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Abstract

The nose is the most prominent part of the face and is a crucial factor for facial esthetics as well as facial reconstruction. Although
some studies have explored the features of external nose and predicted the relationships between skeletal structures and soft
tissues in the nasal region, the reliability and applicability of methods used in previous studies have not been reproduced. In
addition, the majority of previous studies have focused on the sagittal direction, whereas the thickness of the soft tissues was
rarely analyzed in three dimensions. A few studies have explained the specific characteristics of the nose of Chinese individuals.
The aim of this study was to investigate the relationship between the hard nasal structures and soft external nose in three
dimensions and to predict the morphology of the nose based on hard-tissue measurements. To eliminate the influence of low
resolution of CBCT and increase the accuracy of measurement, three-dimensional (3D) images captured by cone-beam computed
tomography (CBCT) and 3dMD photogrammetry system were used in this study. Twenty-six measurements (15 measurements
for hard tissue and 11 measurements for soft tissue) based on 5 craniometric and 5 capulometric landmarks of the nose of 120
males and 120 females were obtained. All of the subjects were randomly divided into an experimental group (180 subjects
consisting of 90 males and 90 females) and a test group (60 subjects consisting of 30 males and 30 females). Correlation
coefficients between hard- and soft-tissue measurements were analyzed, and regression equations were obtained based on the
experimental group and served as predictors to estimate nasal morphology in the test group. Most hard- and soft-tissue mea-
surements appeared significantly different between genders. The strongest correlation was found between basis nasi protrusion
and nasospinale protrusion (0.499) in males, and nasal height and nTr-nsTr (0.593) in females. For the regression equations, the
highest value of R was observed in the nasal bridge length in males (0.257) and nasal tip protrusion in females (0.389). The
proportion of subjects with predicted errors < 10% was over 86.7% in males and 70.0% in females. Our study proved that a
combined CBCT and 3dMD photogrammetry system is a reliable method for nasal morphology estimation. Further research
should investigate other influencing factors such as age, skeletal types, facial proportions, or population variance in nasal
morphology estimation.
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Introduction

Craniofacial reconstruction is the technique that uses skeleton
information acquired from unknown human skull to predict
the morphology of soft tissues [1] and plays a significant role
in forensic practice. To achieve a reliable and accurate depic-
tion of the face, basic knowledge of the relationship between
craniofacial skeletal and facial soft tissue is crucial because it
will directly influence the accuracy of individual facial recon-
struction [2]. Numerous studies have analyzed the interrela-
tionship between the hard and soft tissues of the face, espe-
cially facial soft-tissue thickness [3—6]. The nose serves as a
special facial feature in the recognition of individuals and is
closely associated with other facial structures [7]. Therefore,
the importance of nose reconstruction should not be neglected.

The profile of the nose, as the prominent part of the mid-
face, is vital in facial recognition and is of great importance in
forensic facial reconstruction [2, 8]. In traditional nose recon-
struction techniques, the nasal bone, piriform aperture, anteri-
or nasal spine (ANS), and other skeleton landmark points
were applied to predict an individual’s nose morphology
[8—12]. In addition, as the underlying bone of the nose only
comprises a minor proportion of the mid-facial cranium, the
three-dimensional distances between skeletal and soft-tissue
landmark planes are also considered as predictors of nose
morphology [13, 14]. However, traditional researches that
depicted the connections between skull and external nose
were mostly based on skeletal or cadaveric samples [15, 16],
which had obvious limitations: the inevitable shrinkage and
distortion of soft tissues caused by dehydration after death,
resulting in measurement errors [17].

With the development of radiology and imageology, aside
from puncture [18, 19], many different new techniques have
been applied to assess nose morphology in living populations,
including ultrasonography (US) [20-22], cephalometric ra-
diographic imaging (CXI) [23, 24], computed tomography
(CT) [8, 13, 25, 26], and magnetic resonance imaging (MRI)
[27]. Among all of these techniques, CT may be the most
widely used due to its low cost and high spatial resolution
on both hard and soft tissues. However, traditional CT
scans have two limitations. One is the supination effect
on the head due to the horizontal position of the patient
during scanning and thus CT images cannot be captured
at physiological status [14, 28, 29]. The other is that the
slice thickness of scanning ranges from 0.6 to 1.5 mm,
which might increase errors in measurement. Recently,
cone-beam computed tomography (CBCT) scanning, a
technique that allows patients to maintain a natural posi-
tion for head during scanning with a cone-shaped X-ray
beam, has been widely used in facial examination [13,
14]. Lower cost, reduced radiation dose, and higher spa-
tial resolution have also made it possible to replace CT
scanning in nose reconstruction [14].
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Nevertheless, CBCT has its own drawbacks. For example,
to maintain the natural position of the head, a fixed device is
needed to support the chin, which would induce compression
and distortion of facial muscular. In addition, the facial soft
tissue scanned by CBCT only reveals the contour of the face,
the minor features and specific details are mostly neglected,
and thus, it is difficult to accurately analyze soft tissues in
three dimensions. Recently, the appearance of three-
dimensional (3D) photogrammetry technology has overcome
these limitations. From an anthropometric perspective, non-
contact 3dMD photogrammetry system has many advantages
compared to other systems: precise reconstruction of the 3D
face with high-resolution color, quantification of angles, linear
distance, surface areas and volumes, establishment of 3D co-
ordinate system for each landmark, and 3D surface images can
be captured within 2 milliseconds [30, 31]. Although the use
of digital 3D photogrammetry system has increased in oral
and maxillofacial surgeries, studies on facial reconstruction
in the forensic field are limited.

