Automatic landmarking as a convenient prerequisite for geometric
morphometrics. Validation on cone beam computed tomography (CBCT)-
based shape analysis of the nasal complex
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Highlights

* Cone beam computed tomography (CBCT) scans of adult South Africans were selected.
e Manual and automatic landmarks registered on the hard- and soft-tissue of the nose.
e Measurement error, systematic error and relative random errors were quantified.

* Validation of the automatic landmarking on hard-and soft-tissue 3D surfaces.

Abstract

Manual landmarking is used in several manual and semi-automated prediction guidelines
for approximation of the nose. The manual placement of landmarks may, however, render
the analysis less repeatable due to observer subjectivity and, consequently, have an impact
on the accuracy of the human facial approximation. In order to address this subjectivity and
thereby improve facial approximations, we are developing an automated three-dimensional
(3D) method based on an automatic dense landmarking procedure using non-rigid surface
registration. The aim of this study was to validate the automatic landmarking method by
comparing the intra-observer errors (INTRA-OE) and inter-observer errors (INTER-OE)
between automatic and manual landmarking.

Cone beam computed tomography (CBCT) scans of adult South Africans were selected from
the Oral and Dental Hospital, University of Pretoria, South Africa. In this study, the validation
of the automatic landmarking was performed on 20 3D surfaces. INTRA-OE and INTER-OE



were analyzed by registering 41 craniometric landmarks from 10 hard-tissue surfaces and 21
capulometric landmarks from 10 soft-tissue surfaces of the same individuals. Absolute
precision of the landmark positioning (both on the samples as well as the template) was
assessed by calculating the measurement error (ME) for each landmark over different
observers. Systematic error (bias) and relative random error (precision) was further
guantified through repeated measures ANOVA (ANOVA-RM).

The analysis showed that the random component of the ME in landmark positioning
between the automatic observations were on average on par with the manual observations,
except for the soft-tissue landmarks where automatic landmarking showed lower ME
compared to manual landmarking. No bias was observed within the craniometric
landmarking methods, but some bias was observed for capulometric landmarking.

In conclusion, this research provides a first validation of the precision and accuracy of the
automatic placement of landmarks on 3D hard- and soft-tissue surfaces and demonstrates
its utilization as a convenient prerequisite for geometric morphometrics based shape
analysis of the nasal complex.
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1. Introduction

Each year in the Gauteng province of South Africa, approximately 1300 unidentified bodies
are incinerated [1]. It is not always possible to identify unknown persons with conventional
methods by comparing DNA and fingerprints. Additionally, many poor South Africans do not
have dental or hospital records, or identification documents. As a result, more creative
methods, including craniofacial reconstruction (CFR), have been implemented to assist in
the identification of unknown persons from their skeletal remains. Craniofacial
reconstruction methods can be used to estimate the ante mortem appearance of an
individual from skeletal remains, providing a presumptive identification of the individual,
which can be conveyed to the public. Craniofacial reconstruction is based on the assumed
morphological relationship between the soft- tissue envelope and the underlying skull
substrate [2]. Traditional CFR methods are based on 2D or 3D manual reconstruction by
physically modelling a face on a skull replica with clay or plasticine [[3], [4], [5], [6], [7], [8]].
In the literature, these traditional reconstructions have been commonly classified as
“Russian”, “American” or “Combination” methods [9]. It was recognized by the scientific
community in the field of CFR that manual reconstruction methods require a high degree of
anatomical and sculptural expertise and, as a result, remain difficult and subjective [[10],
[11], [12], [13], [14], [15]]. The interpretations of two different artists can result in the
creation of two substantially different faces from the same skull [14]. Therefore, traditional
manual techniques are unsuitable for application to the judicial system, which requires
precision, reliability and knowledge of possible quantization [14].



