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Abstract

The aging process has an impact on mandibular bone morphology and can therefore affect

shape sexual dimorphism. Understanding the effect of senescence on mandibular shape

changes is particularly important to correctly estimate the sex of an individual and predict

age-related conformational modifications. The purpose of this study was to assess age-

related changes in mandibular shape and sexual dimorphism. The study sample comprised

160 Multi Slice Computed Tomography examinations of individuals aged 40 to 79 years.

Geometric morphometric analysis of fourteen osteometric landmarks was used to examine

sexual dimorphism and patterns of mandibular shape variation with age. Results showed

that mandibular sexual dimorphism of shape remained significant with aging. Conforma-

tional changes occurred between 50 and 70 years and were different for male and female

individuals. Females presented earlier and more marked age-related shape changes than

males. These observations suggest that mandibular senescence is a sexually dimorphic

process since its onset, rate, and the areas subjected to conformational changes differ from

male to female individuals. Senescence-related changes present substantial variability, and

further investigation is required to determine precisely the age that marks their onset.

Introduction

The cephalic extremity is a valuable element for adult sexual estimation. Both the facial skele-

ton and the mandible are highly dimorphic structures and are used in anthropological, archae-

ological and forensic studies with good classification accuracy rates [1, 2].

It is presently known that certain areas of the cephalic extremity undergo resorption with

aging, and that among these areas, some present a stronger predisposition to conformational

changes [3, 4]. The morphology of the cranium and upper facial skeleton is affected by the

aging process [5], but these changes are particularly visible in the mid and lower face, and have

different effects in male and female individuals. The maxilla, and particularly the pyriform
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region, are subjected to bone remodeling and resorption, as are the superomedial and infero-

lateral aspects of the orbital rim, leading to a retrusion of the lower midfacial skeleton [6–10].

On the mandible, morphological changes are also visible with advancing age [11, 12]. How-

ever, there appears to be a lack of consensus regarding the trend of mandibular shape variation

with aging [13–15].

Following a study by Enlow et al., the assumption that the mandible expands continuously

with aging was widely accepted [16]. This was further supported by subsequent investigations,

who related that midfacial and mandibular growth continues, although at different rates,

through late adulthood [7, 11]. Several authors have indeed reported that mandibular height,

width and length had a tendency to increase in older individuals [11, 12, 15, 17]. However,

these studies were either composed of small samples [11, 16, 17] or their younger group com-

prised individuals who had not attained full skeletal maturity [12, 15, 17], inadvertently giving

a result of mandibular growth between young and older age groups. Shaw et al., using metric

measurements in mature Caucasian individuals, found a decrease in mandibular body height

and length, as well as ramus height, with advancing age [18]. The tendency for a senescence-

related mandibular atrophy was confirmed by Toledo Avelar et al. [14]. Nonetheless, it appears

that certain areas are more subjected to age-related remodelling, such as the symphysis region,

the alveolar ridge, the ramus, including the condyle and coronoid process, and the gonial area

[3, 12, 14, 16, 18, 19].

The impact of aging in sex estimation accuracy of the facial skeleton has been observed by a

few authors with qualitative [20] and quantitative (measurement) [21] methods. There appears

to be a general increase in sexual classification accuracy of the cranium and mandible with

advancing age, and these changes begin to emerge between 40 and 50 years of age [5, 20–22].

Although aging of specific features of the skeleton and soft tissues of the face has been studied,

in particular with regard to facial plastic and reconstructive surgery [23, 24], there is a paucity

of information regarding the evolution of sexual dimorphism of the mandible with advancing

age, and the effect of age-related changes in mandibular conformational dimorphism remains

unclear. Several authors have reported that the most dimorphic mandibular traits are the

gonial area, followed by the condylar position, the coronoid process shape and the inclination

of the alveolar process in the symphysis area [25–27]. Since senescence has an impact on these

areas, we can assume that it could have an effect on mandibular sexual dimorphism.

Knowledge of senescence-related conformational changes with regard to sexual dimor-

phism is particularly important to correctly estimate the sex of an individual, and can be espe-

cially valuable to improve facial age progression techniques for the identification of long-

missing persons and facial reconstructions [13].

Two-dimensional measurements, as used in traditional quantitative methods, cannot be

used to quantify complex three-dimensional changes of the aging bone [28, 29]. Three-dimen-

sional (3D) geometric morphometrics (GMM) is an accurate and reliable method for sex esti-

mation allowing the study of morphological differences between individuals, particularly

nonmetrical features not easily described by linear measurements [27, 30]. The main advan-

tages of this method are that it enables differentiation of variability due to both size and shape,

as well as the appreciation of shape conformational changes without subjective bias [1].

The primary aim of our study was to determine whether there exist age-related changes in

mandibular shape. Our secondary aim was to assess if mandibular sexual dimorphism of con-

formation remains significant throughout middle and old age, following the analysis of these

shape changes. We addressed the hypothesis that males and females present different mandib-

ular conformational changes with aging. For this purpose, we used geometric morphometric

analysis to study the mandibular shape variation of Multi Slice Computed Tomography

(MSCT) examinations.
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Materials and methods

Reference sample

Craniofacial multi-slice computed tomography (MSCT) scans of adult patients, performed

between august 2014 and may 2019, were collected from the Toulouse University Hospital

radiology archives (CHU Rangueil, Toulouse). The MSCT examinations were requested in a

clinical context of vascular disease. Patients with a known history of facial pathology or trauma

were excluded. A total of 160 MSCT scans were included, corresponding to 80 male and 80

female individuals, aged 40 to 79 years. Each age group presented an homogeneous and

sequential distribution, and the mean age of the male and female individuals was 59,5 years

and standard deviation (SD) 11,6 years (Table 1).

Data collection and post-processing

MSCT images were obtained using a picture archiving and communication system (PACS,

McKesson Medical Imaging Group, Richmond, BC, Canada) used by our institution. Exami-

nations were performed on a Sensation 16 Scanner (General electric medial system, Erlangen,

Germany) with 16 × 1.5 mm collimation. The image matrix was 512 × 512 pixels, axial slices’

thickness was 0.6 mm and voxel size was 15 μm. The CT scans were saved as Digital Imaging

and COmmunications in Medicine (DICOM) files. Post-processing was performed using

Horos™ Medical Imaging software v.3.3 64-bit and consisted in the application of a bone filter

to improve spatial resolution.

