7% of
variance) showed that differences were associated with
maxillary shape and/or position and incisor inclination
(Fig. 5a). Pairwise comparisons in females (Table 5)

showed differences between all pairs, also between
females with BCLA and BCLP. The CV1 (79.5% of

Table 4 Sexual dimorphism in groups assessed with discriminant

Group Sex Age function analysis (DA).

PC1 4.023 —18.996 1 Groups

PC2 8.244 —7.942 —0.535

PC3 —10.188 —12.439 0.923 BCLA BCLP NORM
PC4 6.597 —1.028 0.314

PC5 6.017 —4.387 —0.195 Procrustes distance 0.0468 0.0576 0.0416
PC6 —2.575 7.754 049 Mahalanobis distance 7.9247 1.8461 3.6984

T-square 321.2544 9.9397 170.9773

Total SS: 0.34713215; predicted SS: 0.04025944; residual SS:
0.3068727 (SS = sums of squares); % of predicted variability:
11.60%; P-value: <0.00001 (100 000 permutation runs).
*Regression coefficients were multiplied by 1000.

© 2019 Anatomical Society

P-values for permutation tests
(100 000 permutation runs)

Procrustes distance 0.0527 0.2781 < 0.0001
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Fig. 4 Visualization of sexual dimorphism in subjects without a cleft
(NORM), with bilateral cleft lip and alveolus (BCLA), and with bilateral
cleft lip and palate (BCLP) based on discriminant function analysis.
Blue color: males; red color: females.

variance) demonstrated similar differences as in males
(Fig. 5b).

Discussion

Exploration of shape variability in our sample with PCA
demonstrated that shape variations were relatively similar
in subjects with and without clefts. The highest variability
of the facial shape concerned the vertical and anteroposte-
rior directions, as visualized by extreme facial configura-
tions along the PC1 and PC2 axes in Fig. 3. The remaining
PCs explaining at least 5% variation each (PC3 through PC6)
demonstrated that a significant component of variation

Table 5 Pairwise differences between groups in facial shape configu-
rations assessed with canonical variate analysis (CVA) separately for
males and females.

BCLA BCLP
Males
Mahalanobis distances among groups
BCLP 4.7636 (P < 0.001)
NORM 10.1103 (P < 0.001) 7.9239 (P < 0.001)

Procrustes distances among groups
BCLP 0.0334 (P = 0.63)

NORM 0.0374 (P = 0.004) 0.0511 (P = 0.008)
Females
Mahalanobis distances among groups
BCLP 11.0002 (P = 0.0003)
NORM 12.5525 (P < 0.001) 15.1539 (P < 0.001)

Procrustes distances among groups
BCLP 0.0579 (P = 0.038)

NORM 0.0544 (P < 0.001) 0.0444 (P = 0.043)

P-values from permutation tests (100 000 permutation runs) in
brackets.

was also in vertical and anteroposterior directions. Because
the PCA served primarily as an exploratory analytical tool,
the finer intergroup differences were studied with the CVA.
We found that unaffected subjects and individuals with a
cleft differed mostly with respect to the position of the
(pre)maxilla, which was more protruded in the BCLA and
BCLP groups than in controls (this difference was more pro-
nounced in males than females). The differences between
the BCLA and BCLP group were more subtle and concerned
the maxillo-mandibular relationship, with the maxillary
complex being somewhat more protrusive in the BCLA than
in the BCLP group, particularly in males.

We can compare our findings with results of other studies
only regarding subjects with BCLP — samples with unre-
paired BCLA have not as yet been described in the litera-
ture. In general, our results are in accordance with other
studies (da Silva Filho et al. 1998; Diah et al. 2007). A com-
mon feature in these investigations was that young adults
with unrepaired complete bilateral cleft lip, alveolus, and
palate had a prominent premaxilla. Da Silva Filho et al.
(1998) found also that the length of the maxillary apical
base (distance between condylion and point A) in the com-
plete BCLP group was comparable to the non-cleft sample
despite the extreme premaxillary prominence. This paradox-
ical finding — the increased prominence of the premaxilla
on which point A is localized and normal condylion-point A
distance — was explained by the authors as reflecting some
morphological distinctions between cleft and non-cleft sub-
jects. However, this contradictory finding may well indicate
one of several shortcomings of cephalometric analysis,
namely the dependence on reference structures. In other
words, in conventional cephalometrics, the position of a
facial component is relative, and differences may be due to

© 2019 Anatomical Society
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Fig. 5 (a) Canonical variate analysis of “
unaffected males (NORM) and males with

bilateral cleft lip and alveolus (BCLA) and
bilateral cleft lip and palate (BCLP). (b)
Canonical variate analysis of unaffected
females (NORM) and females with bilateral
cleft lip and alveolus (BCLA) and bilateral cleft
lip and palate (BCLP).

a true change of its position or to a change of the position
of the reference structure. GM bypasses this problem by
using alternative shape description without reference struc-
tures. This allows for a more realistic picture of the facial
configuration.

