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Abstract
Objectives To assess the influence of involuntary facial expressions on 3D facial stereophotogrammetry reproducibility in
children with and without unilateral cleft lip, alveolus and palate (UCLP) aged 3–18 months.
Materials and methods Three to eight 3D facial images per time point were acquired within 10 min of 31 children with UCLP
and 50 controls at 3, 12 and 18 months of age. 3Dmapping of two 3D facial images per subject per age was performed. Distance
kits of the full face and nasolabial area were calculated.
Results In the total subject pool, mean variation between two 3D facial images ranged from 0.38–0.88 mm. There were no
significant differences within groups for the various ages. Variation between controls and UCLP subjects did not differ signif-
icantly. Variation was higher in the nasolabial area than in the full face.
Conclusions The influence of involuntary facial expressions on the estimation of facial growth should not be underestimated,
especially in the nasolabial region of UCLP subjects aged 3 months. To improve 3D facial imaging reliability, image capturing
should be performed by a trained photographer following a meticulous image capturing protocol, including thorough review after
capture.
Clinical relevance Facial 3D stereophotogrammetry is a useful tool for monitoring facial growth longitudinally in young children
with facial deformities, as no radiation is involved and image capture is easy and fast. It can be performed reliably in childrenwith
and without UCLP aged 3–18 months by an experienced photographer utilising a meticulous image capturing protocol.

Keywords Facial growth . Imaging . Orofacial cleft . Photogrammetry . Reproducibility of results . Superimposition . Three
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Introduction

Maxillofacial surgeons and orthodontists have adopted 3D
stereophotogrammetry of the face for diagnostic and treatment
planning purposes, as well as evaluation of treatment

outcomes, for example in children with orofacial clefts and
adults who have undergone orthognathic surgery [1–4]. The
rise of 3D facial imaging coincides with the advantages the
technique offers compared to conventional direct and indirect
anthropometry with the use of facial casts, and with technical
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advancements that simplify image acquisition. 3D
stereophotogrammetry acquires complex data relating to
shape and size. The technique is fast and safe and facilitates
data storage for longitudinal analysis [5, 6]. Furthermore, its
accuracy and reproducibility have been demonstrated in sev-
eral studies [7–10].

Difficulties that clinicians and researchers have encoun-
tered include a lack of normative 3D facial data and a com-
monly accepted method for superimposition of 3D facial im-
ages over time. Furthermore, the variation in facial expression
within and across individual subjects remains a source of re-
producibility errors. Subjects need to maintain a neutral facial
expression in order for 3D facial images to be reproducible
[11]. In adults, variation of the face at rest is submillimetre,
and 3D facial imaging via stereophotogrammetry has proven
to be reproducible, although variation associated with certain
landmarks can be up to 3 mm [12, 13]. In contrast, however,
young children and babies are not capable of cooperating with
instructions to maintain a neutral facial expression during 3D
image capture. Operator patience and distraction of the child’s
attention are essential in order to obtain 3D facial images with
a neutral facial expression. A recent pilot study involving ten
4-month-old infants with unrepaired cleft lip and palate con-
cluded that changes in facial expression represented a substan-
tial source of measurement error, with deformation of the face
generally increasing from the forehead to the chin [14]. The
aim of the present study was to assess the influence of invol-
untary facial expressions on the reproducibility of 3D facial
stereophotogrammetry in children with and without unilateral
cleft lip, alveolus and palate (UCLP) at ages 3, 12 and
18 months.

Subjects and methods

Ethical approval and informed consent

The study protocol was approved by the medical ethical com-
mission of the institution in which the study was conducted
(CMO 2007/163) and was performed in accordance with the
ethical standards prescribed in the 1964 Declaration of
Helsinki and its subsequent amendments. All subjects’ parents
provided written informed consent prior to their inclusion in
the study.