Landmark selection and positioning

Based on standard anthropometric techniques and on the literature, 14 osteometric landmarks

were selected on the mandible [25, 31, 32] (Fig 1). The chosen landmarks were type I land-

marks (points whose structural location presents a strong homology and that are therefore

easy to identify repetitively, e.g. juxtaposition of tissues, intersection of three sutures, foram-

ina), or type II landmarks (points defined by geometric criteria, e.g. the tip of a structure, the

point of maximum curvature along a structure) [30]. Type I and type II landmarks are used in

classic osteometric methods for bone sexing thus allowing comparisons with previously pub-

lished results. The landmarks were selected to represent the overall shape of the symphyseal

region, the ramus and the inferior border of the mandible.

The landmarks were positioned using Horos™ DICOM Viewer (v.3.3 64-bit). The point tool

was used to place the landmarks on the mandibular MSCT reconstructions using the multi-

planar reconstruction (MPR) mode (Fig 2A). Their correct location was then validated on the

Table 1. Sample size and age group composition.

Age group (years) Sample size

Male Female

40–44 10 10

45–49 10 10

50–54 10 10

55–59 10 10

60–64 10 10

65–69 10 10

70–74 10 10

75–79 10 10

https://doi.org/10.1371/journal.pone.0253564.t001
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three-dimensional volume rendering mode (Fig 2B). The corresponding 3D coordinates (x, y,

and z) for each landmark were subsequently recorded. All the landmarks used are listed in

Table 2.

Morphological 3D analysis

Calculations and statistical analyses were carried out using R 3.0.2 software version 3.6.1© [33],

the shapes (v1.2.5; Dryden, 2019) [34], geomorph (v3.2.1; Adams, Collyer & Kaliontzopoulou,

2020) [35] packages, as well as the mshape, procGPA, procD.lm, procdist and CVA functions.

The data and R code that support the findings of this study are openly available in Open Sci-

ence Framework at http://doi.org/10.17605/OSF.IO/KB3HG [36].

Repeatability. Geometric morphometric methods rely on the accurate identification and

placement of landmarks on biological specimens. A landmark presenting a strong homology is

a landmark that can repeatedly be identified with precision and that can provide information

about shape changes along any of the three axes. In order to validate the accuracy and repro-

ducibility of the landmark placement method used in this study, the assessment of inter and

intra-observer agreement is desirable [37], so that any researcher can repeat the presented pro-

tocol. Intra-rater and inter-rater reliability of landmark selection was tested using the

Fig 1. Mandibular landmarks used in the present study. Landmark’s definitions are listed in Table 2.

https://doi.org/10.1371/journal.pone.0253564.g001

Fig 2. Landmark placement in Horos DICOM Viewer. (a) Multiplanar reconstruction on Horos showing the

placement of the Pogonion (Pg) landmark. (b) 3D volume rendering displaying the mandibular landmarks as coloured

dots.

https://doi.org/10.1371/journal.pone.0253564.g002
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Generalizability Theory (GT) as described by Ercan et al. [38]. In GT, the reliability for relative

(norm-referenced) interpretations is referred to as the generalizability (G) coefficient (landmark

pairs-by-rater-by-subject, l x r x s). Two observers performed the landmark selection twice: the

first observer (LCM) carried out a second analysis of 40 randomized specimens from the sample

(20 males and 20 females), 1 month after the first analysis, and a second observer (JD) com-

pleted an analysis of the same 40 specimens. G-coefficients between the two landmark sets from

the same rater (intra-observer) and from the two different raters (inter-observer) were calcu-

lated. A G-coefficient close to 1 indicates high intra/inter-rater reliability [38–40].

Geometric morphometrics. Landmark-based geometric morphometric analyses were

used to address the following two questions: the study of age-related variations of mandibular

conformation and the estimation of mandibular sexual dimorphism.

The first step consisted in removing shape-unrelated variations in the sample (such as dif-

ferences in scale, position and orientation) using generalized Procrustes analysis (GPA) [41]

(shapes and geomorph packages, and procGPA function). GPA superimposes specimen land-

mark coordinates by translating them to a common origin, rotating them according to a least

squares criterion aimed at minimizing Procrustes distances, and scaling them to unit centroid

size until the coordinates of corresponding points align as closely as possible [30]. Centroid

size is obtained by calculating the square root of the sum of the squared Euclidean distances of

all landmarks to the centroid of the configuration [30]. This procedure allows the study of

mandibular conformational differences independently of size.

To assess age-related conformation variations of the mandible and estimate the period in

which mandibular senescence-related shape changes start to become visible, we tested age as a

separate variable in different age groups. As our sample was composed of individuals present-

ing a balanced distribution between 40 and 79 years, we arbitrarily established three cut-offs at

55, 60 and 65 years, and performed a Procrustes ANOVA with permutation procedures to test

shape differences between the younger and older age cohorts for both males and females. The

statistical significance of differences was tested with Goodall’s F-test, using Procrustes residuals

(procD.lm function). A Principal Component Analysis (PCA) of the landmark coordinates was

subsequently performed for the whole sample, to summarize the main trends in shape varia-

tion between sexes as well as the younger and older age cohorts. In addition, the mandibular

aging rate within the sampled age period was also estimated separately for males and females

[42]. As our sample is relatively small, we performed a multivariate regression of mandibular

shape on age in a moving window of 20 individuals and estimated the average amount of man-

dibular shape change in units of Procrustes distance per year.

Table 2. Mandible landmark definitions.

Landmark Name Definition

Cs Condylion superior The most superior point on the mandibular condyle

Mn Mandibular notch The most inferior point on the mandibular notch

Co Coronion The most superior point on the coronoid process

Go Gonion The most lateral external point of the junction of the horizontal and ascending

rami of the lower jaw

Ml Mentale The most inferior point at the margin of the mandibular mental foramen

Id Infradentale The midline point of the superior tip of the septum between the mandibular

central incisors

Mns Mandibular

symphysis

The deepest point of the mandibular symphysis curvature (between the

infradentale and pogonion landmarks)

Pg Pogonion The most anterior midline point on the chin of the mandible

Gn Gnathion The most inferior midline point on the mandible

https://doi.org/10.1371/journal.pone.0253564.t002
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Finally, to compare the differences in mandibular shape between age cohorts, a consensus

configuration, or mean shape configuration, was produced and represented graphically as wir-

eframes, that is as lines between landmarks (mshape function).

