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Abstract

Human skull morphology results from complex processes that involve the coordinated growth and interaction

of its skeletal components to keep a functional and structural balance. Previous histological works have studied

the growth of different craniofacial regions and their relationship to functional spaces in humans up to

14 years old. Nevertheless, how the growth dynamics of the facial skeleton and the mandible are related and

how this relationship changes through the late ontogeny remain poorly understood. To approach these two

questions, we have compared the bone modelling activities of the craniofacial skeleton from a sample of

subadult and adult humans. In this study, we have established for the first time the bone modelling pattern of

the face and the mandible from adult humans. Our analyses reveal a patchy distribution of the bone modelling

fields (overemphasized by the presence of surface islands with no histological information) reflecting the

complex growth dynamics associated to the individual morphology. Subadult and adult specimens show

important differences in the bone modelling patterns of the anterior region of the facial skeleton and the

posterior region of the mandible. These differences indicate developmental changes in the growth directions of

the whole craniofacial complex, from a predominantly downward growth in subadults that turns to a forward

growth observed in the adult craniofacial skeleton. We hypothesize that these ontogenetic changes would

respond to the physiological and physical requirements to enlarge the oral and nasal cavities once maturation

of the brain and the closure of the cranial sutures have taken place during craniofacial development.
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Introduction

The skull is an anatomically complex system, which has been

a focal point for studies in vertebrate biology for more than

two centuries. It presents unique opportunities to examine

the role of the multiple, intricate developmental processes

involved in the craniofacial morphology and in the evolu-

tionary origin of the hominid cranium (de Beer, 1937;

Enlow, 1975; Atchley & Hall, 1991; Lieberman, 2011). Under-

standing the development of the skull can be achieved

through the study of the growth dynamics of their skeletal

elements considering the Moss functional matrices theory

(Moss & Young, 1960; Moss & Rankow, 1968; Moss &

Salentijn, 1969; Moss, 1997c,d) and the Enlow counterpart

principle (Enlow et al. 1969; Enlow & Hans, 1996). Accord-

ing to this theoretical framework, the human craniofacial

skeleton results from the interactions of their different com-

ponents that are influenced by both internal (hormonal

and genetic factors; e.g. Moss & Young, 1960; Enlow &

Hans, 1996; Tomoyasu et al. 2009; Lieberman, 2011) and

external stimuli (soft tissue growth, dental maturation,

biomechanical factors; e.g. Moss, 1997a,b,c,d; Atchley &

Hall, 1991; Enlow & Hans, 1996; Lieberman et al. 2002;

Klingenberg et al. 2003; Lieberman, 2011; Gr€oning et al.

2013). The growth of the skeletal elements involves changes

in their size and shape as well as their relative position

within the craniofacial system in order to maintain the

proper bone alignment, function and proportionate growth

(e.g. O’Higgins et al. 1991; Enlow & Hans, 1996; McCollum,

2008; Lieberman, 2011). During the human development,

the skeletal elements from the neurocranium, viscerocrani-

um andmandible are intimately associated to the functional

spaces (cranial, orbital, nasal and oral cavities) and the soft

tissues in which they are embedded (e.g. brain, muscles,

connective tissues) (Moss & Young, 1960; Enlow & Hans,

1996; see also Lieberman, 2011 and cites there in).
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The skull grows through two simultaneous and interre-

lated processes: growth modelling and growth displace-

ments of the skeletal elements. Growth modelling consists

in the coordinated activity of two cellular groups, osteo-

blasts forming bone on one surface and osteoclasts remov-

ing bone in the opposite surface (Enlow, 1962; Bloom &

Fawcett, 1994; Enlow & Hans, 1996). This mechanism results

in the increase in size of the bone and the subsequent

movement in the direction of the forming bone surfaces,

also termed cortical drift (Enlow, 1962, 1963; Enlow &

Harris, 1964). As a consequence of the bone modelling

growth, the skeletal components are displaced within the

craniofacial system with coordinated and passive move-

ments – the primary and secondary displacements – as well

as rotations (for a detailed description of these movements

see Bj€ork, 1969; Moss & Young, 1960; Bj€ork & Skieller, 1972,

1976; Enlow & Hans, 1996).

In the last century, Enlow showed that the activity of

osteoblasts and osteoclasts is recorded in the bone surface

(last-formed bony lamellae) as fields of growth activity

(Enlow, 1963; Enlow & Hans, 1996). The distribution of

these growth fields – the bone modelling pattern – is

species-specific and its interpretation following the cranio-

facial biology principles provides data on the growth

dynamics of the craniofacial skeletal components during

human ontogeny (e.g. Enlow & Harris, 1964; Mauser et al.

1975; Kurihara et al. 1980; Enlow & Hans, 1996; McCollum,

2008). According to these studies, the prenatal craniofacial

system shows a general growth as indicated by the bone

deposition surfaces in all skeletal elements (Mauser et al.

1975; Enlow & Hans, 1996; Radlanski & Klarkowski,

2001).Bone resorption activity is first reported in the man-

dibular corpus and ramus around the 8.5th–9th prenatal

weeks (Mauser et al. 1975; Enlow & Hans, 1996; Radlanski &

Klarkowski, 2001), indicating a lateral growth of the man-

dibular corpus and a posterior relocation of the ramus

(Mauser et al. 1975; Enlow & Hans, 1996). In the postnatal

period, the human facial skeleton is depository until

3 months of age, when bone resorption surfaces appear in

the nasoalveolar clivus (Kurihara et al. 1980; Enlow & Hans,

1996; McCollum, 2008). From 2 to 14 years old, resorbing

activity spreads out over the nasomaxillary region. The

extension and the location of resorbing fields change

throughout ontogeny, indicating changes in the growth

dynamics associated to downward growth of the human

face (Kurihara et al. 1980; McCollum, 2008). Postnatal

changes in the bone modelling activity are also observed in

the human mandible (Enlow & Harris, 1964; Kurihara et al.