Recent developments in digital imaging techniques have resulted in the collection of large
databases of 3D representations of hard- and soft-tissues of the face. Researchers in the
field of CFR utilize these sources of information to improve objectivity in the reconstruction
process [2,[14], [15], [16], [17]]. In CFR, all computer-assisted methods share the
foundational premise that information about the complete skull versus information of the
skin is used for mapping a template face onto a dry skull [2,[14], [15], [16], [17]]. Recently,
Schlager [2] and Guyomarc’h [15], developed computer-assisted methods for the prediction
of the structure of the external surface of the nose based on conventional computer
tomography (CT) scans. Compared with manual methods, automation of facial
approximation offers increased objectivity and the possibility of standardization [15].
However, the use of conventional CT scans as initial references may be influenced by
supination effects on the face due to the horizontal position of the patient during scanning
[18]. Moreover, the slice thickness, which generally ranges from 0.6 mm to 1.5 mm [2,15],
induces errors of at least the same order of magnitude in the manual landmark placement
on the 3D hard- and soft-tissue surfaces.

Previously described methods for approximation of the nose involve manual placements of
landmarks for the definition of the region of interest [2,15]. When analysing the results of
these methods, it seems that some craniometric and capulometric landmark positions are
prone to inter-and intra-observer errors such as the nasal depth [2], the external (1.6—

2.3 mm) and superior alar curvature [2,15] (1.5-2.3 mm), the alare [2,15] (1.9-2.9 mm)
[2,15] and the submaxillare curvature [15] (1.6—3.7 mm). Manual placement of landmarks is
extremely time consuming on large 3D surface samples and may induce important observer
subjectivity and errors [[19], [20], [21], [22], [23], [24]]. Errors in manual landmarking are
determined by factors such as the inherent variability among individuals in the sample and
the metric quality of the instruments used [[25], [26], [27], [28]]. As a result, manual
landmarking may render the analysis less repeatable and accurate for the facial
approximation process. In the field of craniofacial reconstruction, the scientific literature
concerning the utilization of automatic landmarking on 3D surfaces for the approximation of
facial features (e.g. nose, eyes, mouth and ears), or the complete face, is limited. Limited
research has been published regarding facial recognition implications for 2D [[29], [30], [31],
[32], [33]] and 3D [24,34] capulometric landmarks, whereas no research has been done on
the automatic landmarking of craniometric and capulometric landmarks on hard- and soft-
tissue 3D surfaces.

The main critiques of current facial approximation techniques are the inherent subjectivity
in manual methods, the references used and the lack of standardization, which limit the
accuracy of the estimation [[10], [11], [12], [13], [14], [15]]. In order to improve the accuracy
of facial approximation, we are developing an automated three-dimensional (3D) method
based on an automatic dense landmarking procedure. Moreover, instead of using
conventional CT for the acquisition and extraction of the relevant anatomical structures, we
used cone beam CT (CBCT). During a CBCT scan, the patient is in a vertical position and the
scanner rotates around the head, capturing images using a cone-shaped X-ray beam. The
advantages of CBCT compared to CT include lower radiation dose, lower cost and higher
spatial resolution (0.1 mm to 0.4 mm) for the placement of 3D landmarks [35]. Furthermore,
the patient’s upright position during acquisition minimizes gravitational effects on soft-
tissue deformations. The aim of this study was to evaluate the measurement error (ME) of



the automatic versus the manual landmarking method, defined as the difference between
repeated measurements of the same variable made by the same (i.e., INTRA-OE) or
different observers (i.e., INTER-OE) [36]. A further aim of this study was to demonstrate the
utilization of automatic landmarking as a convenient prerequisite for geometric
morphometrics, based on shape analysis of the nasal complex.

2. Materials & methods

Cone beam computer tomography scans of ten adult South Africans were selected from the
Oral and Dental Hospital, University of Pretoria, South Africa. Cone beam computer
tomography scans were obtained using a CBCT scanner (Planmeca ProMax ® 3D, Pretoria,
South Africa) with the following properties: 90 kV, 11.2 mA, voxel size of 0.4 mm and field of
view of 230 x 260 mm. In order to standardize the acquisition, the subjects were scanned in
a seated position with their eyes closed and with a relaxed facial expression. Patients were
excluded if they presented with any condition that could affect the morphology of the face
(e.g. orthodontic treatment, pathological conditions, facial asymmetry, or any facial
interventional reconstructive surgery). This research project was approved by the Main
Research Ethics Committee of the Faculty of Health Sciences, University of Pretoria, South
Africa (Ethics Reference No: 301/2016).