Subjects

The UCLP group consisted of children with non-syndromic
complete UCLP, and healthy Caucasian children comprised
the control group. The subjects in this study are part of a large
prospective longitudinal 3D study into facial growth from the
ages of 3 months to 6 years. Patients with UCLP were collect-
ed within the first month after birth at the Cleft Palate

Craniofacial Unit of the Radboud University Medical Centre
of Nijmegen, in the Netherlands, between September 2008
and December 2011. The inclusion criteria were non-
syndromic complete UCLP and an age ≤ 3 months at the time
of study entry. Only infants born at term (38+weeks) to par-
ents who were both Caucasian were included. Exclusion
criteria were congenital malformations other than UCLP, and
soft tissue bands. A total of 31 patients with UCLP were
enrolled in the study.

The control group was recruited before the age of 3 months
at the Maternity Clinic of the Radboud University Nijmegen
Medical Centre and Regional Health Services (GGD
Gelderland-Zuid) between April 2007 and September 2010.
Inclusion criteria for the controls were born at term (38+
weeks) and both parents Caucasian. Exclusion criteria for
the controls were occurrence of oral clefts in first-, second-
or third-degree relatives. Fifty controls were enrolled in the
study.

3D image acquisition

Image acquisition was performed in a designated 3D imaging
room with no windows, under a consistent amount of ambient
lighting. The 3dMDcranial System (3dMD Ltd., Atlanta, GA,
USA) used was set up permanently and was calibrated daily
for correct image acquisition. The 3D camera setup consisted
of five pods, each equipped with three digital cameras and a
flash. 3dMD software was used to construct virtual 3D facial
images derived from the 2D images acquired by the 15 digital
cameras. 3D images of the subjects’ faces were acquired at 3,
12 and 18 months of age at the 3D Lab (Nijmegen,
Netherlands) by trained photographers. The duration of image
capture was 1.5 ms. On each occasion, three to eight 3D im-
ages were obtained within 10 min, depending on the subject’s
cooperation. Image quality of 3D photographs was quickly
visually assessed immediately after acquisition by the photog-
rapher for completeness of 3D image data and a neutral facial
expression using 3dMDpatient V4.0 software. 3D image cap-
ture was considered successful if two high-quality 3D images
of the face at rest were collected on each occasion, in order to
create a pair for 3D mapping.

Selection of eligible 3D images

One observer (S.B.) selected all high-quality 3D images of the
face at rest from the entire sample, for each UCLP subject and
each control subject at ages 3, 12 and 18 months. Inclusion
criteria were (1) a neutral facial expression with the eyes open
and the lips lightly opposed without straining; (2) a natural
head position; (3) no data holes in the facial region medial to
the ears, caudal to the hairline and cranial to menton; and (4)
correct 3D image construction. Two of the 3D images cap-
tured at each occasion were selected by one observer (S.B.)
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based on visual similarity, in order to create a pair for 3D
mapping. To assess the reliability of the selection procedure,
subsets of 99 images were selected by two observers (S.B. and
R.N.) independently of each other.

3D image processing

Excess data were removed from the included 3D images via
the ‘clean up model’ function in the 3dMDpatient 4.0 soft-
ware, and additional cropping of data below the neck. The
resulting 3D images were exported from the 3dMDpatient
4.0 software as wavefront object (.obj) files, and imported into
Maxilim version 2.3.0.3 (Nobel-Biocare, Mechelen, Belgium)
for further analysis. See Fig. 1 for examples of 3D images of a
control subject and a UCLP subject at ages 3, 12 and
18 months.