1980; Hans et al. 1995). At 2 years old, bone resorption

fields appear for the first time in the alveolar region of the

buccal symphyseal region. From this age to 14 years old,

resorption extends towards the basal area of the symphy-

seal region and/or through the anterior area of the mandib-

ular corpus (Kurihara et al. 1980). During this postnatal

period, the mandibular ramus shows a complex modelling

pattern indicating a posterior growth of the mandible and

its anterior displacement (Enlow & Harris, 1964; Enlow &

Hans, 1996). Previous studies have analysed facial skeleton

growth up to 14 years old but the bone modelling activities

during the adulthood period remain almost unstudied. The

adult craniofacial skeleton and mandible show morphologi-

cal changes related to their horizontal increase in the size

of the maxilla and the mandible and their increase in the

height of the anterior face (e.g. Behrents, 1985; Bishara

et al. 1985; Forsberg et al. 1991; Bondevik, 1995; Enlow &

Hans, 1996; Doual et al. 1997; West & McNamara, 1999;

Akg€ul & Toygar, 2002; Albert et al. 2007; Williams & Slice,

2010; Tsiopas et al. 2013).

In the present study, we have analysed the postnatal

growth dynamics of the craniofacial skeleton comparing

subadult and adult specimens. We have observed that suba-

dult and adult specimens show different bone modelling

patterns. Adults present an increase of bone formation sur-

faces in the maxilla and mandible that explains the horizon-

tal and vertical changes observed in the adult craniofacial

skeleton. In addition, we have explored how modelling

activities of the facial skeleton and mandible regions are

related during the ontogeny. As mentioned above, the skel-

etal components growing within the craniofacial complex

system interact with each other keeping a functional and

structural balance, whereas they increase in size during

development (Moss & Young, 1960; Enlow & Hans, 1996).

Correspondences between different anatomical parts of the

skull have been demonstrated by morphometric analyses

(see Bastir et al. 2006). However, previous studies on the

craniofacial growth through the analysis of modelling activ-

ities have focused on particular facial or mandibular

regions, except for Enlow’s reference work on craniofacial

morphology in individuals up to 14 years old (Enlow &

Hans, 1996). In the present study, we work on the assump-

tion that ontogenetical changes of the bone modelling also

reflect the relationships between the facial and mandible

skeleton to maintain the functional and physiological bal-

ance of the craniofacial system. Results obtained in this

work will allow us to infer how these relationships could be

involved in the morphology of the human skull.

Materials and methods

The sample analysed in this study comprises 12 human skulls of

known age and sex divided into two subgroups: six specimens in

the subadult group and six specimens in the adult group (Table 1).

All specimens belong to the Anthropological Collection of the Uni-

versity of Coimbra (Portugal). Individuals with malformations, trau-

matic injuries or alveolar bone resorption caused by tooth loss

during life were excluded.

Obtaining the bone modelling pattern requires microscope anal-

ysis of the bone surface to identify bone formation and resorption

fields. We used a non-destructive methodology that involves the

replication of the bone surface and the microscope analysis of these

replicas (Martinez-Maza et al. 2010; see also Bromage, 1989). The
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best preserved half part of both facial skeleton and mandible was

employed in the analyses. Specimens were first cleaned with 60%

alcohol applied with a smooth hair brush to eliminate any particles

adhering to the microrelief of the bone. Secondly, the negative

impressions of the periosteal bone from the facial skeleton and the

mandible were made using a low-viscosity silicone (Exaflex injection

type 3 low viscosity; DVD Dental, SA, Spain). Negative impressions

were made independently from anatomical regions of the facial

skeleton (glabella, superciliar arch, nasal bones, nasomaxillary

region, zygomatic bone) and the mandible (buccal and lingual side

of the symphysis, mandibular corpus and ramus) to fit the micro-

scope’s size limitations and to facilitate the manipulation during

observation. Once silicone was cured, the negative cast was

removed from the bone surface and delimited with a retaining wall

elaborated with a silicone Optosil P plus and Optosil Xantopren

(DVD Dental SA, Spain). Finally, positive replicas of each anatomical

region were generated using polyurethane resin Feropur (Feroca,

SA, Spain). Replicas were then coated with gold (sputter coater

SC510 BioRad) prior to observation under a reflected light micro-

scope (Olympus BX51TRF microscope equipped with an Olympus

DP11 digital camera) using a 209 objective (Martinez-Maza et al.

2010). To facilitate the localization of the remodelling microfea-

tures of the bone surface, a grid of 5 9 5 mm squares was drawn

on the surface of the gold-coated replica using a sharp permanent

pen. Each square was referred to by a coordinate (x,y) starting on

the lower left square (1,1). This grid and the outline of the anatomi-

cal region were drawn on paper to record the data from the

microscope.

Identification of bone modelling fields: forming and
resorbing surfaces

The microscope analysis of the replicas from the periosteal bone

surfaces allowed us to identify and map the fields of growth model-

ling activities following the criteria provided by Martinez-Maza

et al. (2010; see also Boyde, 1972; Bromage, 1989). The microscopy

analysis of the replicas from the periosteal bone surfaces allowed us

to identify and map the fields of growth modelling activities fol-

lowing the criteria provided by previous authors (Boyde, 1972;

Bromage, 1989; Martinez-Maza et al. 2010). We could distinguish

two main kinds of bone surfaces, forming surfaces and resorbing

surfaces, which are associated to the activity of osteoblasts and os-

teoclasts respectively. Moreover, previous works indicated that

bone surface features also make it possible to differentiate active

from resting modelling fields (Boyde, 1972; Jones & Boyde, 1976;

Marks et al. 1996).