CBCT scans in DICOM format were imported into MeVisLab © v. 2.7.1 software to extract
volume data and create 3D images. The segmentation (Fig. 2a) of different elements (hard-
and soft-tissue) were obtained by finding the threshold values between segmented
components according to the “Half Maximum Height” (HMH) quantitative iterative
thresholding method [37]. Threshold values for hard-tissue varied between 1200-1250 and
for the soft-tissue, between 400-450. In this study, the facial skeleton will be referred to as
the hard-tissue, and the external structure of the nose as the soft-tissue.

Following facial approximation literature [2,15], and in order to conserve homology and
comparability between studies, classic craniometric and capulometric landmarks (type |, I,
and Il [38] were used. INTRA-OE and INTER-OE were analyzed by registering craniometric
landmarks from ten hard-tissue surfaces and capulometric landmarks from ten soft-tissue
surfaces of the same individuals. A total of 62 landmarks, described in Table 1 and
illustrated in Fig. 1 were used.

Table 1. Definition, abbreviation and nature of landmarks used [38].

Landmarks Abbreviation Nature Definition
Craniometric
1 Nasion n Median Intersection of the nasofrontal sutures in the median plane.

) . Midline point on the internasal suture midway between
2 Mid-nasal mn Median . .
nasion and rhinion.

Most rostral (end) point on the internasal suture. Cannot be

3 Rhinion rhi Median
determined accurately if nasal bones are broken distally.



8/9

10/11

12/13

14/15

16/17

18/19

20/21

22/23

24/25

26/27

28/29

30/31

32/33
34/35

36/37

38/39

Landmarks

Nasospinale

Subspinale b

Akanthion

Prosthion

Zygotemporale
superior

Zygotemporale
inferior

Jugale

Frontomalare
temporale

Frontomalare
orbitale

Nasomaxillofrontale

Ectoconchion

Orbitale

Zygoorbitale

Maxillofrontale

Nasomaxillare

Alare

Piriform curvature
Nariale
Zygomaxillare

Submaxillare
curvature

Abbreviation Nature

ns

SS

ak

pr

zts

zti

ju

fmt

fmo

nmf

ec

or

z0

mf

nm

al

cp
na

zm

csm

Definition
The point where a line drawn between the inferior most
Median points of the nasal aperture crosses the median plane. Note

that this point is not necessarily at the tip of the nasal spine.

The deepest point seen in the profile view below the anterior

Median
nasal spine (orthodontic point A).

Median Most anterior midline point of the nasal spine.

Median point between the central incisors on the anterior

Median . . .
most margin of the maxillary alveolar rim.

Bilateral Most superior point of the zygomatico-temporal suture.

Bilateral Most inferior point of the zygomatico-temporal suture.

Vertex of the posterior zygomatic angle, between the vertical

Bilateral
edge and horizontal part of the zygomatic arch.

Bilateral Most lateral part of the zygomaticofrontal suture.

Point on the orbital rim marked by the zygomaticofrontal

Bilateral
suture.
. Point at the intersection of the frontal, maxillary, and nasal
Bilateral
bones
. Lateral point on the orbit at a line that bisects the orbit
Bilateral
transversely.
. Most inferior point on the inferior orbital rim. Usually falls
Bilateral . .
along the lateral half of the orbital margin.
) Intersection of the orbital margin and the
Bilateral . .
zygomaticomaxillary suture.
. Intersection of the anterior lacrimal crest with the
Bilateral .
frontomaxillary suture.
. Most inferior point of the nasomaxillary suture on the nasal
Bilateral
aperture.
) Instrumentally determined as the most lateral point on the
Bilateral

nasal aperture in a transverse plan.
Bilateral Most infero-lateral point of the piriform aperture.
Bilateral Most inferior point of the piriform aperture.
Bilateral Most inferior point onthe zygomaticomaxillary suture.

Most supero-medial point on the maxillary inflexion between

Bilateral .
the zygomaxillare and the ectomolar.