Several studies have employed CBCT scanning to analyze
the relationship between the skeletal nasal bone and external
nose morphology in different populations [13, 14]. These in-
vestigations have predicted the morphology of the face by
angles or linear distances acquired from corresponding land-
marks in different planes. However, the specific and detailed
characteristics of the external nose in three dimensions have
not been extensively investigated. Therefore, the aim of this
study was to investigate the correlation between skeletal nasal
bone and nose morphology based on CBCT and 3dMD pho-
togrammetry system in three dimensions.

The objectives of this study were as follows:

(1) To investigate the sexual dimorphism in nasal dimen-
sions of Chinese young adults;

(2) To establish specific regression equations to predict ex-
ternal nose morphology from nasal skeletal landmarks
and evaluate the accuracy of the formulas in Chinese
young adults; and

(3) To verify the accuracy of the measurement method for
the nasal region by combining the CBCT and 3dMD
techniques.

Materials and methods

CBCT scans and 3dMD photogrammetry images of 240
young orthodontic patients (120 males and 120 females) aged
between 20 and 30 years old were selected from the
Department of Oral Radiology, the Stomatological Hospital
of Xi’an Jiaotong University, Xi’an, Shaanxi, China. All of
the scans and images were necessary for treatment planning
and taken between March 2018 and February 2019. The
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Fig. 1 Five soft-tissue landmark
points for matching the CBCT
scans and 3dMD images

chronological age was calculated by subtracting the date of
birth from the date of X-ray exposure. Subjects were excluded
if they presented with any condition or disease might affect the
morphology of the face (e.g., previous orthodontic treatment
or orthognathic surgery history, long-term unilateral mastica-
tory habit, obvious skeletal or external facial asymmetry, se-
vere skeletal malocclusion or absence of upper anterior teeth).
Only subjects with medium body mass index range (18.5—
23.5) were included in the study.

All 240 subjects (120 males and 120 females) were ran-
domly divided into an experimental group (90 males and 90
females) and test group (30 males and 30 females). The ex-
perimental group was used for developing regression equa-
tions, and the test group was used to verify the accuracy of
these equations.

Fig. 2 The integrated 3D digital image

CBCT scans, 3dMD images, and superimposed 3D
image reconstruction

CBCT scans were obtained using a CBCT scanner (KaVo 3D
eXam i, Germany) with the following properties: 230 V, 5A,
50/60 Hz, and 1150VA. The CBCT scans were conducted
with the use of reference ear plug (REP) and head posture
aligner (HPA) to maintain a natural head position [32]. A
3D soft-tissue facial scan of each patient was captured by a
3dMD photogrammetry camera (3dMD, Atlanta, GA, USA),
with a natural head position, relaxed facial expression, and
with eyes looking straight ahead [33, 34].

The data on CBCT were saved in the DICOM format,
whereas that of 3dMD was saved in the BMP format. Both
formats were transformed into an image-processing software
called Dolphin (version 11.8; Dolphin Imaging and
Management Solutions, Chatsworth, CA, USA) and then in-
tegrated into a complete 3D digital image before measuring.
To ensure the highest degree of superimposition in nasal re-
gion, five landmark points (left and right outer canthus, tip of
nose, and left and right angulus oris) in the soft face were
selected to match the CBCT scans and 3dMD images manu-
ally (Fig. 1). After integrating the CBCT scans and 3dMD
images, the soft-tissue data from CBCT was removed and
replaced by a 3dMD face mask. Therefore, the remaining
skeletal skull (CBCT scans) and soft facial mask (3dMD im-
ages) were presented as the final 3D images for measurement

(Fig. 2).
Landmarks, planes, and measurements

Five craniometric landmarks [nasion (n), rhinion (rhi),
nasospinale (ns), alare (al), and prosthion (pro)] were identi-
fied on the nasal bone and periphery of the nasal aperture
(Fig. 3). As the corresponding external soft tissue, five
capulometric landmarks [soft Nasion (N), Pronasale (Prn),
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Fig. 3 a, b Craniometric
landmarks [nasion (n), rhinion
(rhi), nasospinale (ns), alare (al)
and prosthion (pro)] and planes
on the nasal bone and periphery of
the nasal aperture

Subnasale (Sn), Ala (Al), and Labial superius (Ls)] were de-
termined to represent the morphology of external nose
(Fig. 4). Therefore, the three-dimensional angles and linear
distance between landmarks can be presented to assess nasal
morphology. Moreover, coronal, sagittal, and transverse
planes were also considered to help depict the morphology
of nose. The planes for the hard tissue included the nasion
transverse plane (nTr), rhinion transverse plane (rhiTr), alare
transverse plane (alTr), nasospinale transverse plane (nsTr),
and nasion coronal plane (nCor). For soft tissues, we just used
soft Nasion coronal plane (NCor), and pronasale coronal plane
(PrnCor) to depict the protrusion of the nose. The definitions
and abbreviations of the five craniometric and five
capulometric landmarks are listed in Table 1. Figures 5 and
6 illustrate all of the measurements of the hard and soft tissues.