During growth, osteoblasts synthesize and mineralize the collage-

nous and non-collagenous bone proteins that constitute the

organic matrix or osteoid. This active phase of the osteoblast activ-

ity is related to bone surfaces characterized by delineated collagen

fibre bundles with a preferred orientation. When inactive, osteo-

blasts become flat (so-called lining-cells), the mineralizing front

advances, and the ground substance covers and masks the collagen

fiber bundles. The resulting resting forming surface is observed as a

smooth and bright surface (Boyde, 1972; Jones & Boyde, 1976;

Marks et al. 1996; Radlanski et al. 2003).

Features of the resorbing surfaces can also indicate the active or

the resting phase of the osteoclasts but differences between these

two surfaces are less clear than in the forming surfaces. Osteoclasts

adhere to the bone surface and remove the mineralized bone tis-

sue, forming a concavity called Howship’s lacunae. The (active)

resorbing surfaces show lacunae of variable size and shape, delin-

eated by sharp walls. However, the resting resorbing surfaces show

shallower and less sharp-edged concavities (Boyde, 1972; Jones &

Boyde, 1976).

The identification of resting surfaces is complicated when study-

ing skeletonized remains because similar features could result from

taphonomical processes which damage the bone surface, as is

observed in fossil bones (Bromage, 1984, 1987; Rosas & Martinez-

Maza, 2010; Martinez-Maza et al. 2011). All specimens studied in

the present work present slightly damaged bone surfaces with rec-

ognizable histological features except in the more damaged sur-

faces. Our sample also present manipulation marks such as

trampling, tool marks, fissures or writing marks. Consequently, we

have decided not to distinguish between resting and active states

of the bone modelling activity in our analysis. We have distin-

guished two bone modelling surfaces, (i) bone-forming surfaces

characterized by mineralized collagen fibre bundles produced by

osteoblasts (Fig. 1, left; Boyde, 1972; Bromage, 1989; Martinez-

Maza et al. 2006, 2010) and (ii) bone-resorbing surfaces character-

ized by Howship’s lacunae produced by the osteoclasts (Fig. 1, right;

Boyde, 1972; Bromage, 1989; Martinez-Maza et al. 2010). From

these data, we have drawn maps showing the distribution of the

modelling fields for each individual (Figs 2 and 3). Following previ-

ous works, we have established generalized modelling patterns for

the subadult and the adult groups through the identification of

intraspecific similarities in the bone modelling field distribution of

each anatomical region of the facial skeleton and mandible (Fig. 4;

Enlow & Hans, 1996; Bromage, 1989; Rosas & Martinez-Maza, 2010;

Martinez-Maza et al. 2011).

From these data, modelling patterns for each individual were

drawn (Figs 2 and 3). Following previous works, generalized model-

ling patterns for the subadult and the adult groups were estab-

lished through the identification of intraspecific similarities in the

bone modelling field distribution of each anatomical region of the

facial skeleton and mandible (Fig. 4; Enlow & Hans, 1996; Bromage,

1989; Rosas & Martinez-Maza, 2010; Martinez-Maza et al. 2011).

Results

Schematic bone modelling maps of subadult and adult

specimens analysed in this study are represented in Figs 2

Table 1 List of the Homo sapiens specimens from the Anthropologi-

cal Collection of the University of Coimbra (Portugal) analysed with

reflected light microscopy.

Specimen Age (years) Age group Sex

101 12 Subadult Female

218 10 Subadult Female

284 17 Subadult Female

100 7 Subadult Male

100A 11 Subadult Male

126 8 Subadult Male

52 38 Adult Female

144 29 Adult Female

342 28 Adult Female

46 38 Adult Male

92 27 Adult Male

98 24 Adult Male
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and 3. Individual patterns show bone modelling fields with

variable size and shape, irregular boundaries, and patchy

distribution, which is emphasized by the presence of areas

without histological areas. Even though different specimens

show damaged surfaces lacking information, histological

data recorded from the facial and mandibular regions

allowed elaboration of generalized bone modelling pat-

terns for adults and subadults (Fig. 4). A detailed descrip-

tion of the modelling fields identified in the facial skeleton

and the mandible is provided. Finally, we compare the gen-

eralized bone modelling patterns of subadult and adult

groups.

Facial skeleton: subadult specimens

The upper region of the facial skeleton (glabella and super-

ciliar arch) is mainly depository. Small resorption fields are

only found in the superciliary arch–glabella contact area

close to the frontonasal suture in individuals 101 and 218,

and in the inferior area of the superciliary arch of specimen

100A. In the nasal bones, depository surfaces are present in

all specimens but 126 and 100A, which present resorptive

fields close to the pyriform aperture. The nasomaxillary

region shows high variability in the distribution of model-

ling fields respect to other facial regions. This region dis-

plays predominantly resorptive surfaces in the maxillary

bone and depository surfaces in the nasal or frontal pro-

cesses in individuals 218 and 101. This last specimen also

presents small bone formation fields in the canine fossa

region close to the infraorbital foramen and in the lateral

margins of the nasal aperture. Specimen 100 shows bone

resorption in both the nasomaxillary bone and the nasal

process, while tiny depository surfaces are found close to

the frontonasal suture and two fields in the alveolar region

of the maxilla. Specimens 284 and 126 show similar patterns

characterized by bone formation fields in the nasal process,

in the lateral margins of the nasal aperture, in the zygomat-

icomaxillary suture, and small depository fields in the canine

fossa area. In contrast, specimen 100A shows mainly

depository surfaces both in the nasal process and in the

maxillary bone, while resorptive surfaces are found close to

the lacrimal area, in the lateral margins of the nasal aper-

ture, in the canine fossa area, and in the zygomaticomaxil-

lary suture. The zygomatic bone in all specimens displays

primarily depository surfaces but three specimens show

bone resorption activity in the orbital margin of the frontal

process either close to the glabella (specimen 100) or

extending from the zygomaticomaxillary suture to the level

of the infraorbital foramen (specimens 126 and 100A).