Landmarks Abbreviation Nature Definition

Point on the superior alveolar ridge superior to the crown of

40/41 Supra canine sc Bilateral . ]
the maxillary canine.

Capulometric
1 Pronasale prn' Median The most anteriorly protruded point of the apex nasi.
2 Nasale inferius ni Median Most inferior point of the apex nasi.

Midpoint of the nasal columella crest, intersecting a line

3 Columella c' Median .
between the two cs’ points.

. . Median point at the junction between the lower border of the
4 Subnasale sn Median .
nasal septum and the philtrum area.

External alar . Most anterior point of the nasal wing at the maximum of
5/6 eac Bilateral
curvature curvature.

Superior alar

7/8 sac Bilateral Most superior point of the nasal wing.
curvature
9/10 Alagenion ag Bilateral Most posterior point of the nasal wing.
11/12 Alare al' Bilateral The most lateral point on the nasal ala.

) . The most posterolateral point of the curvature of the base
13/14 Alar curvature point ac Bilateral . P P
line of each nasal ala.

Midpoint of the nasal columella crest on either side, where
15/16 Mid-columella mc' Bilateral the columella thickness is measured (equivalent to
Subnasale’).

17/18 Nasal-depth nd Bilateral Most medial point of the transition nose/eye.

Deepest midline point of the nasofronal angle; not a
19 Sellion se' Median p. , P &
substitute for n'.

Midpoint of maximal nostril width - projected on the

20/21 Mid-nostril mn Bilateral . . .
transition nostril/philtrum.



Fig. 1. Landmarks placed on the hard- and soft-tissue region of interest.

a: Frontal view of the hard-tissue region of interest; b: nasal superior and inferior; c: maxillary; d: zygomatic; e:
frontal view of the soft-tissue region of interest; f: inferior view of the nose; g: anterior view of the nose; h:
lateral view of the nose (cf. Table 1).



DATABASE

a  Segmentation and construction of surface Initialization of surface meshes.

meshes. N !g e
Hard- and soft- tissue surface meshes. All surfaces are aligned on the same coordinates system.

TEMPLATE GENERATION

Templates
Geometrical relationship between surfaces. All surfaces are templated (named warped surfaces).
ANATOMICAL TEMPLATING
SRR € Automatic
placements

1 ki |
on templates. andmarking

Landmarks placed on templates are associated with the corresponding points on the warped surfaces,

Fig. 2. Workflow of the automatic landmarking procedure. a) segmentation process; b) initialisation process; c)
non-rigid surface registration process; d) templates generation; e) definition of the region of interest on
templates; f) automatic landmarking.

Forty-one craniometric landmarks were recorded on the hard-tissue: 17 bilateral pairs and
seven median landmarks. On the soft-tissue, 21 capulometric landmarks were recorded:
eight bilateral pairs and five median landmarks. The landmarks selected were distributed on
the facial skeleton and the external nose, creating a hard- and soft-tissue region of interest.
The hard-tissue region of interest (Fig. 1a) was delimited by the facial skeleton comprising
the nasal bones (Fig. 1b), the nasal aperture (Fig. 1b), the maxillae (Fig. 1c) and the
zygomatic bones (Fig. 1d). The soft-tissue region of interest (Fig. 1e) was delimited by the
surface anatomy as related to the hard-tissue, including mainly the external nose (Fig. 1g, h)
and the nares (Fig. 1f).



2.1. Manual landmarking

The manual placement of landmarks was performed by indicating the 41 craniometric
landmarks on the ten hard-tissue surfaces and the 21 capulometric landmarks on the ten
soft-tissue surfaces. For the INTRA-OE, the manual placement of landmarks was performed
twice by the same observer (noted AR1m and AR2m) on every subject, with an interval of
two weeks. For the INTER-OE, the manual landmarking was performed twice by two
different observers (noted AR1m and MGm). The manual placement was performed using
MeVisLab software and the 3D coordinates of landmark points were recorded and saved in
an Excel file for further analysis.