The cephalometry plug-in tool in theMaxilim software was
used to create boundary planes of the nasolabial region in five
steps [15, 16]. In short, the 3D facial image was positioned in
natural head position by (1) indicating right and left
exocanthion and (2) rotation of the axis through the right

and left exocanthion until the canthion-superaural line was
horizontal, seen from a lateral view. Second, a pupil recon-
structed point was located at the intersection of the midline of
the nose and the bipupilar line derived from a frontal view.
Third, the reference framewas derived from horizontal (y = 0),
median (x = 0) and vertical (z = 0) planes. Fourth, the follow-
ing landmarks were located: endocanthion right,
endocanthion left, cheilion right, cheilion left, lower lip (mid-
dle lowest point of lip). Lastly, three additional planes were
created and the nasolabial region was defined (Fig. 2):
endocanthion-cheilion left plane and endocanthion-cheilion
right plane were perpendicular to the vertical plane and de-
fined the left and right borders of the nasolabial area. The
lower lip plane was parallel to the horizontal plane, and these
planes defined the lower and upper borders of the nasolabial
area, respectively.

Image analysis

The 3D patient-plug-in tool in the Maxilim software was
used to map pairs of 3D images. Mapping utilises a

Fig. 1 Examples of 3D images of
a control subject at ages 3 months
(a), 12 months (b) and 18 months
(b) and examples of 3D images of a
UCLP subject at ages 3months (d),
12 months (e) and 18 months (f)
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mathematical approach to minimise the distances between
two superimposed 3D images, also known as best-fit regis-
tration or the iterative closest point algorithm. First, initial
alignment of the two 3D images was performed by indicat-
ing the left and right exocanthion, tip of the nose and
pogonion. Second, the surface for registration was selected
manually by indicating the face and excluding the hair, ears
and neck directly below the border of the mandible and
menton in the pair of 3D images. Third, final alignment
was computed and intersurface distance was calculated to
create a distance kit of the face (Fig. 3). Lastly, a second

distance kit was calculated of the nasolabial area only.
Distance kit numerical data were exported to a text file.
Analysis of the distance kits was performed via Matlab soft-
ware (MathWorks, MA, USA). Distance kits were used to
determine the variation of the 3D facial surface as a whole,
as well as the nasolabial surface in particular, as this is the
region of interest in UCLP subjects. In this way, variation in
3D facial surface represents the error of the 3D imaging
method due to involuntary facial expression.

Statistical analysis

Cohen’s kappa statistics were used to assess the inter-rater
agreement for the process of image selection per subject. For
patients and controls (full face and nasolabial area) the abso-
lute mean variation, 50th percentile (p50), 90th percentile
(p90) and 95th percentile (p95) of the intersurface distances
were calculated as measures of the mean error and the distri-
bution of variance. To assess the influence of age, one-way
analysis of variance was used. t tests were applied to assess
differences in intersurface distances between patients and con-
trols, and to assess differences between full face and
nasolabial areas. A 95% confidence interval was applied when
interpreting the reliability of the results. Boxplots were gener-
ated to represent descriptive statistics of the mean intersurface
distances for each age and group.

Fig. 2 The boundary planes of the nasolabial area are the horizontal
plane, lower lip plane and the left and right endocanthion-cheilion planes

Fig. 3 Distance kits of pairs of 3D
images (red − 5 mm to green +
5 mm) of a control subject at ages
3 months (a), 12 months (b) and
18 months (c) and distance kits of
pairs of 3D images of a UCLP
subject at ages 3 months (d),
12 months (e) and 18 months (f)
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Results

Sample

During the recruitment period, 143 children with clefts were
registered at the Cleft Palate Craniofacial Unit within 3 months
after birth. A total of 31 patients with UCLPwere enrolled in the
study. Reasons for exclusionwere having a syndrome (n = 29), a
condition other than complete UCLP (n = 76), non-Caucasian
parentage (n = 1) and lack of informed consent (n = 6).

Reliability of image selection

Inter-rater agreement for image selection was very good, with
a kappa value of 0.90. Table 1 shows the results of the selec-
tion process. In total, 510 3D images of controls and 183 3D
images of UCLP subjects were available for the selection pro-
cess. After the selection process, 197 images were included
from the control group and 103 were included from the UCLP
group. From these included 3D images, 56 pairs of 3D images
were selected from the control group and 34 pairs were select-
ed from the UCLP group.