To examine mandibular shape sexual dimorphism and determine whether shape differed

between sexes and age groups, sex, age and size were studied as separate variables. Following a

common GPA on all data, a regression between shape and sex with age as covariate was then

performed, as well as a regression between shape and size with sex as covariate (procD.lm
function).

A GPA followed by a Procrustes ANOVA with permutation tests was used to evaluate shape

differences between the sexes in two age groups spanning a twenty-year range (40–59 years and

60–79 years). The magnitude of sexual dimorphism was assessed by calculating Procrustes dis-

tances and Mahalanobis distances between the sexes (mshape and procdist functions). Procrustes

distance provides a measure of the differences in the positions of the landmarks in two shapes [30,

43], whereas Mahalanobis distance measures the distances between group centroids based on a

scale adjusted to the within-group variance [44]. Goodall’s F-test, performed on Procrustes residu-

als, tested the statistical significance of differences between sexes for the younger and older age

groups. To compare the differences between male and female configurations, a consensus config-

uration was produced and represented graphically as wireframes.

Ethical considerations

All data and images used in this study were recorded anonymously, only sex and age were

recorded at the time of the computed tomography (CT) acquisition. According to French law,

the results of medical imaging examinations may be used retrospectively without the patient’s

consent when these examinations have been carried out for clinical purposes and when they

have been recorded anonymously (article 40–1, law 94–548 of July 1, 1994).

Results

Repeatability

All 14 mandibular landmarks presented a strong inter and intra-observer agreement. The G-

coefficient for both intra and inter-observer reliability was G = 0.94, indicating high reliability

of the landmark selection.

Geometric morphometrics

Age-related changes in mandibular shape. To evaluate age-related conformation varia-

tions of the mandible, male and female individuals were studied separately. Permutation tests

between age cohorts revealed statistical shape changes for males and females under and over

65 years. In the female sample, results were also statistically significant when the cut-off was

placed at 55 and 60 years (Table 3).

For the Principal Components Analysis (PCA), male and female samples were divided into

two age cohorts: individuals aged 40 to 54 versus 55 to 79 years for females, and individuals

aged 40 to 64 versus 65 to 79 years for males. The first Principal Component axis (PC1)

accounted for 40.56% of age-related shape variations. Although considerable variation in indi-

vidual mandibular shape could be observed, female shape differences between the younger

and older individuals were better discriminated than male’s along PC1 (Fig 3).

The results of the PCA seemed to indicate that female mandibular shape draws closer to

male mandibular shape with aging. In order to support this hypothesis, Procrustes distances

were computed between the four age cohorts (younger and older males and females). The
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results showed that the distance between old females and old males (0.0232; p = 0.012) is

smaller than the distance between young females and young males (0.0296; p = 0.001). Fur-

thermore, the distance between young females and old males (0.0371; p = 0.001) is greater

than the distance between old females and young males (0.0269; p = 0.001).

Males displayed a relatively constant aging rate (the average amount of mandibular shape

change per year). For females, however, an acceleration of the aging pattern could be observed

from 50 years onwards, with a peak around 60 years of age (Fig 4).

Consensus configuration shapes were created for males and females. Based on previous

results (Table 3), mean shape configurations of female individuals were compared before and

after 55 years of age. For males, the cut-off was placed at 65 years.

Table 3. Male and female age-related mandibular conformational changes.

Differences between age cohorts Cut-off Goodall’s F p-value

Males

55 years (40–54 vs 55–79 years) 1.0951 0.344

60 years (40–59 vs 60–79 years) 1.6681 0.084

65 years (40–64 vs 65–79 years) 2.2903 0.016

Females

55 years (40–54 vs 55–79 years) 3.261 0.004

60 years (40–59 vs 60–79 years) 3.8611 0.001

65 years (40–64 vs 65–79 years) 3.2856 0.002

The male and female samples are divided into two age cohorts, with a cut-off at 55, 60 and 65 years. Shape

comparisons are performed between the younger and older age cohorts for males and females separately.

https://doi.org/10.1371/journal.pone.0253564.t003

Fig 3. Principal Component Analysis of male and female mandibular shape. Each sex is divided into two age

cohorts: 40–64 years vs. 65–79 years for males, and 40–54 years vs. 55–79 years for females. The effect of age on

mandibular conformation is more marked for females.

https://doi.org/10.1371/journal.pone.0253564.g003
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Regarding sex-specific shape variations, both males and females exhibited marked confor-

mational changes in the mandibular symphysis region (Figs 5 and 6). Men presented mostly

vertical changes, the upper symphysis following a downward and posterior movement, while

Fig 4. Male and female mandibular aging rates. An acceleration of female mandibular shape changes can be

observed between 50–60 years. The rate of conformational changes is estimated in Procrustes distance / year.

https://doi.org/10.1371/journal.pone.0253564.g004

Fig 5. Lateral view of male and female mandibular shape variations with age. On the left: male mean shapes: 40–64 years (solid lines) vs 65–79 years (dashed lines).

On the right: female mean shapes 40–54 years (solid lines) vs 55–79 years (dashed lines). The arrows represent the major directions and magnitude of changes in

conformation with age.

https://doi.org/10.1371/journal.pone.0253564.g005
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the gnathion moved upwards. Women presented vertical, lateral and sagittal changes with

aging. The gonion moved laterally, upwards and forwards. There was a retrusion of the sym-

physis whereas the posterior border of the ramus moved in an anterior direction.

Mandibular shape sexual dimorphism. Both sex, age and size, as separate variables, had

a statistically significant effect on mandibular shape (p< 0.001). However, the interactions of

age and sex and size and sex were not statistically significant (p = 0.197) (Table 4).

Procrustes distances, Mahalanobis distances and Goodall’s F-test revealed that sexual

dimorphism of shape was statistically significant for the whole sample (p< 0.001), as well as

the two age groups tested (Table 5).