2.2. Automatic landmarking

The automatic landmarking method proposed here is adapted from the procedure
introduced by Claes [39]. The basic concept involves a reference template of the anatomical
surface of interest, containing a dense set of landmarks. These landmarks are a dense
equivalent of traditional sparse, discrete, well-defined, anatomical landmarks. Reference
hard- and soft-tissue templates (Fig. 2d) are created using a non-rigid- surfaces registration
process (Fig. 2c). Prior to registration, all the surfaces are repositioned into the same
coordinate system using an initialisation mesh procedure (Fig. 2b). The initialization is
performed manually with indicating a set of landmarks on floating and target surfaces in
order to interactively rotate and translate the surfaces so as to bring them into each other’s
proximity. These transformations map the coordinates of each point of the floating surface
into the coordinate space of the target surface. The non-rigid surface registration results are
dependent on the quality of this initial initialization procedure. Surface registration refers to
the establishment of the geometrical relationship between surfaces that aligns the surfaces
between them as well as possible. Then, every individual surface is “templated” (named the
warped surfaces) such that every point on all 3D surfaces is associated with the anatomically
corresponding point on the reference template. Therefore, information encoded in 3D-
surface representations has to be extracted and made comparable. In a last step, landmarks
are indicated once on the reference templates (Fig. 2e). Every landmark placed on the
template is associated with the anatomically corresponding point on the warped surfaces.

During an anatomical templating process, the reference template is warped non-rigidly to
every subject’s anatomically corresponding surface (target surface). The non-rigid (robust)
surface registration software used for this warping was developed using the MeVisLab © v.
2.7.1 software [40]. The warping is performed iteratively starting with a rigid alignment, and
gradually following with more flexible registration steps. At the end of this process every
landmark of the template is projected onto every subject’s surface, thus establishing a
dense point-based anatomical correspondence among all subjects (Fig. 2f). Therefore, the
coordinates of all subjects are recorded within a common coordinate system which may be
used for statistical analysis.

In order to estimate the precision/measurement error of this procedure, the discrete
landmarks were twice indicated on the hard- and soft-tissue templates. The warped
landmarks on the studied subjects were recorded (noted AR1a, AR2a, MGa). Note that the
warping transformation remains the same, independent of the re-indication of the discrete



landmarks. For the INTRA-OE, the landmark indication on the templates was done by the
same observer (noted AR1t, AR2t), with an interval of two weeks. For the INTER-OE, the
landmark indication on the templates was done independently by two different observers
(noted AR1t, MGt).

2.3. Statistical analysis

The raw coordinates resulting from the manual and automatic landmarking procedures
were adjusted through a generalized Procrustes superimposition (GPS) to obtain pose-
invariant shape coordinates [41,42]. More precisely, GPS reduces the sum of the squared
distances between corresponding anatomical points by aligning the configurations of
landmarks and removing the differences due to translation and rotation (not size) among all
individuals thus defining the remaining shape information as a set of Procrustes coordinates
[[43], [44], [45]]. We adapted the procedure to keep the relative position (and thus
measurement error) of the samples of the same individual unchanged, while their common
(per subject) mean is GPA aligned with the grand mean.

We distinguish between two types of measurement errors on landmark localization:
precision and accuracy. Precision refers to the random error, in measuring the degree to
which repeated measurements give the same result under the same conditions. In contrast,
accuracy refers to the systematic error (or bias) of the measurements compared to their
true values. Random error interferes with the genuine variability by adding residual noise
and increases any Type |l error rate (reduction in statistical power). In our particular setting
ME reflects two different components of error: reproducibility due to different methods
(automatic versus manual), which induces both systematic and random errors and
repeatability due to multiple observers, which induces random errors. Since we do not have
a ground truth available, we limit the assessment of the systematic error by evaluating the
bias between the automatic and manual landmarking.

The precision of the (manual and automatic) landmark positioning was calculated using the
dispersion 44 for each landmark i and individual j. Dispersion is defined as the Mean
Euclidean Distance (MED) of the sample landmark Pix to the mean Pi  of the (x,y,z)-
coordinates of landmark i over all observations k (INTER, INTRA, resp.) for subject j:
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Boxplots of MED values are generated for automatic and manual landmarking separately,
showing the variation of dispersion over different subjects. Global precision is then reported
as the global (averaged over all landmarks) mean (#4) and median (™) of the per landmark

mean (“-1I ) and median (™4/) values (over all subjects).