Assessment of variation in pairs of selected 3D
images: control vs. UCLP subjects

Mean variation in pairs of selected 3D images ranged from
0.38–0.66 mm in the control subjects and 0.40–0.88 mm in
the UCLP subjects. p50 variation in pairs of selected 3D im-
ages ranged from 0.28–0.51 mm in the control subjects and
0.26–0.51 mm in the UCLP subjects. p90 variation in pairs of
selected 3D images ranged from 0.77–1.23 mm in the control
subjects and 0.85–1.40 mm in the UCLP subjects. p95 varia-
tion in pairs of selected 3D images ranged from 1.01–1.71mm
in the control subjects and 1.14–3.00 mm in the UCLP sub-
jects. No statistically significant differences in variation of the
full face were detected between control subjects and UCLP
subjects. However, for the nasolabial area, there was a statis-
tically significant difference between controls and UCLP sub-
jects in the p95 variation at age 3 months (Tables 2 and 3).

Assessment of variation in pairs of selected 3D
images: the full face vs. the nasolabial area

Mean variation in pairs of selected 3D images in control sub-
jects ranged from 0.38–0.41 mm for the full face and 0.57–
0.66 mm for the nasolabial area. p50 variation in pairs of se-
lected 3D images in control subjects ranged from 0.28–
0.30 mm for the full face and 0.41–0.51 mm for the nasolabial
region. p90 variation in pairs of selected 3D images in control
subjects ranged from 0.77–0.84 mm for the full face and 0.98–
1.23 mm for the nasolabial region. p95 variation in pairs of
selected 3D images in control subjects ranged from 1.01–
1.09 mm for the full face and 1.34–1.71 mm for the nasolabial
region. There were statistically significant differences in the
mean, p50, p90 and p95 variation of the full face compared
to the nasolabial area at all ages in the control subjects, with the
exception of p90 and p95 at the age of 12 months (Tables 2 and
3). Mean variation in pairs of selected 3D images in UCLP
subjects ranged from 0.40–0.50 mm for the full face and
0.69–0.88 mm for the nasolabial area. p50 variation in pairs
of selected 3D images in UCLP subjects ranged from 0.26–
0.35 mm for the full face and 0.45–0.51 mm for the nasolabial
region. p90 variation in pairs of selected 3D images in UCLP
subjects ranged from 0.85–1.05 mm for the full face and 1.20–
1.40 mm for the nasolabial region. p95 variation in pairs of
selected 3D images in UCLP subjects ranged from 1.14–
1.38 mm for the full face and 1.74–3.00 mm for the nasolabial
region. There were statistically significant differences in the
mean, p50, p90 and p95 variation of the full face compared
to the nasolabial area at 3 months of age (Tables 2 and 3).

Assessment of variation in pairs of selected 3D images
at ages 3, 12 and 18 months

Descriptive statistics for the absolute mean variation, p50,
p90 and p95 for controls and UCLP subjects of the face and
nasolabial area in each age group are shown in Table 2.
Mean variation in pairs of selected 3D images ranged from
0.41–0.88 mm at age 3 months, 0.38–0.71 mm at age
12 months and 0.39–0.69 mm at age 18 months. p50 vari-
ation in pairs of selected 3D images ranged from 0.30–

Table 1 Number of 3D images
from selection process until 3D
image pairing (controls n = 50,
UCLP n = 31)

Stage of 3D image analysis Group 3 Months 12 Months 18 Months Total

Available 3D images Control 165 161 184 510

UCLP 72 42 69 183

Included 3D images Control 88 44 65 197

UCLP 50 22 31 103

Pairs of 3D images Control 28 10 18 56

UCLP 19 6 9 34

UCLP, unilateral cleft lip, alveolus and palate
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0.51 mm at age 3 months, 0.26–0.45 mm at age 12 months
and 0.29–0.47 mm at age 18 months. p90 variation in pairs
of selected 3D images ranged from 0.84–1.40 mm at age
3 months, 0.77–1.35 mm at age 12 months and 0.80–
1.20 mm at age 18 months. p95 variation in pairs of selected
3D images ranged from 1.09–3.00 mm at age 3 months,
1.01–2.17 mm at age 12 months and 1.03–1.74 mm at age

18 months. There were no statistically significant differences
between the age groups.