Shape differences were visualized by means of consensus configuration shapes, produced

for males and females. The sample was divided in two age groups: 40 to 59 years and 60 to 79

years. The mean female and male mandibular shapes were then superimposed and sexual

dimorphism was visualized as wireframe displacements between the younger and older age

groups.

Male and female mean shape superimpositions showed differences in the gonial region, the

upper and posterior ramus region (coronoid, condyle and mandibular notch), and the

Fig 6. Anterior view of male and female mandibular shape variations with age. On the left: male mean shapes: 40–64 years (solid lines) vs 65–79 years (dashed lines).

On the right: female mean shapes 40–54 years (solid lines) vs 55–79 years (dashed lines). The arrows represent the major directions and magnitude of changes in

conformation with age.

https://doi.org/10.1371/journal.pone.0253564.g006

Table 4. Effect of age, sex and interaction of sex, age and size on mandibular shape for the whole sample

(n = 160).

Variables Goodall’s F p-value

Sex 5.1496 0.001

Age 4.4970 0.001

Size 7.4342 0.001

Sex: Age 1.3074 0.197

Size: Sex 0.7926 0.685

https://doi.org/10.1371/journal.pone.0253564.t004
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mandibular symphysis (Figs 7 and 8). In the younger age group (40–59 years), shape differ-

ences between males and females were particularly marked in the symphysis area. Females pre-

sented more prominent symphysis in the younger age group, but the consensus configurations

converged after 60 years. The gonion and condyle were more lateral in males than in females

between 40 and 59 years but with advancing age this difference was less pronounced. Overall,

the sexual differences observed in the younger group had a tendency to decrease after 60 years

of age.

Discussion

Earlier studies have established that the senescence process has an impact on mandibular bone

morphology, and that certain areas are more subjected to age-related remodelling, such as the

symphysis region, the alveolar ridge, the ramus and the gonial area [3, 12, 14, 16, 18, 19]. As

these areas are the most dimorphic within the mandibular bone, there is probably an evolution

of mandibular sexual dimorphism with aging.

Table 5. Analysis of shape sexual dimorphism for the whole sample (n = 160), and permutation tests between sexes by age groups.

Mahalanobis distance Procrustes distance Goodall’s F p-value

F40-59 / M40-59 3.2974 0.0282 3.9291 0.001

F60-79 / M60-79 2.4278 0.0246 2.9421 0.002

Whole sample (F/M) 2.0781 0.0159 5.0285 0.001

The sample is divided in two age groups (n = 40) both for males and females.

https://doi.org/10.1371/journal.pone.0253564.t005

Fig 7. Left lateral view of male (blue) and female (red) mean shape superimposition. On the left: 40–59 year group. On the right: 60–79 year group. Males are

represented as solid lines, females are represented as dashed lines. Arrows represent the main trend of variation for female individuals between age groups.

https://doi.org/10.1371/journal.pone.0253564.g007
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The purpose of our work was therefore to analyze the nature of senescence-related shape

changes both within and between sexes, and to assess if sexual dimorphism remained signifi-

cant in the mandible despite these conformational changes, using geometric morphometrics.

Our results showed, by means of consensus configuration superimpositions, that confor-

mational differences occur with age for both males and females (Figs 5 and 6). Male and female

individuals presented marked conformational changes in the symphysis, gonial, coronoid and

condylar areas. The global trend of variation followed an eccentric direction in the gonial area

and a concentric direction in the symphysis, ramus and condylar regions. Both sexes presented

an anterior and inferior resorption of the mandibular body, as found in previous studies [14].

The symphysis was the area where age-related shape changes were most visible. Several authors

have found substantial conformational changes of the symphysis with aging. Shaw et al.

described a decrease in mandible length leading to similar chin projection for men and

women during the middle age years [18]. Toledo Avelar et al. also noted that the chin becomes

more prominent, oblique and its height decreases in older individuals [14].

The analysis of shape variations with age for each sex revealed an earlier onset of changes

for females, starting at 55 years, whereas for males significant conformational differences

seemed to appear from 65 years onwards (Table 3). An earlier set up of the senescence process

in women, as well as a faster mandibular aging rate, could account for the greater conforma-

tional changes observed in this sample (Fig 4). As the pace of age-related conformation

changes appears to be slower for male individuals and they display a later onset of the senes-

cence process, it is possible that marked configurational changes cannot be discerned in our

sample, which is limited to individuals aged up to 79 years. Similar aging trajectories have

been reported by Windhager et al., who observed a divergence in the facial aging pattern in

women and men after menopause (around 50 years), as well as an earlier onset and higher

pace of facial aging in females [42].

Fig 8. Anterior view of male (blue) and female (red) mean shape superimposition. On the left: 40–59 year group. On the right: 60–79 year group. Males are

represented as solid lines, females are represented as dashed lines. Arrows represent the main trend of variation for female individuals between age groups.

https://doi.org/10.1371/journal.pone.0253564.g008
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We know that other facial structures are subjected to earlier changes in women, particularly

the midfacial skeleton [6, 24, 45]. Kahn & Shaw observed earlier and more substantial changes

in females’ orbital aperture, glabellar and pyriform angles [6]. As in our study, women pre-

sented in general more extensive bone loss, with resorption starting between the young and

middle age groups for females, and between the middle and old age groups for males. These

observations indicate that the senescence process differs between male and female individuals,

and increases inter-individual shape variability. However, it would also appear that after the

onset of the aging process, intra-individual variability can be observed, since all facial struc-

tures are not affected simultaneously. Cotofana et al. found that the pace of age-related changes

is not homogeneously distributed across the midfacial region: some bony structures present

earlier changes than others [23]. In the mandible, it has been described that conformational

changes in length start before changes in height [18].

Although senescence had an effect in all individuals, the nature of the shape changes was

different in males and females. While the main conformational changes take place in the sym-

physis area for men, and are particularly marked the alveolar process, the whole mandible is

subjected to shape alterations in women. As in men, the most affected area is the mandibular

symphysis, in which a marked retrusion is observed after 55 years. Females also display a later-

alization of the mandibular ramus, with the gonion and condyle moving outwardly, and an

anterior displacement of the gonial and coronoid regions.