The hard-tissue measurements of the nose included three
dimensions: nasal width, nasal height, nasal bone length, alare
angle, nasal dorsum angle, nasal tip angle, nasolabial angle,
rhinion protrusion, nasospinale protrusion, nTr-rhiTr, rhiTr-

alTr, alTr-nsTr, nTr-alTr, thiTr-nsTr, and nTr-nsTr. To assess
the soft-tissue morphology of the nose, Nasal bridge length,
Nasal height, Nasal columella length, Alar width, Basis nasi
angle, Alare angle, Nasal dorsum angle, Nasal tip angle,
Nasolabial angle, Nasal tip protrusion, and Basis nasi protru-
sion were taken into consideration. A total of 26 measure-
ments (15 for hard tissues and 11 for soft tissues) are demon-
strated in Table 2. To discriminate the measurements between
hard and soft tissue, we capitalized the initial letter of land-
marks to represent the measurements of the soft tissues.

Statistical analysis

To assess the reproducibility of the measurements, the inte-
grated images of 20 subjects (experimental group consisting
of 10 males and 10 females) were randomly selected to test
inter- and intra-observer errors. The method error (ME) of the
double registration for all measurements was calculated using
Dahlberg’s [35] formula:

Fig. 4 a—c Capulometric landmarks [soft Nasion (N), Pronasale (Prn), Subnasale (Sn), Ala (Al), and Labial superius (Ls)] and plane on external nose
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Table 1 Definition and abbreviation of craniometric and capulometric landmarks
Landmarks Abbreviation Definition
Craniometric nasion n Mid sagittal point of suture between frontal bone and nasal bone
rhinion rhi Most inferior end of suture between left and right nasal bone
nasospinale ns Anterior tip of bony process of maxilla at the lower margin of anterior nasal opening
alare al the most lateral point on the nasal aperture in the transverse plane
prosthion pro Lowest point of the alveolar bone between the left and right upper first incisors
Capulometric Soft nasion N the midpoint on the soft-tissue contour of the base of the nasal root at the level of the frontonasal suture
Pronasale P Most protruded point of soft tissue nose
Subnasale Sn Midpoint of the angle at the columella base where the lower border of nasal septum
Ala Al Most lateral point on alar contour
Labial superius Ls Midpoint of the vermilion line of the upper lip
The means and standard deviations of the measurements
n d? involving hard nasal bone for males and females are shown in
ME = ,';1 Mm’ Table 3. Most of the hard-tissue measurements (nasal width,

where d is the difference between two measurements, and »
is the number of subjects. The error will be considered accept-
able in the study if the deviation is < 2 mm [14]. Additionally,
intra-class correlation coefficient (ICC) was also used to eval-
uate inter- and intra-rater agreement of all measurements.

Means and standard deviations of measurements were cal-
culated for each group. An independent ¢ test was used to test
gender differences of measurements, and significance was set
as P<0.05. Pearson correlation analysis among measure-
ments was used to explore the interrelationship between hard
nasal bone and external soft tissue of nose. Stepwise multiple
regression analysis was used to develop specific formulas to
predict the soft-tissue morphology based on measurements of
the hard tissues. All of the statistical analyses were conducted
with Statistical Product and Service Solutions (SPSS) soft-
ware, version 18.0 for Windows.

Results

The result of Dahlberg’s test proved that all landmarks were
reproducible (0.51-1.63 mm). For the coincidence tests, the
results of ICC in 26 measurements ranged from 0.893 to 0.948
and from 0.793 to 0.877 for the intra- and inter-rater agree-
ment, respectively, which indicated a high degree of intra- and
inter- observer agreement. The mean age of the 240 subjects
was 25.15 +5.18 years. For the experimental group, the mean
ages were 24.61 £5.56 and 25.66 +£4.97 years for males and
females, respectively. For the test group, the mean age was
25.71+£4.83 years for males and 24.68 +5.20 years for fe-
males. There were no significant age difference found be-
tween males and females in the two groups.

nasal height, nasal bone length, alare angle, nasal tip angle,
rhinion protrusion, nTr-rhiTr, thiTr-alTr, nTr-alTr, rhiTr-nsTr,
and nTr-nsTr) were significantly different between males and
females, except for the nasal dorsum angle, nasolabial angle,
nasospinale protrusion, and alTr- nsTr. In all of the measure-
ments with significant differences, the males showed higher
values compared to the females, except for the alare angle and
nasal tip angle. However, the soft-tissue measurement values
shown in Table 4 indicate that Nasal bridge length, Nasal
height, Nasal columella length, Alar width, Alare angle, and
Nasal tip protrusion were significantly different between
males and females. However, in terms of Basis nasi angle,
Nasal dorsum angle, Nasal tip angle, Nasolabial angle, and
Basis nasi protrusion, no significant differences were ob-
served between the sexes. In terms of soft tissues, the males
showed higher values compared to the females.