The precision of the manual landmarking was assessed by comparing the dispersion over
the three observers (AR1m, AR2m, MGm) manually placing the landmarks on each subject.
The precision of the automatic landmarking was calculated by indicating the craniometric
and capulometric landmarks three times (AR1t, AR2t, MGt) on the templates and measuring
the resulting dispersion on the automatically indicated landmarks (AR1a, AR2a, MGa) for

10



each subject. In addition, the precision of the landmark positioning on the templates was
similarly calculated using MED on the three measurements (AR1t, AR2t, MGt).

While these absolute (expressed in metric units (mm)) measures are valuable in comparing
the precision of different methods and possibly selecting a subset of landmarks to retain for
further morphometric analysis, they should be supplemented by relative measures,
comparing the ME to the true shape variation in the specific data sets.

The bias between automatic and manual landmarking was assessed both visually and
statistically. Plotting the Procrustes shape measures (principal components) in the PCA
tangent space along the first two principal components can reveal any structural grouping
due to the methods. Bias was first examined by examining differences in mean shape of the
landmark configurations obtained by the two (automatic and manual) methods, considered
as independent populations.

Finally, both systematic (bias) and relative random error were assessed through a three-way
repeated measures Procrustes ANOVA [[46], [47], [48]], with individual as a factor and with
observer and method as additional factors. This procedure partitions the overall variation of
Procrustes aligned landmark coordinates into separate components, allowing to evaluate
the impact of variation due to methods (automatic versus manual) and observers (intra and
inter) relative to true morphological variation between individuals. Intra-class correlation
(also termed repeatability) was obtained using a one-way ANOVA with individual as unique
categorical predicting variable [25,49].

All statistical analyses were performed using R studio software version 1.0.44-®2009-2016
for Windows [50].

3. Results

The global mean and median dispersion results are presented in Table 2, together with the
dispersion of the three observations (AR1t, AR2t, MGt) of landmark positioning on the hard-
and soft-tissue templates. While both mean and median dispersion are on par for automatic
and manual craniometric landmarking (mean(median) values of 1.64 (1.64) mm vs 1.67
(1.63) mm), lower dispersion values were obtained for automatic compared to manual
capulometric landmarking (1.31 (1.23) mm vs 1.66 (1.57) mm). The boxplots of the
dispersion for automatic and manual craniometric and capulometric landmarking are shown
in Fig. 3, Fig. 4. These plots show that the variation in dispersion in automatic landmarking is
much smaller than in manual landmarking.
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Table 2. Measurement errors (global mean and median dispersion in mm) for hard- and soft-tissue landmarks.
Right column: mean dispersion for template landmarking.

Automatic Manual Template

Mean (mm) Median (mm) Mean (mm) Median (mm) Mean (mm)

Hard-tissue 1.64 1.64 1.67 1.63 1.63
Soft-tissue 1.31 1.23 1.66 1.57 1.26
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Fig. 3. Boxplots of the dispersion for automatic and manual craniometric landmarking. Craniometric landmark
definitions (1-41): cf Table 1.
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Capulometric Landmark

Fig. 4. Boxplots of the dispersion of automatic and manual capulometric landmarking. Capulometric landmark
definitions (1-41): cf Table 1.

We also plotted the median dispersion per landmark of the automatic landmarking as a
function of the median dispersion per landmark due to the multi-observer landmarking on

12



the templates for both the hard and the soft tissues (Fig. 5). We observe a strong linear
correlation between both: automatic landmarking dispersion is almost exclusively
determined by template landmarking dispersion, with little or no influence of inter-
individual differences of the warping procedure.
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Fig. 5. Correlation between the dispersion (per landmark) on the automatically indicated landmarks and the
dispersion on the corresponding landmarks on the templates. The solid (dashed) horizontal and vertical lines
represent the global median dispersion for hard(skull) — and soft-(skin) landmarking (on target subjects and
templates, respectively).