We found that a significant part of facial variation in
unaffected individuals (NORM group) was associated with

© 2019 Anatomical Society
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variability of the vertical proportions of the face. The PC1
and PC2, which explained 43.4% of variance, were associ-
ated with rotation of the mandible relative to the cranial
base (PC1, 26.1% of variance) and facial heights (PC2,
17.3% of variance). This finding is in agreement with the
results of other authors (Halazonetis, 2004; Bastir & Rosas,
2006; Rosas et al. 2008; Wellens et al. 2013; Polychronis &
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Halazonetis, 2014). Analyses of variations of facial shape in
orthodontic patients from Greece (Halazonetis, 2004; Poly-
chronis & Halazonetis, 2014) and Belgium (Wellens et al.
2013) as well as skulls of Europeans, West Africans and
Asians from Japan living in the 18th and 19th centuries
(Bastir & Rosas, 2006; Rosas et al. 2008) revealed that the
largest variability of the craniofacial complex occurred in
the vertical direction. In these studies, the values of PCls
accounting for vertical facial shape variations ranged from
19.3% (Rosas et al. 2008) to 29.7% (Wellens et al. 2013). This
is congruent with our findings.

In the scientific literature, there is a debate regarding the
effect of inborn growth deficiency vs. surgical iatrogenesis
on facial growth in patients treated for orofacial clefts (Ilwa-
saki et al. 2010; Ness et al. 2015; Rautio et al. 2017). A com-
parison of patterns of facial shape variation in subjects with
an untreated cleft deformity and in patients with an oper-
ated orofacial cleft can help explain this phenomenon. In
theory, if facial growth deficiency is exclusively the result of
treatment of the cleft deformity, one could expect that the
pattern of variations of the shape of the face in untreated
clefts is comparable with the pattern of variations in sub-
jects without an orofacial cleft. If the opposite is true, the
pattern of facial shape variations in untreated and treated
clefts should be different. The data for subjects with
repaired unilateral cleft lip and palate (Toro-lbacache et al.
2014; Starbuck et al. 2015) demonstrated that facial shape
variations occurred primarily in the anteroposterior direc-
tion. This is logical because many studies showed that surgi-
cal closure of the cleft resulted in inhibition of the forward
growth of the maxillary complex (Nollet et al. 2008; Fudalej
et al. 2010; Del Guercio et al. 2010). Because surgical repair
of a bilateral cleft lip and palate also results in inhibition of
the anterior growth of the maxillary complex, one can rea-
sonably assume (though no data have been published to
date) that a similar pattern of facial shape variations is also
present in these subjects. We found that untreated com-
plete bilateral cleft lip and alveolus/palate is associated with
more facial shape variations in the anteroposterior direction
than observed in unaffected individuals. Moreover, we
demonstrated that subjects with and without a bilateral
cleft could be separated most effectively with respect to
facial shape variations, in males mostly in the anteroposte-
rior direction, but in females in a combination of anteropos-
terior and vertical directions. These findings imply that
complete BCLA and BCLP are associated with intrinsic
abnormal facial growth patterns, which in some patients
may have negative consequences on facial morphology,
hence the outcome of therapy.

This study has several limitations — the sample size, partic-
ularly the number of subjects with BCLP, is limited. The
small size could have an effect on the statistical power.
Some subjects were relatively young (i.e. 14-18 years of
age) at the moment of collection of cephalograms. Never-
theless, the literature on unoperated cleft uses the age

13 years to pinpoint the start of the adulthood stage (Latief
et al. 2010). In our investigation, we used 2D cephalograms,
although 3D imaging of OFC is currently a method of
choice. The use of traditional cephalograms was dictated by
unavailability of a portable 3D X-ray machine. Also, the lack
of information on magnification of facial structures on
cephalograms prevented us from analyzing the size and
allometry in subjects with and without bilateral cleft lip and
palate.

Conclusions

In conclusion, shape variability demonstrates small differ-
ences in subjects with unrepaired complete bilateral cleft
lip and alveolus (BCLA) and complete bilateral cleft lip, alve-
olus and palate (BCLP) and subjects without clefts (NORM).
Moreover, in subjects with a cleft, variability was more pro-
nounced in the anteroposterior direction, whereas in sub-
jects without a cleft, variability was more pronounced in
the vertical direction. Although differences were small, this
study may suggest that subjects with bilateral clefts have
intrinsic growth impairment that affects facial morphology
later in life.
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