Facial skeleton: adult specimens

The bone modelling map of the upper facial region is char-

acterized by bone formation surfaces. Both the glabella and

the superciliar arch regions are entirely depository in speci-

men 52, whereas specimens 92, 98, 144 and 342 show bone

resorption fields in the glabella and in the area between

the glabella and superciliar arch, and even in the frontona-

sal suture (individuals 92 and 144). The remaining specimen

(46) shows eroded bone surfaces in most of the glabella

and superciliar arch regions but small resorption fields are

identified in the glabella–superciliar arch region, and tiny

bone formation fields can be identified in the frontomaxil-

lary suture and in the upper region of the superciliar arch.

The nasal bones are characterized by bone formation sur-

faces. This region is entirely depository in specimens 46 and

342, while in specimens 144 and 52 small resorptive fields

are observed close to the pyriform aperture and in the

frontonasal suture area (specimen 144). In contrast, speci-

mens 92 and 98 show predominantly bone resorption fields

of variable size. The nasal process of the nasomaxillary bone

is also characterized by bone formation surfaces occupying

the whole area in specimens 98 and 342, whereas specimens

46, 92, 52 and 144 show small resorption fields in the area

between the frontal process and the maxillary body, and

distributed from the orbitary lateral margin to the lateral

margin of the nasal aperture. Specimen 144 also displays

resorptive surfaces along the lateral orbital margin. The

Fig. 1 Bone formation (left) and resorption (right) surfaces identified in the sample of Homo sapiens analysed in this study. Image on left shows a

bone formation surface from the buccal side of the mandibular corpus region (specimen 126), which is characterized by collagen fiber bundles.

Image on right shows a bone resorption surface from the maxilla (specimen 218) characterized by Howship’s lacunae. Scale bar: 100 lm.
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studied specimens display a highly similar distribution of

the growth fields in the maxilla. This facial region is pre-

dominantly depository, with bone resorption fields extend-

ing from the infraorbital foramen to the canine alveolus

(46, 92, 98, 342 and 52). Small resorbing surfaces are also

observed close to the nasal process in specimens 46, 52, 144

and 92, in the zygomatic nasomaxillary suture (specimens

46 and 92), and in the lateral-inferior margin of the nasal

aperture (specimens 144 and 52). The zygomatic bone

shows some variability, being mainly depository in speci-

mens 46, 98, 52 and 342, while in specimens 92 and 144

bone formation is reduced to the infraorbital foramen area.

Resorption fields are observed in the zygomatic maxillary

suture in individuals 46, 92 and 98, also along the inferior

margin of the bone zygomatic to the temporal zygomatic

suture in 92 and 98, and in the area extending from the

zygomatic maxillary suture to the infraorbital foramen level

in specimen 46. The specimen 92 displays bone resorption

218 (10 years old) 101 (12 years old) 284 (17 years old)

100 (7 years old) 126 (8 years old) 100A (11 years old)

Fig. 2 Schematic bone modelling patterns from the specimens of the subadult group. Black colour: bone formation surfaces; grey colour: bone

resorption surfaces; white areas: damaged bone surfaces with no histological data.
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activity along the lateral orbital margin to frontozygomatic

suture. In this suture, a resorption field is also observed in

the specimen 144.

Mandible: subadult specimens

Among subadults, bone modelling activity is preserved in

the mandibles of specimens 284 and 126, whereas speci-

mens 101, 100A, 126 and 100 present a combination of

eroded surfaces and modelling fields of variable size and

distributed along different mandibular regions. In the

symphyseal region, specimens 284 and 126 display predomi-

nantly bone formation fields from the alveolar process to

the inferior symphyseal border, whereas the specimen 100A

shows small depository fields in the mental fossae at the

level of the central incisors. All specimens show bone

resorption fields in the alveolar process of the buccal side.

Small resorptive fields are also observed above the mental

protuberance and at the level of the canine in specimens

101 and 100A, and in the mental fossae in individuals 100,

126 and 218. The lingual side of the symphyseal region is

characterized by depository fields distributed both in the

46 (38 years old) 92 (27 years old) 98 (24 years old)

144 (29 years old) 52 (38 years old) 342 (28 years old)

Fig. 3 Schematic bone modelling patterns from the specimens of the adult group. Black colour: bone formation surfaces; grey colour: bone

resorption surfaces; white areas: damaged bone surfaces with no histological data.
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alveolar process and in the basal component in specimens

284, 126 and 101, whereas depository fields of variable size

are observed in the lingual alveolar process of specimens

218 and 100, in the sublingual fovea of 100 and 100A, and

in the inferior border of specimen 100. Resorptive fields are

restricted to the alveolar process of specimen 218, the sub-

lingual fovea of specimens 101 and 284, and the inferior

border of specimen 284.

Subadult mandibular corpus is characterized by deposi-

tory surfaces in the buccal side and resorbing surfaces in the

lingual side. However, some resorbing fields are found in

the buccal side in the alveolar process at the level of the sec-

ond premolar in specimens 100A and 284, and in the basal

component in the anterior region of the corpus of specimen

101, close to the mandibular foramen in specimens 101 and

126, in the posterior region of the corpus in the oblique line

area of specimens 284 and 100A, and in the inferior region

as a stripe of small resorptive fields extending from the sym-

physeal region to the ramus of specimens 100A. Specimen

100 shows a high degree of erosion, but preserves resorp-

tion surfaces in the alveolar process at the level of the

incisors and the canine and close to the anterior border of

the ramus. At the lingual side, the sublingual fossa is charac-

terized by bone resorption fields in the premolar and molar

area in specimens 218, 101 and 284 and in the molar region

of specimens 100 and 100A. Conversely, all specimens dis-

play depository surfaces in the anterior area of the sublin-

gual fossa at the level of the lateral incisors and the

canines, from the alveolar process to the mylohyoid line.

The submandibular fossa is also characterized by depository

fields in specimens 101, 284, 100 and 100A, while erosion

precluded obtaining histological data from specimen 218.

The lingual side of specimen 126 shows a particular model-

ling pattern characterized by bone formation surfaces in

the sublingual fossa, whereas the submandibular fossa is

predominantly resorptive, with depository fields at the level

of the first premolar and second molar.