Correlation coefficients are established in Tables 5 and 6 to
explore the interrelationship between external nose morphol-
ogy and hard nasal bone in males and females. Overall, the
correlation coefficients ranged from 0.228 to 0.499 and from
0.247 to 0.593 in males and females, respectively. According
to the results, there were at least one to eight craniometric
measurements showing significant correlations with each
capulometric measurement. For males, Nasal bridge length
showed a strong correlation with five hard-tissue measure-
ments (nasal height 0.354, nasal bone length 0.375, alTr-
nsTr 0.305, nTr-alTr 0.277, and nTr-nsTr 0.399), and the
strongest correlation was found between Basis nasi protrusion
and nasospinale protrusion (correlation coefficient 0.499). For
females, Nasal height showed a strong correlation with eight
hard-tissue measurements (nasal height 0.402, nasal bone
length 0.585, nasal dorsum angle 0.278, rhinion protrusion
0.316, nTr-rhiTr 0.416, alTr-nsTr 0.256, nTr-alTr 0.500, and
nTr-nsTr 0.593), whereas the strongest correlation was
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Fig. 5 a—e Craniometric measurements on hard tissues (1. nasal width; 2.
nasal height; 3. nasal bone length; 4. alare angle; 5. nasal dorsum angle; 6.
nasal tip angle; 7. nasolabial angle; 8. rhinion protrusion; 9. nasospinale

observed between Nasal height and nTr-nsTr (correlation co-
efficient 0.593). However, according to our study, there were
several measurements, including Nasolabial angle in males
and Nasal dorsum angle in females that showed no significant
coefficients between hard tissue and corresponding soft-tissue
measurements.

protrusion; 10. nTr-rhiTr; 11. thiTr-alTr; 12. alTr-nsTr; 13. nTr-alTr; 14.
rhiTr-nsTr; and 15. nTr-nsTr)

All of the significant correlation measurements were used
in establishing stepwise multiple regression equations for
predicting the morphology of the external nose in males and
females (Tables 7 and 8). The R? of all the established formu-
las ranged from 0.038 to 0.257 in males and 0.014 to 0.389 in
females. In males, the highest value of R? (0.257) appeared in

Fig. 6 a—e Capulometric measurements on soft tissues (1. Nasal bridge length; 2. Nasal height; 3. Nasal columella length; 4. Alar width; 5. Basis nasi
angle; 6. Alare angle; 7. Nasal dorsum angle; 8. Nasal tip angle; 9. Nasolabial angle; 10. Nasal tip protrusion; and 11. Basis nasi)
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Table 2 The definition of each measurement in hard-tissue nasal bone and external nose
Measurement Meaning or explanation
Hard nasal width Linear distance between left and right alare (al) points
Ussue  pasal height Linear distance between nasion (n) and right nasospinale (ns) points
nasal bone length Linear distance between nasion (n) and right rhinion (rhi) points
alare angle Angulation calculated from intersecting lines drawn from the left alare (al) to nasion (n) points and from right alare (al) to
nasion (n) points (al-n—al)
nasal dorsum Angulation calculated from intersecting lines drawn from the left nasospinale (ns) to nasion (n) points and from rhinion
angle (rhi) to nasion (n) points (ns—n—rhi)
nasal tip angle Angulation calculated from intersecting lines drawn from the nasion (n) to rhinion (rhi) points and from nasospinale (ns)
to rhinion (rhi) points (n—rhi-ns)
nasolabial angle  Angulation calculated from intersecting lines drawn from the rhinion (rhi) to nasospinale (ns) points and from prosthion
(pro) to nasospinale (ns) points (rthi-ns—pro)
rhinion protrusion Linear distance between rhinion (rhi) point and nasion coronal plane (nCor)
nasospinale Linear distance between nasospinale (ns) point and nasion coronal plane (nCor)
protrusion
nTr-rhiTr Linear distance between nasion transverse plane (nTr) and rhinion transverse plane (thiTr)
rhiTr-alTr Linear distance between rhinion transverse plane (thiTr) and alare transverse plane (alTr)
alTr-nsTr Linear distance between alare transverse plane (alTr) and nasospinale transverse plane (nsTr)
nTr-alTr Linear distance between nasion transverse plane (nTr) and alare transverse plane (alTr)
rhiTr-nsTr Linear distance between rhinion transverse plane (thiTr) and nasospinale transverse plane (nsTr)
nTr-nsTr Linear distance between nasion transverse plane (nTr) and nasospinale transverse plane (nsTr)
Soft Nasal bridge Linear distance between the Nasion (N) and Pronasale (Prn) points
tissue length
Nasal height Linear distance between the Nasion (N) and Subnasale (Sn) points
Nasal columella  Linear distance between the Subnasale (Sn) and Pronasale (Prn) points
length
Alar width Linear distance between the left and right Ala (Al) points