Previous studies have similarly found that age-related changes in the mandible differ from

male to female individuals, and that the latter present more marked conformational changes

[3, 4]. Pecora et al., in a longitudinal cephalometric study, noted that for men changes took

mostly place on the anterior portion of the mandible, leading to increased chin prominence

with aging. Women, on the other hand, presented more changes in the vertical dimension,

with a posterior rotation of the mandible [12]. These observations indicate that the nature of

age-related conformational changes is subjected to dimorphism, which corroborates our

results.

When analysing mandibular sexual dimorphism in different age groups using geometric

morphometrics we observed that sexual dimorphism of shape remained statistically significant

(p<0.005) for all age groups (Table 5).

Former studies, using qualitative and quantitative methods, have reached similar conclu-

sions [20, 28, 46]. It has been reported that aging can even have a positive impact on sex diag-

nosis of the cephalic extremity, with better prediction accuracies after the setting of age-related

changes. Suazo and Matamala found an increase in the diagnostic performance of the morpho-

logical indicators used for sexual dimorphism of the skull and mandibles of older subjects [20].

Other studies observed an increase in sexual classification accuracy of the mandible [21] and

cranium [5] for individuals aged over 40 years. For Gapert et al., accuracy rates in sex estima-

tion of the foramen magnum region rose after 50 years of age, particularly in women [22].

However, most of these studies were based on metric measurements, and therefore considered

mainly size rather than shape sexual dimorphism.

In our sample, although sex, age and size undoubtedly had an effect on mandibular shape,

the interaction of sex and age was not statistically significant, implying that age did not

enhance sexual dimorphism of shape (Table 4). The hypothesis that can be formulated from

this observation is that male and female mandibular shapes move in the same direction with

aging. This could mean that both sexes have a tendency towards masculinization or feminiza-

tion. In light of the PCA results and Procrustes distances between age cohorts, it would appear

that females move towards males with aging.

In addition, as males tend to present larger features than females, the interaction between

size and sex was not statistically significant.
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In order to investigate the evolution of shape differences between sexes we divided our sam-

ple in two age groups (40–59 years and 60–79 years) (Figs 7 and 8). Mean shape superimposi-

tions between sexes showed that differences occurred with age, and were mainly located in the

symphysis, gonial areas, as well as the upper ramus region (coronoid, condyle and mandibular

notch). Differences in conformation are particularly marked before 60 years, with females pre-

senting a more projected symphysis. Our results are in agreement with former studies, in

which this region appears to be one of the most dimorphic in the mandible, with males pre-

senting a higher, wider symphysis and less projected mental eminence than women [28, 47].

As we saw previously that women present greater shape changes, our results seem to indicate

that the female configuration shape draws nearer to the male configuration shape with aging,

and that sexual dimorphism of conformation declines with age (Figs 7 and 8). This is further

supported by the fact that we found no significant correlation when studying the interaction of

sex and age with shape (Table 4). Pessa et al., in a longitudinal study, also observed that shape

differences between males and females tended to fade with advancing age [17].

In line with our first aim, our findings reveal that the senescence process leads to mandibu-

lar conformational changes with aging. We also confirm that sex-related differences in man-

dibular shape can be observed during the senescence process, allowing us to accept the

hypothesis that males and females present different mandibular conformational changes with

aging.

Furthermore, this study shows that the senescence process is not only subjected to variabil-

ity between genders but also between individuals of the same sex. Aging is a process influenced

by multiple external and internal factors, and presents therefore higher heterogeneity than

growth and maturation. Mandibular morphology is greatly influenced by external factors such

as hormones and muscular shape. The earlier start of conformational changes in women could

be explained by the hormonal effect of menopause, since a decrease in hormone levels, particu-

larly oestrogen, causes a stronger resorption of the facial bones, particularly the mandible [42,

48]. Although both sexes are affected by hormonal variations with advancing age, bone turn-

over increases rapidly in menopausal women, while in men this process is more gradual [48].

Among the factors that could account for interindividual differences during senescence are

muscle function and edentulousness. On average, males produce greater muscle forces during

mastication, which results in larger mandibles than females, and rougher surfaces of muscle

attachments, especially at the coronoid process and gonion [25, 49, 50]. Bakke et al. have

reported that bite force decreases significantly with age, and that this process starts earlier and

is more pronounced in female individuals [49]. Chrcanovic et al. suggested that maintenance

of greater masticatory muscle strength and larger muscles in males with age could explain the

differences in mandibular conformation between sexes [51]. On the other hand, we know that

tooth loss increases with advancing age [52], and this can also affect masticatory muscle func-

tion. Partially or totally edentulous individuals produce lower bite forces than fully dentate

individuals due to loss of occlusal contacts [53]. This reduction in muscular activity can lead to

mandibular conformational changes, particularly in the areas of masticatory muscle attach-

ment such as the gonial and coronoid regions. In addition, tooth loss leads to resorption of the

alveolar process, since its main function is to provide structural support for the dentition [16,

19]. In the anterior mandible, bone loss is vertical and horizontal, moving in a concentric

direction, whereas the posterior mandible is mostly subjected to vertical resorption, and hori-

zontal resorption occurs eccentrically [54]. Several authors have stated that dentition is the

main determinant of mandibular morphology, since tooth loss affects particularly mandibular

body height, length and gonial angle [15, 29, 51, 52, 54]. In our sample, most of the changes in

males took place in the mandibular symphysis, more specifically in the alveolar process, while

female individuals presented more widespread conformation variations. As information
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regarding tooth loss is missing in this sample, we can hypothesize that age-related changes in

males could be predominantly derived from tooth loss while, in females, the effect of edentu-

lousness could be less striking due to the influence of other factors such as a decrease in oestro-

gen levels.

Insight into the facial senescence process is paramount in order to accurately estimate an

individual’s sex and predict age-related conformational changes. This can be particularly use-

ful in the fields of facial reconstruction and recognition, as well as the identification of long-

missing persons by improving facial age progression techniques [13].

The use of geometric morphometrics and MSCT examinations present several advantages

in the study of facial skeletal aging and sexual dimorphism. GMM allows the study of shape-

specific variations, encompassing complex three-dimensional changes of the aging bone [55].