In the mandibular ramus, the buccal side is predominantly

depository in specimens 218, 101, 284 and 126, whereas in

specimens 100 and 100A this region is characterized by

bone resorption surfaces. The bone formation activity in

the specimens 218, 101, 284 and 126 is distributed as large

Fig. 4 Generalized bone modelling patterns from subadult and adult humans. Stippling areas represent bone deposition and grey areas represent

bone resorption.
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(284 and 126) or small (218 and 101) fields throughout the

buccal side of the ramus. Among them, specimens 101, 284

and 126 display resorbing fields in the anterior border of

the ramus, the coronoid process and the condyle neck. Also,

in specimen 284, bone resorption fields extend as a diago-

nal stripe from the coronoid to the angle of the ramus. The

remaining two specimens, 100 and 100A, are characterized

by resorbing surfaces, although bone formation is observed

in the area between the coronoid process and the condylar

neck, and, in specimen 100A, close to the angle of the man-

dible. In the lingual side of the ramus, bone resorption

activity predominates. Resorption fields appear in three

areas: between the anterior border and the endocoronoid

crest (specimens 218, 284, 100 and 126), along the posterior

region from the condyle neck to the angle of the ramus

(specimens 218, 101 and 126), and in the area associated to

the pterygoideus internus from where resorption fields

extend to the mandibular corpus in all specimens except in

specimen 100. Depository surfaces are observed close to the

mandibular foramen between the condyle and the coro-

noid in specimens 218, 101, 284 and 126, and in the corpus-

ramus contact area of specimens 101, 284 and 126. Three

specimens, 284, 100 and 126, also display small depository

fields below the mandibular foramen and in the mylohyoid

groove.

Mandible: adult specimens

The symphyseal region shows resorptive fields in the alveo-

lar component of the buccal side of specimens 46, 92 and

144, whereas specimens 52, 98 and 342 display predomi-

nantly bone formation fields. The basal component of this

region is always depository, although specimen 342 also

presents small resorbing fields at the mental fossa. Similarly,

the lingual side is characterized by depository surfaces in

the alveolar process, but specimens 46, 52, 98 and 144 also

show small resorptive fields. The lingual basal component

of the symphysis mainly displays bone formation fields with

resorptive fields in the mental spine and in the digastric fos-

sa regions. In specimens 52, 92, 98 and 144, resorptive activ-

ity is also seen in the sublingual fossa.

The mandibular corpus is predominantly depository. In its

alveolar component, bone resorption activity is only found

at the level of the canine of specimen 46, the premolar of

92, and the molar regions of specimens 92 and 98. On the

other hand, the basal component of the corpus displays

small resorptive fields close to the mental foramen area in

specimens 46 and 342, in the contact region between the

mandibular corpus and the ramus in specimens 46, 92, 98

and 144, and as a large stripe of resorptive fields along the

inferior region of the corpus from the premolar area to the

ramus in specimens 98 and 144. In the lingual side of the

corpus, specimens 46, 52 and 342 display depository surfaces

in the anterior region of the sublingual fossa extending

from the symphyseal region to the premolar region. Small

depository surfaces are also identified in the molar region

close to the mylohyoid line of all specimens but 342, and in

the alveolar component of specimens 92, 98 and 144. The

premolar–molar region of the sublingual fossa of all individ-

uals is characterized by bone resorption fields. The subman-

dibular fossa displays depository surfaces along the

mylohyoid line area and throughout the molar area in spec-

imens 46, 98 and 342. Small depository surfaces are also

identified in the anterior part of the submandibular fossa in

specimens 46, 92, 98, and 342. A large field of bone resorp-

tion activity is observed in the anterior area of this fossa at

the level premolar level in specimen 46, whereas small fields

are identified in the first molar level in 144 and 342 and in

the area extending from the symphyseal region to the

ramus in specimen 98.

The adult mandibular ramus shows bone resorption sur-

faces in the buccal side of specimens 46, 52, 92, and 144,

whereas specimens 98 and 342 are characterized by deposi-

tory surfaces. On the one hand, resorbing activity is identi-

fied in the coronoid area in specimens 46, 92, 98, 144 and

52, in the condyle neck in 46, 92, 98, and 52, along the area

running parallel to the posterior border in 46, 92, 52 and

342, in the angle of the ramus in 144 and 52, and close to

the inferior border in 46, 98, 144 and 52. On the other

hand, depository surfaces are observed in the coronoid area

in specimens 98 and 342, in the mandibular notch area in

92, 98 and 342, in the condylar neck in 98, 52 and 342,

along the area running parallel to the posterior border in

specimen 98, and in the gonial region of specimen 342. The

lingual side of the adult ramus displays predominantly bone

formation activity. Bone resorption activity is located in the

area between the anterior border and the endocoronoid

crest in all specimens, in the neck of the condyle of speci-

mens 46, 92 and 98, in the area parallel to the posterior bor-

der of specimens 46, 92, 98 and 144, and small resorptive

fields in the mandibular notch area in 46, 92, 52 and 342.

All specimens also display resorbing surfaces in the area

associated to the pterigoideus internus and in the corpus–

ramus contact area.

The generalized bone modelling patterns for subadult

and adult groups (Fig. 4) are obtained through the identifi-

cation of intraspecific similarities in the bone modelling

field distribution of each anatomical region from the facial

skeleton and mandible (Bromage, 1989; Enlow & Hans,

1996; Rosas & Martinez-Maza, 2010; Martinez-Maza et al.

2011). The subadult face generalized pattern shows bone

formation fields in the upper (glabella and superciliar arch)

and middle face (nasal bones and frontal apophysis of the

maxillary bone), whereas bone resorption fields extend

throughout the lower face (maxillary bone) and the frontal

process of the zygomatic bone. In the subadult mandible,

the buccal side is characterized by depository surfaces but

resorption fields are identified in the alveolar component

of the symphyseal region, the coronoid region and the con-

dyle neck. In the lingual side, the anterior region of the
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mandible and the mandibular notch area are depository

whereas the molar region in the submandibular and the

sublingual fossae is resorptive.