Basis nasi angle
Alare angle

Nasal dorsum
angle

Nasal tip angle
Nasolabial angle

Nasal tip
protrusion

Basis nasi
protrusion

Angulation calculated from intersecting lines drawn from the left Ala (Al) to Pronasale (Prn) points and from right Ala
(Al) to Pronasale (Prn) points (Al-Prm—Al)

Angulation calculated from intersecting lines drawn from the left Ala (Al) to Nasion (N) points and from right Ala (Al) to
Nasion (N) points (AI-N-Al)

Angulation calculated from intersecting lines drawn from the Subnasale (Sn) to Nasion (N) points and from Pronasale
(Prn) to Nasion (N) points (Sn—N—Pm)

Angulation calculated from intersecting lines drawn from the Nasion (N) to Pronasale (Prn) points and from Subnasale
(Sn) to Pronasale (Prn) points (N-Prm—Sn)

Angulation calculated from intersecting lines drawn from the Pronasale (Prn) to Subnasale (Sn) points and from Labial
superius (Ls) to Subnasale (Sn) points (Prn—Sn—Ls)

Linear distance between Pronasale (Prn) point and Nasion coronal plane (NCor)

Linear distance between Subnasale (Sn) point and Nasion coronal plane (NCor)

Nasal bridge length: 0.215 x nasal bone length + 0.096 x nasal
height + 0.459 x (alTr - nsTr)+ 0.117 X (nTr-nsTr) + 31.101.
However, the lowest value of R? (0.038) was observed in
Nasal dorsum angle: —0.028 x nasal tip angle + 19.936. In
females, the formulas with the highest and lowest R? values
were observed in Nasal tip protrusion: 0.309 X nasal height +
0.027 x rhinion protrusion + 0.358 % nasospinale protrusion +
0.182 x (rhiTr -alTr) + 0.037 X (nTr - alTr) +0.118 x (nTr -
nsTr) - 6.322 (R?=0.389) and Nasal columella length: —
0.033 x (nTr - alTr) +0.176 x (nTr - nsTr) +8.923 (R*=
0.014), respectively.

Finally, the established specific stepwise multiple regres-
sion equations for prediction of soft-tissue measurements
based on corresponding hard-tissue values were used to verify
the accuracy in test group. The mean of (MV-PV), mean of
MV-PV|, maximum of [MV-PV/|, minimum of [MV-PV|, pro-
portion of subjects with errors within 3 mm or 5°, and propor-
tion of subjects with errors < 10% were calculated (Tables 9
and 10). In males, the mean of [MV-PV| for length measure-
ments ranged from 1.23 £0.88 mm to 3.14 +2.39 mm and
from 1.2940.64° to 5.17 +£3.65° for angle measurements.
Taking the maximum of [MV-PV]| in consideration, the value
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Table 3 Means and standard

deviations of the measurements Measurements Total (n=180) Male (n=90) Female (n=90) Sex difference

for hard tissues (mm) in Chinese

young adults Mean SD Mean SD Mean SD p value
nasal width 23.65 2.09 24.12 2.26 23.19 1.79 0.003*
nasal height 2431 3.36 25.47 3.00 23.15 331 0.000*
nasal bone length 52.22 3.98 54.55 3.73 49.90 2.65 0.000*
alare angle 28.10 2.85 27.38 2.87 28.82 2.65 0.001*

nasal dorsum angle 22.00 10.02 22.37 4.28 21.64 13.54 0.626

nasal tip angle 141.54 12.14 138.98 15.38 144.11 6.83 0.004*
nasolabial angle 15531 13.61 153.93 17.25 156.7 8.43 0.172
rhinion protrusion 11.57 2.56 12.32 2.52 10.82 2.39 0.000*
nasospinale protrusion 6.38 3.28 6.33 3.63 6.44 291 0.814
nTr-rhiTr 21.81 3.35 22.6 3.10 21.03 342 0.002*
rthiTr-alTr 24.93 3.14 26.46 3.17 2341 2.24 0.000*
alTr-nsTr 5.45 1.52 5.43 1.55 5.46 1.50 0.876
nTr-alTr 46.75 3.99 49.07 3.45 44.44 3.07 0.000*
thiTr-nsTr 30.38 325 31.89 3.29 28.88 2.42 0.000*
nTr-nsTr 52.20 4.114 54.5 3.59 49.91 3.24 0.000*

ranged from 3.00 to 10.36 mm for length measurements and ~ Discussion

from 2.58° to 13.02° for angle measurements. The proportion
of values with length or angle measurements errors within
3 mm or 5° were between 56.7 and 100%, and the proportion
of measurements errors < 10% were between 83.3 and 100%.
In females, the mean of [MV-PV|ranged from 1.15 £ 0.94 mm
to 2.51£1.65 mm and from 2.48 +2.10° to 8.38 +£7.05° for
the length and angle measurements, respectively. The maxi-
mum of [MV-PV| ranged from 3.62 to 7.22 mm for length
measurements and from 7.94 to 23.29° for angle measure-
ments. 50.0-93.3% of subjects with measurements errors
within 3 mm or 5°and 70.0 to 100% subjects with errors <
10%. Moreover, no significant difference between the mea-
sured value and predicted value was observed in each mea-
surement for both sexes according to the paired ¢ test.