Graphical presentation of the data

Figure 4 shows boxplots representing the mean variation in
pairs of selected 3D images of the face and the nasolabial area

Table 2 Variation (mm) in absolute means followed by the standard
deviation in brackets, and corresponding values of the 50th percentile,
90th percentile and 95th percentile in controls and unilateral cleft lip,

alveolus and palate patients derived from images of the whole face and
the nasolabial area at different ages

Group Area Age (months) n Mean (sd) (mm) p50 (sd) p90 (sd) p95 (sd)

Control Face 3 28 0.41b (0.22) 0.30c (0.18) 0.84d (0.49) 1.09 e (0.60)

12 10 0.38f (0.13) 0.28g (0.10) 0.77 (0.27) 1.01 (0.37)

18 18 0.39h (0.15) 0.29i (0.13) 0.80j (0.31) 1.03 k (0.39)

Nasolabial area 3 28 0.66b (0.43) 0.51c (0.46) 1.23d (0.72) 1.71a, e (0.92)

12 10 0.57f (0.14) 0.41g (0.13) 0.98 (0.25) 1.34 (0.36)

18 18 0.65h (0.33) 0.47i (0.27) 1.20j (0.63) 1.66k (1.02)

UCLP Face 3 19 0.44l (0.26) 0.31m (0.19) 0.88n (0.60) 1.14o (0.73)

12 6 0.40 (0.16) 0.26 (0.10) 0.85 (0.34) 1.16 (0.46)

18 9 0.50 (0.30) 0.35 (0.20) 1.05 (0.67) 1.38 (0.82)

Nasolabial area 3 19 0.88l (0.41) 0.51m (0.28) 1.40n (0.90) 3.00a, o (2.47)

12 6 0.71 (0.39) 0.45 (0.29) 1.35 (0.77) 2.17 (1.36)

18 9 0.69 (0.34) 0.47 (0.31) 1.20 (0.79) 1.74 (1.36)

p50, 50th percentile; p90, 90th percentile; p95, 95th percentile; UCLP, unilateral cleft lip, alveolus and palate
a Significant difference in p95 of the mean variation for the nasolabial area of UCLP subjects vs. controls at age 3 months
b–k Significant differences inmean, p50, p90 and p95 variation of the full face compared to the nasolabial area at all ages in controls, with the exception of
p90 and p95 at age 12 months
l–o Significant differences in mean, p50, p90 and p95 variation of the full face compared to the nasolabial area at 3 months of age in UCLP subjects

Table 3 p values and 95% confidence intervals for each statistically significant difference indicated in Table 2

Significant
difference

Age (months) Group Variable Outcome p value 95% confidence
interval

a 3 Control vs. UCLP Nasolabial area p95 0.04 − 2.53–− 0.07
b 3 Control Face vs. nasolabial Mean 0.01 − 0.44–− 0.07
c 3 Control Face vs. nasolabial p50 0.03 − 0.39–− 0.02
d 3 Control Face vs. nasolabial p90 0.02 − 0.72–− 0.06
e 3 Control Face vs. Nasolabial p95 < 0.01 − 1.04–− 0.20
f 12 Control Face vs. nasolabial Mean 0.01 − 0.32–− 0.07
g 12 Control Face vs. nasolabial p50 0.03 − 0.23–− 0.02
h 18 Control Face vs. nasolabial Mean 0.01 − 0.44–− 0.08
i 18 Control Face vs. nasolabial p50 0.01 − 0.32–− 0.04
j 18 Control Face vs. nasolabial p90 0.02 − 0.75–− 0.07
k 18 Control Face vs. nasolabial p95 0.02 − 1.16–− 0.10
l 3 UCLP Face vs. nasolabial mean < 0.01 − 0.68–− 0.22
m 3 UCLP Face vs. nasolabial p50 0.01 − 0.36–− 0.05
n 3 UCLP Face vs. nasolabial p90 0.05 − 1.01–− 0.01
o 3 UCLP Face vs. nasolabial p95 0.01 −3.09–− 0.64