In adults, the generalized pattern of the facial skeleton is

predominantly depository but bone resorption activity,

comparing with subadult pattern, is reduced to small fields

in the glabella, in the frontal apophysis of the maxillary

bone and in the frontal apophysis of the zygomatic bone

(orbital margin). The resorbing activity of the lower face

extends from the canine fossa and along the inferior border

of the zygomatic bone. The adult mandible shows in the

buccal side resorption activity in the alveolar component of

the symphyseal region, along the inferior region of the cor-

pus, and a large field in the corpus-ramus contact area that

extends from the inferior margin to the coronoid region.

The condylar neck and the mandibular angle region show

small resorptive fields. Unlike subadult specimens, the lin-

gual side is characterized by bone formation surfaces. The

symphyseal region shows small resorptive fields in the

digastric fossa and mental spine region. In the lingual man-

dibular corpus, the resorption activity is located in the

molar region of the submandibular fossa and extends along

the coronoid region. A large resorptive field is identified in

the gonial region and close to the condyle neck.

Discussion

In the present study, we have examined the postnatal

growth dynamics of the human facial skeleton and mandi-

ble through the analysis of the bone modelling activity

(Fig. 5). The bone modelling patterns obtained in this work

reflect the distribution of forming and resorbing fields but

without distinguishing between active or resting fields. A

bone modelling map incorporating the distribution of the

growth fields as well as the state (active or resting) and the

rate of the cellular activity would be extremely valuable to

understand the bone growth dynamics. Further research is

needed to develop non-destructive methods to obtain this

information. In spite of this lack of information, the inter-

pretation of the bone modelling maps obtained in this

work allowed us to approach the main, general, hypotheti-

cal growth dynamics that characterize the subadult and

adult human facial skeleton and mandible. The bone

modelling patterns from all specimens show a general

Fig. 5 Figure shows the growth vectors inferred from the generalized bone modelling patterns from subadult and adult humans. Black arrows

show the direction of growth by bone formation and grey arrows the direction of growth by bone resorption.
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downward-forward growth vector. However, there are

ontogenetic differences in the distribution of growth fields

that demonstrate postnatal changes in the bone growth

dynamics. Integration of the modelling data from the dif-

ferent anatomical elements informs us about the general

growth dynamics of the whole skull and its relationships

with ontogenetic postnatal changes of the craniofacial

system.

Bone growth dynamics in the subadult face and
mandible

The modelling pattern of the face and the mandible from

the subadult specimens established here is similar to the

pattern described by Enlow & Hans (1996). The facial skele-

ton is characterized by depository surfaces in the upper

(supraorbital region) and middle face (orbital and nasal

regions) and bone resorption fields in the lower face (naso-

maxillary region). According to this map, the upper and the

middle face grow in a lateral and forward direction,

whereas the zygomatic region grows laterally and is relo-

cated posteriorly, in agreement with the resorbing surfaces

present at the orbital margins. The lower face shows a large

bone resorption field related to the formation of the canine

fossa – a depression on the external surface of the maxillary

bone region specific to Homo sapiens (Enlow & Hans, 1996).

As reported by Enlow & Hans (1996), resorption in the naso-

maxillary region occurs simultaneously with bone formation

in the posterior region of the face (specifically in the cranio-

facial sutures) and in the nasal cavity floor and palate. Con-

sequently, the lower face shows a downward or vertical

growth related to the formation of the canine fossa and

the increase in height of the nasal cavity (Kurihara et al.

1980; Enlow & Hans, 1996; McCollum & Ward, 1997).

The mandible pattern is characterized by depository sur-

faces in the symphyseal region and the anterior corpus,

whereas the posterior region of the corpus and the ramus

show a complex pattern of resorption and formation fields.

According to these data, the mandible shows a forward

growth associated to the deposition in the symphysis and

the corpus, as well as to the lengthening of the posterior

region of the corpus. At the same time, the ramus and the

molar region of the corpus show a mainly lateral growth,

together with a downward growth of the ramus and a pos-

terior relocation of the condyle and coronoid region. It is

worth mentioning that the symphyseal region presents a

human-specific resorption field in the alveolar component

of the buccal side related to the dental movements, the

mental growth, and ultimately the development of the

human chin (Enlow & Hans, 1996).

As a whole, the bone modelling pattern indicates that

the subadult facial skeleton and mandible grow following a

downward-forward vector. As we mentioned before, this

general pattern agrees with the results of Enlow & Hans

(1996), albeit with some differences. In opposition to Enlow

& Hans (1996), the lingual side of the corpus shows resorp-

tion fields in the sublingual fossa and in the region anterior

to the mandibular foramen, and formation in the subman-

dibular fossa. Our modelling map also suggests a more

marked lateral growth of the molar region in the mandibu-

lar corpus and ramus than in Enlow & Hans (1996) model.

Other differences regarding the extension of the resorbing

surfaces in the buccal side of the ramus could be considered

artefacts due to the variability of the distribution of model-

ling fields observed in the human mandible (Enlow & Harris,

1964; Kurihara et al. 1980; Hans et al. 1995).

Our analyses also reveal variability in the distribution of

the modelling fields mainly observed in the anterior lower

face and in the mandibular ramus. In the anterior face, vari-

ability in the distribution and the extension of the resorp-

tion fields of the anterior face agrees with the modelling

data provided by Kurihara et al. (1980) for humans up to

14 years old, but disagrees with the mainly depository ante-

rior lower face observed by McCollum (2008). As mentioned

by Kurihara et al. (1980) and later by McCollum (2008), vari-

ability in the modelling maps from this facial region could

be due to morphological variations associated to different

geographical origin. Variability in the mandible ramus

involves the extension and location of the resorption fields

in the coronoid and the condyle neck, due to lateral adjust-

ments while growing upward and relocating posteriorly.