The nose is the central feature of face that played a crucial role
on facial esthetics. The position, size, shape, and proportions
of the nose provide visual bases for the facial character of the
person, which in turn facilitates facial recognition [36-39]. In
forensic science, the estimation of external nose morphology
is an important issue that could help identify people based on
skulls. To this regard, the investigation of external nose mor-
phology based on CBCT and 3dMD images in living subjects
may provide further help to forensic anthropologists.
Numerous studies have explored the interrelationship be-
tween hard nasal bone and soft-tissue morphology of nose.
Stephan et al. [10] examined four published methods used
for predicting nose projection and pronasale position and

Table 4 Means and standard

deviations of the measurements Measurements Total (n=180) Male (n=90) Female (n=90) Sex difference

for soft tissues (mm) in Chinese

young adults Mean SD Mean SD Mean SD p value
Nasal bridge length 48.75 3.61 50.68 2.92 46.86 321 0.000*
Nasal height 5541 3.92 57.58 323 53.29 3.34 0.000*
Nasal columella length 17.02 1.86 17.81 1.93 16.24 1.43 0.000*
Alar width 38.38 3.47 40.30 3.07 36.51 2.73 0.000*
Basis nasi angle 78.75 7.02 78.21 7.52 79.27 6.50 0.315
Alare angle 42.10 4.28 43.27 3.08 40.95 4.95 0.000*
Nasal dorsum angle 15.99 1.74 16.10 1.88 15.89 1.59 0.428
Nasal tip angle 106.41 9.21 106.09 11.83 106.72 5.63 0.649
Nasolabial angle 119.47 12.69 120.53 15.93 118.43 8.38 0.271
Nasal tip protrusion 23.67 3.99 24.46 4.63 22.90 3.10 0.009*
Basis nasi protrusion 11.98 3.74 12.51 3.98 11.46 3.42 0.061
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Table 7  Stepwise multiple regression equations for predicting soft nose according to hard nasal bone in males

Measurement Regression formula SEE  R? p value
Nasal bridge length 0.215*nasal bone length + 0.096*nasal height + 0.459*(alTr-nsTr) + 0.117*(nTr-nsTr) + 31.101  2.581 0.257  0.000
Nasal height 0.339*nasal height + 0.08*(nTr-nsTr) + 34.769 2909 0.210 0.000
Nasal columella length  0.186* nasal height + 7.668 1.819 0.128 0.008
Alar width 0.324*nasal width + 32.485 3.001 0.158 0.024
Basis nasi angle —0.094*nasal dorsum angle + 0.115*nasal tip angle — 0.696*rhinion protrusion + 72.817 6.943 0.178 0.001
Alare angle —0.46*(alTr-nsTr) + 45.767 3.021 0.054 0.029
Nasal dorsum angle —0.028*nasal tip angle + 19.936 1.712  0.038 0.009
Nasal tip angle —0.853*rhinion protrusion —0.226*nasospinale protrusion + 117.678 8.876  0.083  0.001
Nasolabial angle - - - -
Nasal tip protrusion 0.273*rhinion protrusion + 0.446*nasospinale protrusion + 17.699 3.524  0.233  0.000
Basis nasi protrusion 0.16*rhinion protrusion + 0.473*nasospinale protrusion+7.141 3295 0.232  0.000

suggested that two of the four traditional methods were inac-
curate. Inada et al. [24] investigated the relationship between
skeletal landmarks and nose morphology from cephalometric
images in 80 preschool Japanese children and found that the
soft-tissue nasal landmarks can be predicted from selected
skeletal landmarks. Jennifer et al. [40] evaluated variations
in nasal bone and aperture shape from 310 crania of black,
white, and colored South Africans and compared the differ-
ences in the nasal aperture region between white and non-
white South African groups. However, these had limitations
in nasal approximation in that they only used two-dimensional
methods or only utilized cadavers or skulls, and thus, the
accuracy of measurement was questionable.

New radiological techniques, especially CBCT, allow the
estimation of nose morphology in three dimensions. In 2015,
Schlager et al. [41] analyzed the shape variance and symmetry

of nasal from 267 Germans and 267 Chinese based on CT
images. They explained the significant differences in nasal
shape between the two populations and found that sex played
a minor role in the observed shape variation. Recently, Lee
et al. [13] and Ridel et al. [14] also used CBCT scans to
investigate the relationship between the nasal bone and exter-
nal nose morphology in the Korean and South African popu-
lations, which provided a new technology for predicting nasal
morphology based on skeletal landmarks. However, they only
analyzed the distances of the soft tissues of the nasal structure
in the sagittal direction, whereas the detailed features of the
external nose morphology in the frontal side were not illus-
trated. Thus, the present study analyzed the correlations be-
tween hard and soft tissues in the nasal region in three dimen-
sions and tried to improve the accuracy of prediction for nose
morphology reconstruction.