Fig. 6, Fig. 7 shows three different plots of the Procrustes aligned craniometric
/capulometric coordinates projected onto the first two principal components in tangent
space, grouped according to method and observer, method and individual. The graphs for
the craniometric landmarking do not provide visual evidence of biases induced by observer
and/or method. However, Fig. 7 indicate bias induced by method on the one hand (middle
plot), and also observer, although mainly for the manual procedure (left plot).
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Fig. 6. Scatterplots of Procrustes craniometric shape coordinates (PC) onto the first two principal components.
Left: colored according to method and observer, middle: colored according to method, right: colored according
to individual.

13



= s AR1m . ” -
ARZ b . u Y - . - Y "
-

10

o
o
a

= 8 _"° Amta | . po Wg "9 -4 Foa ”
1 L] = ARTS "%, s & e iy, % & &
LY o 8% [ ] " WG -y ‘D‘ oo -®o.g® ;y
F 4 ¥ L] E -
- ) . o .
@ at o % : Bl T I o By L
5] ag T & * .
2 ™ ® . . e .
& ‘o . aue . g

=0 -2 e m 20

Fig. 7. Scatterplots of Procrustes capulometric shape coordinates (PC) onto the first two principal components.
Left: colored according to method and observer, middle: colored according to method, right: colored according
to individual.

The unpaired test of equal mean shapes for the automatic and manual landmark
configurations returned p-values (according to different tests) lower than 0.01, indicating no
significant differences in mean shapes due to the choice of method. The results of the 3-way
Procrustes ANOVA are tabulated in Table 3 and in Table 4. From these tables we read that
both method and observer have a statistically non-negligible contribution to total variance.
However, the observer component for craniometric landmarking is far larger than the
method component. This supports the conclusion that the automatic method has little
influence on the ME for craniometric landmarking in line with the findings of Table 2 and

Fig. 6.

Table 3. Three-way Procrustes ANOVA for capulometric landmarks.

Df ss Ms Rsq F z Pr (>F)
Individual 9 4550.9 505.65 0.40100 10.7709 11.5281 0.001
Method 1 1566.2 1566.16 0.13800 33.3605 7.1559 0.001
Observer 2 2248.9 1124.46 0.19816 23.9519 9.4629 0.001
Me:':“”:;()bs 2 870.2 435.12 0.07668 9.2684 10.6648 0.001
Residuals 45 2112.6 46.95 0.18615
Total 59 11348.8

Table 4. Three-way Procrustes ANOVA for craniometric landmarks.

Df SS MS Rsq F z Pr (>F)
Individual 9 22853 2539.2 0.56792 21.275 15.7904 0.001
Method 1 2259 2259.3 0.05614 18.929 7.4386 0.001
Observer 2 6587 3293.4 0.16369 27.593 11.0797 0.001
Method:Observer 2 3170 1585.1 0.07878 13.280 12.1300 0.001
Residuals 45 2112.6 46.95 0.18615
Total 59 40 240
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For capulometric landmarking, however, the contribution of method attributed variance is
larger, which corroborates the findings of Table 2, which indicates a lower dispersion for the
automatic method and Fig. 7 (middle) which indicates a bias between automatic and manual
landmarking. The inter- and intra- observer ME for both types of landmarks, on the other
hand, contribute to a larger extent to total ME.

4, Discussion

The results obtained in this study validated the accuracy (bias) and the precision of the
automatic placement of landmarks, both on hard- and soft-tissue surfaces. The automatic
landmarking method allows us to reduce inter- and intra-observer errors and it could be a
convenient prerequisite for geometric morphometrics as an alternative to manual
landmarking. More generally, automatic landmarking offers many applications in forensic
and physical anthropology using 3D surfaces.