Besides these two main areas, some variability is also

observed in the buccal symphyseal region previously

reported by Kurihara et al. (1980). In the mandibular cor-

pus, individual 126 shows in the submandibular fossa a

modelling pattern that resembles that established by Enlow

& Hans (1996) but opposite to the general pattern obtained

in the present work.

Bone growth dynamics in the adult face and
mandible

In the present study, we have established for the first time,

to our knowledge, the bone modelling pattern of the face

and the mandible from adult humans. The facial pattern is

mainly depository with resorption surfaces restricted to the

nasal region, the canine fossae, and the inferior margin of

the zygomatic region. Resorption at the nasal region could

be associated to the increase in height of the nasal aperture

(McCollum, 2008) and the forward projection of this region

(Bastir, 2008). The resorption fields in the area of the canine

fossae are likely related to the development of this specific

feature of Homo sapiens. In the zygomatic region, resorp-

tion surfaces would reflect the complex growth dynamics

associated to the mechanical strains of the masticatory force

(Herring, 1993; Lieberman et al. 2000, see references

therein). The increase of the bone formation surfaces that

characterized the adult modelling map leads us to hypothe-

size that the adult face shows downward and forward

growth directions with the main emphasis in the horizontal
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direction, in agreement with morphometric data obtained

in previous work (Bastir, 2008). However, more data, partic-

ularly on the modelling processes at the nasomaxillary com-

plex, are needed to fully understand the downwards

movements of the lower face during adulthood.

In the adult mandible, the symphysis and the anterior

region of the corpus are mainly depository, with resorbing

surfaces restricted to the alveolar component of the buccal

side of the symphysis. This modelling field distribution is

similar to that observed in subadult specimens and reflects

the growth dynamics associated to dental movements and

also to the development of this particular feature of Homo

sapiens (Enlow & Hans, 1996). Resorption fields are also

present in the lingual side of the symphysis. These fields are

located in sites related to the attachments of the gastricus,

genioglossus, geniohyoideus, and the anterior part of the

mylohyoideus muscles. The pattern of the posterior region

of the corpus and the ramus differs greatly from the suba-

dult patterns established in the present and in previous

works (Kurihara et al. 1980; Enlow & Hans, 1996). The buc-

cal side shows resorption fields covering the posterior

region of the corpus and the anterior region of the ramus,

whereas the resorption fields of the lingual side are located

in the submandibular fossa of the corpus, and in the coro-

noid region and the lower half (gonial area) of the ramus.

This map indicates a forward growth direction of the sym-

physis and a lateral growth of the molar region of the cor-

pus, whereas the anterior region of the ramus grows in a

posterior and medial direction. The posterior region of the

ramus experiences complex growth dynamics characterized

by a lateral growth of the gonial area, a medial growth of

the mandibular notch area, and a lateral and medial

growth of the condyle area. These growth directions indi-

cate that the lower part of the ramus is taking or maintain-

ing a vertical position while the upper area increases in

width and grows backwards.

The modelling pattern of the facial skeleton and the

mandible varies less in adult than in subadult specimens.

Variability is observed in the extension of the resorption

fields of the anterior nasomaxillary region and the mandib-

ular ramus, as observed in subadults. Following the previous

interpretations for subadult specimens (Kurihara et al.

1980; Enlow & Hans, 1996; McCollum, 2008), we hypothe-

size that these variations could respond to individual differ-

ences in morphological characteristics.

Postnatal changes in the growth dynamics of the
human face

According to the data obtained in the present study, the

facial skeleton and mandible from subadult and adult speci-

mens show a general downward and forward growth, in

agreement with Enlow & Hans (1996). Both groups also

show a marked spatial gradient of the variability in the

modelling field distribution from the anterior region of the

maxilla with high variability to the almost constant upper

facial regions in the proximity of the neurocranium. How-

ever, bone modelling patterns differ between both age

groups. Subadult specimens show a marked downward

growth direction, whereas adults are characterized by a for-

ward direction. The interpretation of these ontogenetic

changes within the craniofacial biology context allows us to

approach how different skeletal components interact to

maintain the functional and structural balance, but increase

in size during the postnatal development (Moss & Young,

1960; Enlow & Hans, 1996).

During the subadult stage, the facial skeleton experiences

a downward growth and a forward displacement, while the

maxilla increases in length. This growth and displacement

of the facial block is accompanied by an upward maxillary

rotation (airorhynchy) due to the higher bone growth in

the craniofacial sutures that attach the midface to the basic-

ranium than in the anterior region of the maxilla (Enlow

and Bang, 1965; Bj€ork & Skieller, 1976; Bromage, 1989;

Enlow & Hans, 1996; McCollum & Ward, 1997). Rotation of

the premaxilla would be balanced by a downward rotation

through compensatory resorption activity in the external

surfaces of the anterior region of the maxilla (Bj€ork, 1969;

Bj€ork & Skieller, 1976, 1983; see also Bromage, 1989;

McCollum & Ward, 1997 and references therein). The result-

ing downward growth vector contributes to the characteris-

tic facial retraction of Homo sapiens (Bromage, 1989; Enlow

& Hans, 1996). Simultaneously, the mandible is displaced

forward and downward to compensate the displacements

of the maxilla and to maintain the occlusal plane (Enlow &

Hans, 1996). The forward displacement of the face becomes

balanced through the growth of the posterior region of the

mandibular corpus, whereas the vertical growth is compen-

sated by the increase in height of the ramus and, particu-

larly, the condyle (Enlow & Hans, 1996). During this

displacement, the mandibular corpus increases in width in

the anterior region, whereas the molar region and the

ramus show a lateral drift. The lateral drift and the vertical

growth of the ramus have been related to the growth of

the basicranium to keep the mandible in contact with the

neurocranium through the temporomandibular joint.