UCLP, unilateral cleft lip, alveolus and palate; p50, 50th percentile; p90, 90th percentile; p95, 95th percentile
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at 3, 12 and 18 months of age. The upper and lower limits of
the boxplots, representing the mean variation of the face, are
closer to each other compared to the boxplots representing the
variation of the nasolabial area. This indicates that there was a
tendency towards more variation in the nasolabial area, with
the largest variation in the nasolabial area in UCLP subjects at
3 months of age. The least variation was apparent in the full
face images of control subjects. Variation of the mean, 50th,
90th and 95th percentiles is presented as the standard devia-
tion (sd) in Table 2. The sd gradually increases from p50 to
p95, with the exception that the mean and sd of p95 for the
nasiolabial area in UCLP patients at age 3 months exhibits a
large increase to 3.00 (sd 2.47).

Discussion

Mean variation

To our knowledge, to date, only Hermann et al. [14] have
addressed variation due to 3D facial expression, in a pilot
study in infants, although stereophotogrammetry has often
been applied in previous studies with non-compliant infants
and less compliant children. In Hermann et al. [14], alignment
of 3D facial images of 10 infants (mean age 3.9 months, seven
with UCLP and three with bilateral cleft lip, alveolus and
palate) was performed on the forehead via an iterative closest
point algorithm, and the results were compared with data de-
rived from 10 adults and a static mannequin head. In that

study, deformation generally increased moving downward
from the forehead to the chin, and mean variation was 0 mm
at the forehead, 1.1 mm at the nose, 1.7 mm at the cleft region,
3.1 mm for the lower lip and 3.5 mm for the chin. In the
current study, mean variation was 0.88 mm at the nasolabial
region in UCLP subjects at the age of 3 months, and mean
variation was 0.66 for the full face. The value of 0.88 mm is
half of the value of 1.7 mm that Hermann et al. [14] reported at
the cleft region. This difference may be due to differences in
consistency of the image capture procedure, i.e. the experi-
ence of the photographer. Experience of the physician in case
of direct anthropometry has been demonstrated to be a factor
of influence as well, as it is likely to be with any other tech-
nique [17]. Other potentially contributory factors are that the
two studies used different methods for the alignment of 3D
facial images, and there were differences in the size and ho-
mogeneity of the samples.

In conjunction with the selected methods of alignment, it
can be expected that the error in a particular facial area is
related to its distance to the area of reference, i.e. mapping
on the forehead will lead to a larger error in the area of the
chin. On the other hand, it is reasonable to assume that
aligning on the full facial surface will average variation
around various facial regions, i.e. regression to the mean. In
the adult control sample in Hermann et al. [14], there was a
similar increase in deformation moving downward from the
forehead to the chin; however, the values were a factor of 10–
20 times less (0.09 mm at the forehead to 0.25 mm at the chin)
than those derived from the infant sample. These values are

Fig. 4 Boxplots of the mean variation (mm) in the control group and the UCLP group at ages 3, 12 and 18months for the whole face and the nasolabial area
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suggested to be clinically acceptable and indicate that adults
are sufficiently able to present a neutral facial expression. In a
static mannequin, however, head deformation did not increase
moving downward from the forehead to the chin (0.032mm at
the forehead to 0.027 mm at the chin) [14] indicating that
alignment on the forehead is a perfectly reliable method in a
static mannequin. Notably, it also indicates that even in com-
pliant adults, minor deformation in the surface of the forehead
exists.