Table 8  Stepwise multiple regression equations for predicting soft nose according to hard nasal bone in females

Measurement Regression formula SEE R? p value

Nasal bridge length —0.291*nasal bone length + 0.478*nasal height + 0.364*rhinion 2.510 0314 0.000
protrusion + 0.041*(nTr-rhiTr) — 0.071*(thiTr-nsTr) + 0.3 1 1#*(nTr-nsTr) + 10.550

Nasal height —0.218*nasal bone length + 0.518*nasal height + 0.209*rhinion 2917 0.243 0.001
protrusion + 0.192*(nTr-rhiTr) — 0.159*(nTr-alTr) + 0.3 19*(nTr-nsTr) + 17.318

Nasal columella length —0.033*(nTr-alTr) + 0.176*(nTr-nsTr) + 8.923 1.946 0.014 0.005

Alar width 0.334*nasal width + 0.078*alare angle +26.539 2.657 0.079 0.027

Basis nasi angle —0.296*nasal height + 0.340*nasal tip angle-0.207*(thiTr-alTr) — 5.715 0.261 0.000
0.750%*(thiTr-nsTr) + 71.505

Alare angle 0.475*alare angle + 27.277 4.817 0.065 0.015

Nasal dorsum angle - _ _ _

Nasal tip angle 0.372*nasal tip angle — 0.862*(thiTr-alTr) — 0.072*(thiTr-nsTr) + 75.429 4.800 0.300 0.000

Nasolabial angle 0.303*nasolabial angle +70.948 8.029 0.093 0.003

Nasal tip protrusion 0.309*nasal height + 0.027*rhinion protrusion + 0.358*nasospinale 8.811 0.389 0.000
protrusion + 0.182*(rhiTr-alTr) + 0.037*(nTr-alTr) + 0.1 18*(nTr-nsTr) — 6.322

Basis nasi protrusion 0.432*nasal height — 0.270*rhinion protrusion + 0.593*nasospinale 2.923 0.303 0.000

protrusion — 0.013*(nTr-alTr) — 10.388
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Table 9  Differences between measured value (MV) and predicted value (PV) in 30 males (test group)

Mean of Mean of Maximum of Mininum of % 3 mmor5° <10% t p value of paired ¢ test
(MV-PV) [MV-PV|  |[MV-PV] IMV-PV|
Nasal bridge length 0.57+2.41 1.94+£1.50 6.25 0.09 25 (83.3%) 29 (96.7%) 1.311  0.200
Nasal height 0.46+£2.88 2.16+£1.92 9.01 0.08 23 (76.6%) 29 (96.7%) 0.880  0.386
Nasal columella length  0.07+1.53 1.23+£0.88 3.00 0.01 30 (100%) 30(100%) 0270  0.789
Alar width —0.85+£3.69 3.02+2.22 1036 0.31 21 (70.0%) 27(90.0%) -126 0219
Basis nasi angle 0.75+6.35 5.17+£3.65 13.02 0.34 17 (56.7%) 25(83.3%) 0.654 0.518
Alare angle —1.07+£298 247+£194 7.62 0.16 26 (86.7%) 28 (93.3%) —197 0.059
Nasal dorsum angle -0.18+1.45 129+0.64 2.8 0.22 30 (100%) 30 (100%) —0.69 0.493
Nasal tip angle 147+580  4.64+3.69 12.89 0.00 20 (66.7%) 27(90.0%) 1396 0.173
Nasolabial angle - - - - - - - -
Nasal tip protrusion 0.99+£3.27 291+1.72 642 0.04 28 (93.3%) 28(93.3%) 1.672 0.105
Basis nasi protrusion 0.98+3.86 3.14+239 8.15 0.05 25 (83.3%) 26 (86.7%) 1.398 0.173

To assess the accuracy of this novel method for nose recon-
struction, we used a test group to validate the method in
Chinese young adults. To eliminate the influence of low reso-
lution of CBCT and further improve the accuracy in soft tissue
measurement, we used facial images captured by a 3dMD pho-
togrammetry system to replace soft-tissue images from CBCT.
In our study, we selected representative craniometric landmarks
[nasion (n), rhinion (rhi), nasospinale (ns), alare (al), and
prosthion (pro)] and capulometric landmarks [soft Nasion
(N), Pronasale (Prn), Subnasale (Sn), Ala (Al), and Labial
superius (Ls)] in the mid-facial region, validating whether the
three-dimensional linear distances and angulations among
these can accurately depict nasal region. Three-dimensional
images scanned by CBCT and 3dMD were superimposed to
evaluate hard and soft tissue simultaneously. The 3D images
can be rotated and viewed from different angles to help identify
anatomical landmarks precisely. The utilization of 3D coordi-
nate values allowed us to automatically obtain measurements.

Therefore, the superimposed images were considered the ideal
method for measurement of hard nasal bone and corresponding
soft tissue.