The same landmarks as those employed in classic archaeologic and anthropometric methods

can be used, thus allowing comparisons with previously published results and existing stan-

dards, and their collection is facilitated and more precise than with dry bones. Furthermore,

MSCT and 3D landmark data enable the creation of facial virtual standards for both the facial

skeleton and overlying soft tissues. Several studies have observed that there is a close link

between facial soft tissue shape and underlying bone, and that skeletal aging has a direct

impact on the cutaneous envelope [56–58]. Thus, accurate prediction of bone conformational

changes with aging could allow the estimation of facial soft tissue shape.

In our sample, although mandibular shape changes were clearly visible with aging, we

could not precisely determine the age that marked the start of the senescence process. This

could be due to the fact that the number of studied subjects is not high enough. Considering

that our sample size did not allow the comparison of shape differences at successive age bins as

this would result in small samples and therefore loss of statistical power, we established three

cut offs at 55, 60 and 65 years in order to study larger groups and target the time span in which

age-related shape variations emerge. As our results showed that conformation variations

appear to be significant between 50 and 70 years, a larger sample of individuals aged 50 to 70

years and divided into 5 or 10-year age bins would be necessary to refine these results. Another

limitation of this study is the fact that the sample is limited to individuals aged up to 79 years.

In the event that males present a later onset of the senescence process, the entirety of shape

changes cannot be encompassed. Finally, other variables such as dental status should be stud-

ied in order to acquire a deeper understanding of mandibular age-related conformational

changes.

Conclusion

Our findings revealed that mandibular sexual dimorphism remains present throughout middle

and old age. Mandibular senescence appears to be a sexually dimorphic process since its onset,

pace, and the areas subjected to variation differ from male to female individuals. Female indi-

viduals present faster, more marked and extensive shape changes than males. The mandibular

areas mostly affected by age-related variation are the symphysis, gonion and upper ramus.

Senescence appears as a highly heterogeneous process, it is therefore difficult to determine

with precision the age that marks its onset. In this study, age-related changes seem to occur

between 50 and 70 years for males and females, and can be detected earlier in female

individuals.
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1. Bigoni L, Velemı́nská J, Brůzek J. Three-dimensional geometric morphometric analysis of cranio-facial

sexual dimorphism in a Central European sample of known sex. Homo Int Z Vgl Forsch Am Menschen.

2010; 61: 16–32. https://doi.org/10.1016/j.jchb.2009.09.004 PMID: 20152969

2. Franklin D, Oxnard C, O’Higgins P, Dadour I. Sexual Dimorphism in the Subadult Mandible: Quantifica-

tion Using Geometric Morphometrics*. J Forensic Sci. 2007; 52: 6–10. https://doi.org/10.1111/j.1556-

4029.2006.00311.x PMID: 17209902

3. Doual JM, Ferri J, Laude M. The influence of senescence on craniofacial and cervical morphology in

humans. Surg Radiol Anat. 1997; 19: 175–183. https://doi.org/10.1007/BF01627970 PMID: 9381319

4. Richard MJ, Morris C, Deen BF, Gray L, Woodward JA. Analysis of the anatomic changes of the aging

facial skeleton using computer-assisted tomography. Ophthal Plast Reconstr Surg. 2009; 25: 382–386.

https://doi.org/10.1097/IOP.0b013e3181b2f766 PMID: 19966653

5. Nikita E. Αge-associated Variation and Sexual Dimorphism in Adult Cranial Morphology: Implications in

Anthropological Studies. Int J Osteoarchaeol. 2014; 24: 557–569. https://doi.org/10.1002/oa.2241

6. Kahn DM, Shaw RB. Aging of the Bony Orbit: A Three-Dimensional Computed Tomographic Study.

Aesthet Surg J. 2008; 28: 258–264. https://doi.org/10.1016/j.asj.2008.02.007 PMID: 19083535

7. Matros E, Momoh A, Yaremchuk MJ. The aging midfacial skeleton: implications for rejuvenation and

reconstruction using implants. Facial Plast Surg FPS. 2009; 25: 252–259. https://doi.org/10.1055/s-

0029-1242037 PMID: 19924598

8. Mendelson BC, Hartley W, Scott M, McNab A, Granzow JW. Age-Related Changes of the Orbit and

Midcheek and the Implications for Facial Rejuvenation. Aesthetic Plast Surg. 2007; 31: 419–423.

https://doi.org/10.1007/s00266-006-0120-x PMID: 17486402

9. Pessa JE, Zadoo VP, Mutimer KL, Haffner C, Yuan C, DeWitt AI, et al. Relative Maxillary Retrusion as a

Natural Consequence of Aging: Combining Skeletal and Soft-Tissue Changes into an Integrated Model

of Midfacial Aging. Plast Reconstr Surg. 1998; 102: 205. https://doi.org/10.1097/00006534-199807000-

00034 PMID: 9655429

10. Pessa JE, Zadoo VP, Yuan C, Ayedelotte JD, Cuellar FJ, Cochran SC, et al. Concertina Effect and

Facial Aging: Nonlinear Aspects of Youthfulness and Skeletal Remodeling, and Why, Perhaps, Infants

Have Jowls. Plast Reconstr Surg. 1999; 103: 635. https://doi.org/10.1097/00006534-199902000-00042

PMID: 9950555

11. Bartlett SP, Grossman R, Whitaker LA. Age-Related Changes of the Craniofacial Skeleton: An Anthro-

pometric and Histologic Analysis. Plast Reconstr Surg. 1992; 90: 592. https://doi.org/10.1097/

00006534-199210000-00007 PMID: 1409994

12. Pecora NG, Baccetti T, McNamara JA. The aging craniofacial complex: A longitudinal cephalometric

study from late adolescence to late adulthood. Am J Orthod Dentofacial Orthop. 2008; 134: 496–505.

https://doi.org/10.1016/j.ajodo.2006.11.022 PMID: 18929267

13. Albert AM, Ricanek K, Patterson E. A review of the literature on the aging adult skull and face: Implica-

tions for forensic science research and applications. Forensic Sci Int. 2007; 172: 1–9. https://doi.org/10.