With adulthood, themodelling pattern changes, reflecting

the biological changes that occurred during the craniofacial

development. The most important differences are observed

in the anterior region of the face, where the resorbing sur-

faces that occupy the subadult nasomaxillary region become

restricted to the canine fossa in adults. This increase of the

bone formation fields in adult specimens suggests a mainly

forward growth of thewhole facial skeletonwith an increase

in the height of the nasal region. The mandible responds to

these changes and showsbonemodellingdifferences located

mainly in the ramus. Complex growth dynamics in this man-

dibular region show a lateral and medial growth that main-

tains the vertical position and the contact with the

neurocranium through the temporomandibular joint (Enlow
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& Hans, 1996). As well, the ramus increases in a way highly

similar to the nasomaxillary region, whereas the whole man-

dible grows with the main forward direction accompanying

the anterior region of the face growth.

To understand the biological meaning of these modelling

changes, we need to consider several parallel developmen-

tal events that occur in the craniofacial system. The growth

and development of each craniofacial bone should be anal-

ysed as part of the integrated complex system influenced

by multifactorial processes involving genetic and epigenetic

factors (Moss & Young, 1960; Atchley & Hall, 1991; Enlow &

Hans, 1996; Lieberman et al. 2002). Early in the ontogeny,

the craniofacial growth is characterized by the increase in

the size of the brain, the growth of both the cranial base

and the neurocranium, and the flexion of the cranial base.

During the rapid expansion of the brain, the neurocranium

enlarges mainly from deposition within the cranial sutures,

as well as expanding through modelling activity, with bone

deposition in the ectocranial surface and bone resorption in

the endocranial surface (Duterloo & Enlow, 1970; Enlow &

Hans, 1996). The basicranium also increases in length and

breadth through the modelling mechanism and the sutural

bone formation (Enlow & Hans, 1996: Opperman, 2000).

These cranial dynamics, and particularly the cranial base

flexure, influence the size and projection of the facial skele-

ton that shows the main downward growth as inferred

from the bone modelling data obtained in the present and

previous studies (e.g. Lieberman et al. 2000; Bastir et al.

2010). The mandible also shows a downward growth direc-

tion that increases in height as it grows forward in order to

maintain the occlusal plane with the maxilla. As well, the

lateral growth of the ramus inferred in the present work

indicates how the ramus grows to maintain contact with

the cranial base through the temporomandibular joint.

Critical changes occur in the human skull at around

14 years of age and new relationships emerge among cra-

niofacial components. The brain, having reached 95% of

the total size by age 6 years, reaches its final brain size at

an average age of 14.5 years in males and 11.5 years in

females (Giedd et al. 1999, 2006; Lenroot & Giedd, 2006,

2010). In the second decade of the postnatal development,

the growth of the cranial base ceases and most occipital

bone sutures fuse, whereas the sphenoid bone sutures fuses

in the first decade (Madeline & Elster, 1995a,b; Lingawi,

2012). The calvarial sutures also fuse completely at

20–30 years old (Vijay Kumar et al. 2012). However, most

facial sutures remain patent until late adulthood, e.g. the

frontomaxillary, nasomaxillary and zygomaticomaxillary,

which start to fuse until the 7th or 8th decade of life (Rice,

2008). Interestingly, the facial skeleton continues growing

into adulthood, whereas the neurocranium and cranial base

by that time have already stopped growing (Bastir et al.

2006; Edwards et al. 2007; Holton & Franciscus, 2008).

Reduction of the resorption fields in the adult anterior face

could be indicating that this continue growth of the face

occurs with a mainly forward direction. Thus, the retracted

facial skeleton – a defining characteristic of Homo sapiens –

is established in the subadult period (e.g. Moss & Young,

1960; Lieberman et al. 2002; Holton et al. 2010). The mandi-

ble also responds to these developmental changes, as

reflected in its modelling pattern observed mainly in the

ramus. As the neurocranium and basicranium stop growing,

the distance between the mandible fossae becomes estab-

lished and the condyles would adapt to this distance,

changing the growth of the condyles to maintain the con-

tact with the neurocranium through the temporomandibu-

lar joint (Enlow & Hans, 1996). The increase in height of the

ramus also responds to the vertical growth of the nasomax-

illary region in order to maintain the occlusal plane.

The particular features of the modelling pattern of the

adult face and mandible could be related to the increase of

the volume of the oro-naso-pharyngeal cavities. This

hypothesis would agree with the relationship established

between the growth and development of the craniofacial

complex and the nasal respiratory function (Moss & Young,

1960; Moss, 1962; Klein, 1986; Hall, 2005a; Chinn et al.

2006; Rosas et al. 2006; Weinstein, 2008; Gungora &

Turkkahramanb, 2009). Moreover, it has been proposed

that the bone growth of the facial skeleton and particularly

the nasomaxillary complex and the mandible are related via

physiological factors to the general body size or the meta-

bolic requirements (Hall, 2005b; Rosas et al. 2006; Bastir,

2008 and references therein). In agreement, we hypothesize

that, once the growth of the neurocranium and cranial base

ceases, the forward growth direction of the adult human

face indicates an increase of airway dimensions – the oro-

naso-pharyngeal cavities – to maintain the integration

between airway, relative body and lung size due to the

augmented energy requirements (Henry & Rees, 1991; Rosas

& Bastir, 2002; Rosas et al. 2006).

In conclusion, our results demonstrate postnatal

changes in the hypothetical growth dynamics of the facial

skeleton and the mandible from a mainly downward

direction in subadults to a mainly forward direction in

adults. We hypothesize that these changes are related to

biological events occurring in the craniofacial system, such

as cessation of the brain growth, fusion of the craniofa-

cial sutures, growth of the cranium and cranial base, as

well as flexion of the cranial base. During adulthood, a

new relationship among skeletal elements of the skull

emerges and growth dynamics change, stressing the for-

ward growth of the face. We hypothesize that the adult

growth of the face is related to the increase of the air-

way dimensions (the nasal and oral cavities) to cope with

the physiological demands.
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