Meng et al. [42] found that complete development of nose
height, depth, and inclination in females is achieved by age
16, whereas for males, it could continue to develop until 18 or
later. Therefore, we selected subjects with ages between 20
and 30 years to eliminate developmental factors caused by age
in nasal region measurements. For measurements of the hard
nasal, we obtained higher values in most measurements (nasal
width, nasal height, nasal bone length, rhinion protrusion,
nTr-rhiTr, thiTr-alTr, nTr-alTr, rhiTr-nsTr, and nTr-nsTr) in
males compared to females. Nevertheless, males showed
smaller alare angles and nasal tip angles, which suggested that
females shared more stereoscopic nasal structures. For the
soft-tissue morphology of the nose, the results were similar
to that of hard nasal bones. Compared to females, it showed
greater distances in Nasal bridge length, Nasal height, Nasal

Table 10  Differences between measured value (MV) and predicted value (PV) in 30 females (test group)

Mean of Mean of Max of  Min of  MV-PV| %3 mmor5° <10% t p value of paired ¢ test
(MV-PV) [MV-PV| [MV-
PV|

Nasal bridge length 1.23+£2.77  251+1.65 599 0.07 21 (70.0%) 26 (86.7%) 2.442 0.210
Nasal height 035270  210+£1.70 7.22 0.14 22 (73.3%) 25(83.3%) 0.732 0470
Nasal columella length —0.13+£1.50 1.15+0.94 3.62 0.02 28 (93.3%) 28 (93.3%) —0.49 0.629
Alar width 016+2.74  232+140 5.10 0.10 23 (76.7%) 25(83.3%) 0.321 0.750
Basis nasi angle 0.70+£6.00  5.09+3.10 11.42 0.11 18 (60.0%) 22(73.3%) 0.648  0.522
Alare angle 0.93+3.15 248+2.10 7.94 0.09 27 (90.0%) 30 (100%) 1.625 0.115
Nasal dorsum angle - - - - - - -
Nasal tip angle 048+432  3.49+£251 9.28 0.02 21 (70.0%) 29 (96.7%) 0.617  0.542
Nasolabial angle 0.02+11.06 8.38+7.05 23.29 0.26 15 (50.0%) 21(70.0%) 0.014  0.989
Nasal tip protrusion -043+£2.61 199+£1.70 6.15 0.03 25 (83.3%) 28 (93.3%) —091 0.370
Basis nasi protrusion ~ 0.32+2.97  243+1.68 587 0.07 23 (76.7%) 27 (90.0%) 0.600 0.553
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columella length, Alar width, and Nasal tip protrusion, as well
as larger angulations in Alare angle in males. Overall, males
showed larger structures in the mid-facial region compared to
females. Considering the variance between sexes, the mor-
phology and size of the nasal region may be potentially used
for sex discrimination.

Several measurements of the hard nasal showed a sig-
nificant correlation with the related soft nose in both sexes.
For example, the nasal bone length showed statistically
significant correlations with Nasal bridge length (males
0.375, females 0.569) and Nasal height (males 0.454, fe-
males 0.585). Besides, nasospinale protrusion also showed
significant correlations with Nasal tip protrusion (males
0.482, females 0.499) and Basis nasi protrusion (males
0.469, females 0.460). However, the alare angle, nasolabial
angle, nTr-rhiTr, rhiTr-alTr, and rhiTr-nsTr did not show
any correlations with the external nose morphology in
males. However, in females, these measurements showed
different situations, some of which were not so strong.
Compared with previous studies conducted by Lee [13]
and Ridel [14], the correlation coefficients between hard
nasal bone and related soft tissues in our study were rela-
tively lower. One possible reason might be that they only
analyzed the correlations between skeletal and soft tissues
of the nasal structures in the sagittal dimension, while we
explored the relationships between skeletal and soft tissue
of nasal structure in three dimensions. It seems that our
estimation method was difficult but more accurate.

Overall, our study indicated that nasal bone structures can
play an important role in estimating nose morphology. All of
the formulas established for predicting nose morphology
showed significant correlations except Nasolabial angle in
males and Nasal dorsum angle in females, which suggested
that angulations of the nose are apparently more difficult to
predict than linear distances. Although the coefficients of de-
termination in some stepwise multiple regression equations
were low (males 0.038 of Nasal dorsum angle, females
0.014 of Nasal columella length), no significant differences
were observed between the measured values and predicted
values in the test group. Moreover, the accuracy for predicting
nose morphology in the test group was relatively high. The
proportion of subjects with measurement errors < 10% was >
86.7% in males and 70.0% in females, which indicated that
the methods for nose reconstruction developed in this study
were useful and reliable.

Currently, many studies have investigated nose morphology to
reconstruct nasal region of mid-face. However, there were no re-
lated studies exploring the relationships between hard nasal bone
and soft tissues of the nose in three dimensions in the Chinese
population. Besides, in our study, we first superimposed CBCT
and 3dMD images to improve the accuracy for nose morphology
reconstruction. We hope that our novel method could be applied to
forensic practice and tested by other populations.

Conclusions

The superimposition of CBCT and 3dMD images is a reliable
method in nasal morphology reconstruction. The results of
this study provided different formulas for predicting nose
morphology based on the nasal bone structures in young
Chinese subjects. The pronasale, subnasale, and alare posi-
tions can be potentially used as predictors for the reconstruc-
tion of the nose. Our further research should focus on increas-
ing the sample size to establish a more powerful facial data-
base for the Chinese population. Meanwhile, other factors
such as age, skeletal facial type, and facial proportion should
also be taken into consideration.
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