Variation of the face at rest using 3D stereophotogrammetry
in adults has been described by Maal et al. [12] and Lubbers et
al. [13]. Maal et al. [12] used surface-based registration of 25
3D images of the same adult individual taken with and without
wax bite in maximal occlusion at T0 and repeated the process
after 6 weeks. They reported a mean variation of 0.25 mm and
no large differences between different time points when a wax
bite was used. There were small variations in anatomical re-
gions of the face, the smallest variation being in the nose and
forehead and the largest variation in the mouth and eyes. In the
current study, the mean variations of the face were 0.40 mm in
the control sample and 0.44 mm in the UCLP sample, which
are larger values than that reported byMaal et al. [12]. This is to
be expected, due to the non-compliant nature of infants with
regard to maintaining a neutral facial expression during 3D
image acquisition. However, the differences at 3, 12 and
18 months of age were small in the current study, and not
clinically relevant. Lubbers et al. [13] examined calliper dis-
tances of labelled landmarks in two adult subjects and reported
a mean global error of 0.41 mm, of which technical error
accounted for 0.09 mm and involuntary facial movements
accounted for 0.32 mm. This is comparable to our findings in
controls and UCLP subjects at the ages of 3, 12 and 18 months.

To estimate the clinical significance of error due to changing
facial expressions, it is relevant to compare this error with the
system error and with normative data of craniofacial growth.
The accuracy of the 3dMD system compared to direct facial
anthropometry for linear measurements reportedly ranges from
0.21 to 0.94 mm [9, 10, 18, 19], and for landmark identification
it ranges from 0.49 to 0.83 mm [11, 20, 21]. The mean r value
representing the correlation between linear measurements de-
rived from the 3dMD and direct anthropometry was reportedly
0.88 in one study, indicating a very high correlation [22]. The
error due to involuntary facial expressions in the current study
ranged from 0.38 to 0.50 mm, and actually includes the system
error itself. Therefore, the influence of involuntary facial ex-
pressions seems to be clinically insignificant. However, when
summing up all potential factors like system error, landmark
identification error and error due to involuntary facial expres-
sion a clinically significant error is possible.

Furthermore, studies that produced normative data of cra-
niofacial growth from 0 until 2 years of age in North American
Caucasians measured with direct anthropometry have shown
that linear cranial growth was 11 to 20 mm in width and 21 to

27 mm in height; linear facial growth was 5 to 9 mm in width
and 10 to 17mm in height; linear growth of the nose was − 0.2
to 1.7 mm inwidth, 7.2 to 8 mm in height and 0.6 to 1.8 mm in
length; and linear growth of the lips and mouth was 4.4 to
5.2 mm in width and 0.6 to 4.1 mm in height [23].
Compared to these increments for linear measurements due
to craniofacial growth, the error due to involuntary facial ex-
pressions in the current study (0.38 to 0.50 mm) seems to be
clinically insignificant except for measurements of the width
and length of the nose and height of the lips and mouth. Future
studies on longitudinal 3D facial growth in young children
should take the mean variation in facial expression into con-
sideration in relation to the mean variation due to facial
growth.

Assessment of variation in pairs of selected 3D images
at ages 3, 12 and 18 months