1016/j.forsciint.2007.03.015 PMID: 17434276

14. Toledo Avelar LE, Cardoso MA, Santos Bordoni L, de Miranda Avelar L, de Miranda Avelar JV. Aging

and Sexual Differences of the Human Skull. Plast Reconstr Surg Glob Open. 2017; 5: e1297. https://

doi.org/10.1097/GOX.0000000000001297 PMID: 28507860

15. Parr NM, Passalacqua NV, Skorpinski K. Investigations Into Age-related Changes in the Human Mandi-

ble. J Forensic Sci. 2017; 62: 1586–1591. https://doi.org/10.1111/1556-4029.13475 PMID: 28251665

16. Enlow DH, Bianco HJ, Eklund S. The remodeling of the edentulous mandible. J Prosthet Dent. 1976;

36: 685–693. https://doi.org/10.1016/0022-3913(76)90035-4 PMID: 1069128

17. Pessa JE, Slice DE, Hanz KR, Broadbent THJ, Rohrich RJ. Aging and the Shape of the Mandible. Plast

Reconstr Surg. 2008; 121: 196. https://doi.org/10.1097/01.prs.0000293864.94138.ae PMID: 18176221

PLOS ONE Geometric morphometric study of the aging mandible

PLOS ONE | https://doi.org/10.1371/journal.pone.0253564 June 22, 2021 15 / 17

https://doi.org/10.1016/j.jchb.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/20152969
https://doi.org/10.1111/j.1556-4029.2006.00311.x
https://doi.org/10.1111/j.1556-4029.2006.00311.x
http://www.ncbi.nlm.nih.gov/pubmed/17209902
https://doi.org/10.1007/BF01627970
http://www.ncbi.nlm.nih.gov/pubmed/9381319
https://doi.org/10.1097/IOP.0b013e3181b2f766
http://www.ncbi.nlm.nih.gov/pubmed/19966653
https://doi.org/10.1002/oa.2241
https://doi.org/10.1016/j.asj.2008.02.007
http://www.ncbi.nlm.nih.gov/pubmed/19083535
https://doi.org/10.1055/s-0029-1242037
https://doi.org/10.1055/s-0029-1242037
http://www.ncbi.nlm.nih.gov/pubmed/19924598
https://doi.org/10.1007/s00266-006-0120-x
http://www.ncbi.nlm.nih.gov/pubmed/17486402
https://doi.org/10.1097/00006534-199807000-00034
https://doi.org/10.1097/00006534-199807000-00034
http://www.ncbi.nlm.nih.gov/pubmed/9655429
https://doi.org/10.1097/00006534-199902000-00042
http://www.ncbi.nlm.nih.gov/pubmed/9950555
https://doi.org/10.1097/00006534-199210000-00007
https://doi.org/10.1097/00006534-199210000-00007
http://www.ncbi.nlm.nih.gov/pubmed/1409994
https://doi.org/10.1016/j.ajodo.2006.11.022
http://www.ncbi.nlm.nih.gov/pubmed/18929267
https://doi.org/10.1016/j.forsciint.2007.03.015
https://doi.org/10.1016/j.forsciint.2007.03.015
http://www.ncbi.nlm.nih.gov/pubmed/17434276
https://doi.org/10.1097/GOX.0000000000001297
https://doi.org/10.1097/GOX.0000000000001297
http://www.ncbi.nlm.nih.gov/pubmed/28507860
https://doi.org/10.1111/1556-4029.13475
http://www.ncbi.nlm.nih.gov/pubmed/28251665
https://doi.org/10.1016/0022-3913%2876%2990035-4
http://www.ncbi.nlm.nih.gov/pubmed/1069128
https://doi.org/10.1097/01.prs.0000293864.94138.ae
http://www.ncbi.nlm.nih.gov/pubmed/18176221
https://doi.org/10.1371/journal.pone.0253564


18. Shaw RB, Katzel EB, Koltz PF, Kahn DM, Girotto JA, Langstein HN. Aging of the Mandible and Its Aes-

thetic Implications: Plast Reconstr Surg. 2010; 125: 332–342. https://doi.org/10.1097/PRS.

0b013e3181c2a685 PMID: 20048624

19. Cawood JI, Howell RA. A classification of the edentulous jaws. Int J Oral Maxillofac Surg. 1988; 17:

232–236. https://doi.org/10.1016/s0901-5027(88)80047-x PMID: 3139793

20. Suazo I, Matamala D. Age effect in the morphological traits performance for sex determination in

human skulls and mandibles. Int J Morphol. 2012; 30: 296–301.

21. Gillet C, Costa-Mendes L, Rérolle C, Telmon N, Maret D, Savall F. Sex estimation in the cranium and

mandible: a multislice computed tomography (MSCT) study using anthropometric and geometric mor-

phometry methods. Int J Legal Med. 2020; 134: 823–832. https://doi.org/10.1007/s00414-019-02203-0

PMID: 31897666

22. Gapert R, Black S, Last J. Test of age-related variation in the craniometry of the adult human foramen

magnum region: implications for sex determination methods. Forensic Sci Med Pathol. 2013; 9: 478–

488. https://doi.org/10.1007/s12024-013-9437-3 PMID: 23584959

23. Cotofana S, Gotkin RH, Morozov SP, Kim SY, Gombolevskiy VA, Laipan AS, et al. The Relationship

between Bone Remodeling and the Clockwise Rotation of the Facial Skeleton: A Computed Tomo-

graphic Imaging-Based Evaluation. Plast Reconstr Surg. 2018; 142: 1447–1454. https://doi.org/10.

1097/PRS.0000000000004976 PMID: 30204679

24. Robertson JM, Kingsley BE, Ford GC. Sexually Dimorphic Faciometrics in Humans From Early Adult-

hood to Late Middle Age: Dynamic, Declining, and Differentiated. Evol Psychol Int J Evol Approaches

Psychol Behav. 2017; 15: 1474704917730640. https://doi.org/10.1177/1474704917730640 PMID:

28901197

25. Bejdová S, Krajı́ček V, Velemı́nská J, Horák M, Velemı́nský P. Changes in the sexual dimorphism of

the human mandible during the last 1200 years in Central Europe. Homo Int Z Vgl Forsch Am

Menschen. 2013; 64: 437–453. https://doi.org/10.1016/j.jchb.2013.05.003 PMID: 24004582

26. Dong H, Deng M, Wang W, Zhang J, Mu J, Zhu G. Sexual dimorphism of the mandible in a contempo-

rary Chinese Han population. Forensic Sci Int. 2015; 255: 9–15. https://doi.org/10.1016/j.forsciint.2015.