The automatic placement of landmarks, in addition to reducing measurement errors in
landmark placements, allows us to achieve a better precision for facial approximation,
enabling the possibility to include more samples and populations with ease. Especially in
CFR, when large sample sizes are required, manual placement of landmarks could be
extremely time consuming and may be biased with observer subjectivity, rendering the
analysis less repeatable and impacting on the precision of the human facial approximation.
When we compare the results of our study to previous studies on the approximation of the
nose using manual landmarking methods on 3D surfaces [2,15], it seems that the nasal
depth and the superior alar curvature are prone to inter-and intra-observer errors. It could
be due to the fact that the soft-tissue is very smooth and hence the interpretation of the
curve’s maximum, for instance, is quite ambiguous. The high random and standard errors
noted in the automatic and manual placement of some craniometric landmarks
(zygotemporal inferior, orbitale, zygoorbitale, nasomaxillare and submaxillare curvature)
and capulometric landmarks (nasal depth and the superior alar curvature) could be
problematic and precludes its use in the shape analysis of the nasal complex from 3D
surfaces.

The results (both visually and statistically) show that the automatic procedure, as tested
here, has similar, if not better, measurement error compared to the manual procedure. The
resulting random component of ME is almost exclusively determined by the dispersion on
the template landmarks. Random measurement error, in general, is known to be reduced by
averaging the repeated measurements [25]. Hence, in order to further reduce this ME for
automatic landmarking, one should obtain an average template landmark configuration
either by averaging multiple indications on the template or defining a consensus
configuration.

Extensive work has been published on 2D landmarks [[29], [30], [31], [32], [33]], whereas
less research has been done on the identification and location of landmarks on 3D surfaces
[24,34]. Only some recent work on 3D face registration explored the use of curvature in
order to find the tip of the nose [[51], [52], [53]] in combination with an iterative closest
point (ICP) alignment algorithm. The ICP is one of most popular techniques for 3D face
registration and it has been extensively used as the main procedure, or in combination with
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other methods [51,54,55]. Finally, we stress that this study is the first attempt at a
computer-assisted facial approximation of the nose with an automatic landmarking
approach for the South African population using CBCT scans.

Compared with manual methods, automation of facial approximation is suitable for
application to the judicial system, which requires precision, reliability and knowledge of
possible quantization errors. In addition, the automatic placement of landmarks on large 3D
surface samples, offers the possibility of standardization and increased accuracy in the
analysis of the correlations between hard- and soft-tissue facial features. In this research,
we specifically used CBCT scans from living patients, since we intended to remove the limits
generated by the use of dry skulls, cadavers and CT datasets as initial references, such as
desiccation and supination effects. A further advantage of CBCT compared to CT includes
higher spatial resolution (0.1 mm to 0.4 mm) and isotropic volumetric data for the accurate
placement of 3D landmarks [35].

Finally, this research demonstrates the utilization of the automatic landmarking as a
convenient prerequisite for geometric morphometrics-based shape analysis of the nasal
complex. Future work using automatic landmarking for geometric morphometric purposed
will have to concentrate on acquisition of larger databases. When planning future research,
it will be fundamental to consider the integration of semi-landmarks as well, in order to
describe and to visualize the structures more satisfactory, however, a much denser
placement of coordinates would be required. The automatic landmarking needs to be
applied on different 3D anatomical elements and on different populations before it can be
considered robust. In addition, it would be interesting to test the precision of the automatic
placement of landmarks on another facial skeleton element (for instance the mandible or
forehead) and on external components of the face (for instance the mouth, eye, or ear), in
order to finally apply the methodology on the complete skull/face. In general, when
developing approaches using automatic landmarking, it may be useful to consider factors
such as sex, age and inter-population morphological differences to possibly further enhance
the accuracy of the methodology.

5. Conclusion

This research provides a validation of the precision of the automatic placement of
landmarks and demonstrates its utilization as a convenient prerequisite for geometric
morphometrics-based shape analysis of the nasal complex. The automatic landmarks
positioning on hard- and soft-tissue 3D surfaces offers increased objectivity and the
possibility of standardization. The automatic landmarking, in addition to reducing
measurement errors, allows us to achieve a better precision for facial approximation,
enabling the possibility to include more samples and populations with ease. Furthermore,
the automatic placement of landmarks as an accurate alternative to manual landmarking,
offers many applications in forensic and physical anthropology.
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