The mean, p50, p90 and p95 of the variation in the face and
nasolabial area of controls and UCLP subjects did not differ
significantly in the current study. Age was not related to var-
iation in facial expression in children with or without UCLP at
the ages of 3, 12 and 18 months. The explanation for this is
that a carefully instructed photographer can capture multiple
3D facial images of an infant aged between 3 and 18 months
with the same level of neutral facial expression. Results re-
ported by Hermann et al. [14] indicate that the ability of a
photographer to recognise a neutral facial expression is one
of many factors related to variations in 3D images. In the
current study, 43% of all available 3D facial images of con-
trols and UCLP subjects were included (Table 1). There was a
tendency towards a higher percentage of included 3D facial
images in subjects at 3 months of age (58%) and a tendency
towards a lower percentage of included 3D facial images in
subjects at 12 months of age (32%) and 18 months of age
(38%). An explanation for the higher percentage of included
3D facial images of subjects aged 3 months might be that they
are less aware of the process of image capturing, and therefor
unconsciously more cooperative or easier to district than sub-
jects aged 12 and 18 months. We recommend a thorough
review by the photographer after 5–8 3D images of the same
child have been captured, in order to maximise the number of
high-quality 3D images with a neutral facial expression.
Furthermore, the quality of the process of selecting eligible
3D images has a strong influence on outcome. To achieve a
good selection of eligible 3D images of the same child, two
observers were calibrated for the independent selection of el-
igible 3D images. The inter-observer agreement of 0.90 indi-
cates that selection of high-quality 3D images can be reliably
performed. This is a crucial factor for both reliability of results
within a single study and for comparison of results derived
from different studies.
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Assessment of variation in pairs of selected 3D
images: controls vs. UCLP subjects

In general, no statistically significant difference between con-
trols and UCLP subjects was found, indicating that the pres-
ence of an unrepaired or repaired cleft had little influence on
the mean variation in facial expression. Therefore, 3D imag-
ing seems to be a robust imaging technique. An exception to
this was the p95 of the nasolabial area. In UCLP subjects aged
3 months, involuntary facial expressions significantly influ-
enced variation in the nasolabial area of unrepaired UCLP
faces. Excluding the point cloud of the face around the
nasolabial area seems to eliminate the regression to the mean
for the outliers. Mean variation in the nasolabial area at age
3 months in UCLP patients was highest of all, at 0.88 mm. It
was still well below 1 mm, and however, compared to the
estimations of facial growth in normative data, this seems to
be clinically acceptable [23].

Assessment of variation in pairs of selected 3D
images: the whole face vs. the nasolabial area

Statistically significant differences were found in the mean,
p50, p90 and p95 variation of the face compared to the
nasolabial area for all ages in controls and at age 3 months
in UCLP subjects. As expected, variation was larger in the
nasolabial area than in the full face due to movement of the
lips and mandible. In the total subject pool (including controls
and UCLP subjects), the p95 of the mean variation of the face
ranged from 1.01 to 1.38 mm, whereas the p95 of the mean
variation of the nasolabial area in UCLP at age 3 months was
up to 3.00 mm with a sd of 2.47 mm, indicating that in this
specific region, reliability was questionable. Conversely,
mean variation in the nasolabial area was 0.88 mm at most,
which is well below 1 mm and therefore clinically acceptable.
In general, the upper quartile was below a mean variation of
1 mm. Exceptions to this were the nasolabial region in UCLP
subjects at age 3 and 18 months and the nasolabial region of
controls at age 12 months. Also, outliers in the higher mean
variation were present indicating an unsteady character of the
nasolabial region due to variation in involuntary facial
expression.

Conclusions

Caution should be exercised when interpreting 3D facial im-
aging data derived from young children in order to estimate
treatment outcomes or growth, especially when the data in-
clude 3D facial images of the nasolabial region of UCLP
subjects aged 3 months. Mean variation was well below
1 mm in both the controls and the UCLP subjects at all ages
investigated in the current study, for both the face and the

nasolabial area, which is clinically acceptable. When estimat-
ing treatment outcomes or facial growth, the influence of in-
voluntary facial expressions should not be underestimated.
There is a need for suitably experienced photographers, me-
ticulous 3D image capturing and evaluation protocols, to ob-
tain a high-quality 3D facial image database. Furthermore, a
rigid selection procedure is required to identify 3D facial im-
ages with a neutral facial expression.
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