06.010 PMID: 26146162

27. Franklin D, O’Higgins P, Oxnard CE, Dadour I. Sexual dimorphism and population variation in the adult

mandible. Forensic Sci Med Pathol. 2007; 3: 15–22. https://doi.org/10.1385/FSMP:3:1:15 PMID:

25868885

28. Garvin HM, Ruff CB. Sexual dimorphism in skeletal browridge and chin morphologies determined using

a new quantitative method. Am J Phys Anthropol. 2012; 147: 661–670. https://doi.org/10.1002/ajpa.

22036 PMID: 22371071

29. Guevara Perez SV, de la Rosa Castolo G, Thollon L, Behr M. A 3D characterization method of geomet-

ric variation in edentulous mandibles. Morphol Bull Assoc Anat. 2018; 102: 255–262. https://doi.org/10.

1016/j.morpho.2018.08.001 PMID: 30197034

30. Bookstein FL. Morphometric tools for landmark data: geometry and biology. Cambridge University

Press, Cambridge. 1997

31. Franklin D, O’Higgins P, Oxnard CE, Dadour I. Discriminant function sexing of the mandible of indige-

nous South Africans. Forensic Sci Int. 2008; 179: 84.e1–5. https://doi.org/10.1016/j.forsciint.2008.03.

014 PMID: 18467049

32. Nicholson E, Harvati K. Quantitative analysis of human mandibular shape using three-dimensional geo-

metric morphometrics. Am J Phys Anthropol. 2006; 131: 368–383. https://doi.org/10.1002/ajpa.20425

PMID: 16617436

33. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. 2020. https://www.R-project.org/.

34. Dryden I. L. shapes package. R Foundation for Statistical Computing, Vienna, Austria. Contributed

package. Version 1.2.5. 2019. http://www.R-project.org.

35. Adams D, Collyer M, Kaliontzopoulou A, Baken E. “Geomorph: Software for geometric morphometric

analyses. R package version 3.2.1. 2020. https://cran.r-project.org/package=geomorph.

36. Costa Mendes L, Delrieu J, Gillet C, Telmon N, Maret D, Savall F. Geometric morphometric study of

aging mandible. [Internet]. OSF; 2020. https://doi.org/10.17605/OSF.IO/KB3HG

37. von Cramon-Taubadel N, Frazier BC, Lahr MM. The problem of assessing landmark error in geometric

morphometrics: theory, methods, and modifications. Am J Phys Anthropol. 2007; 134: 24–35. https://

doi.org/10.1002/ajpa.20616 PMID: 17503448

38. Ercan I, Ocakoglu G, Guney I, Yazici B. Adaptation of Generalizability Theory for Inter-Rater Reliability

for Landmark Localization. Int J Tomogr SimulationTM. 2008; 9: 51–58.

PLOS ONE Geometric morphometric study of the aging mandible

PLOS ONE | https://doi.org/10.1371/journal.pone.0253564 June 22, 2021 16 / 17

https://doi.org/10.1097/PRS.0b013e3181c2a685
https://doi.org/10.1097/PRS.0b013e3181c2a685
http://www.ncbi.nlm.nih.gov/pubmed/20048624
https://doi.org/10.1016/s0901-5027%2888%2980047-x
http://www.ncbi.nlm.nih.gov/pubmed/3139793
https://doi.org/10.1007/s00414-019-02203-0
http://www.ncbi.nlm.nih.gov/pubmed/31897666
https://doi.org/10.1007/s12024-013-9437-3
http://www.ncbi.nlm.nih.gov/pubmed/23584959
https://doi.org/10.1097/PRS.0000000000004976
https://doi.org/10.1097/PRS.0000000000004976
http://www.ncbi.nlm.nih.gov/pubmed/30204679
https://doi.org/10.1177/1474704917730640
http://www.ncbi.nlm.nih.gov/pubmed/28901197
https://doi.org/10.1016/j.jchb.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24004582
https://doi.org/10.1016/j.forsciint.2015.06.010
https://doi.org/10.1016/j.forsciint.2015.06.010
http://www.ncbi.nlm.nih.gov/pubmed/26146162
https://doi.org/10.1385/FSMP%3A3%3A1%3A15
http://www.ncbi.nlm.nih.gov/pubmed/25868885
https://doi.org/10.1002/ajpa.22036
https://doi.org/10.1002/ajpa.22036
http://www.ncbi.nlm.nih.gov/pubmed/22371071
https://doi.org/10.1016/j.morpho.2018.08.001
https://doi.org/10.1016/j.morpho.2018.08.001
http://www.ncbi.nlm.nih.gov/pubmed/30197034
https://doi.org/10.1016/j.forsciint.2008.03.014
https://doi.org/10.1016/j.forsciint.2008.03.014
http://www.ncbi.nlm.nih.gov/pubmed/18467049
https://doi.org/10.1002/ajpa.20425
http://www.ncbi.nlm.nih.gov/pubmed/16617436
https://www.R-project.org/
http://www.R-project.org
https://cran.r-project.org/package=geomorph
https://doi.org/10.17605/OSF.IO/KB3HG
https://doi.org/10.1002/ajpa.20616
https://doi.org/10.1002/ajpa.20616
http://www.ncbi.nlm.nih.gov/pubmed/17503448
https://doi.org/10.1371/journal.pone.0253564


39. He Q, Duan Y, Karsch K, Miles J. Detecting corpus callosum abnormalities in autism based on anatomi-

cal landmarks. Psychiatry Res. 2010; 183: 126–132. https://doi.org/10.1016/j.pscychresns.2010.05.

006 PMID: 20620032

40. Ozdemir ST, Sigirli D, Ercan I, Cankur NS. Photographic facial soft tissue analysis of healthy Turkish

young adults: anthropometric measurements. Aesthetic Plast Surg. 2009; 33: 175–184. https://doi.org/

10.1007/s00266-008-9274-z PMID: 19089493

41. Gower JC. Generalized procrustes analysis. Psychometrika. 1975; 40: 33–51. https://doi.org/10.1007/

BF02291478

42. Windhager S, Mitteroecker P, Rupić I, Lauc T, Polašek O, Schaefer K. Facial aging trajectories: A com-
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