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Abstract 

According to the functional matrix hypothesis, changes in size and shape and location 

of facial bones during individual ontogeny are influenced by periosteal and capsular 

matrices. However, the interaction of the functional matrices with the distribution of 

areas of bone remodeling has not yet been extensively studied. Here we evaluate the 

changes in the volume of the paranasal sinuses and orbital capsule with age, and their 

association with facial growth arising from bone remodeling patterns of the upper and 

midfacial region in a sample of prehistoric human populations from South America. 

We found an association between capsule size and bone cell proportions; however, the 

trajectories of variation are ambiguous across bones. The frontal and maxillary sinuses 

had a significant increase from 4.5 up to 14.5 years of age, while the orbital capsule had 

an increase in volume even in adult stages. In turn, the volume of the frontal sinus in-

creases while the bone formation remains relatively stable in subadults and decreases 

in adults, while the maxilla and the zygomatic bones display a lower proportion of for-

mation when the bones are growing. Our study contributes information concerning 

the covariation between bone growth remodeling and the increments of the capsular 

matrices. Rev Arg Antrop Biol 25 (2), 2023. https://doi.org/10.24215/18536387e066 

Keywords: bone formation; bone resorption; functional matrix; orbital development; 

paranasal sinuses

Resumen

Según la hipótesis de la matriz funcional, los cambios de tamaño y forma, y la locali-

zación de los huesos faciales durante la ontogenia del individuo están influenciados 

por las matrices perióstica y capsular. Sin embargo, aún no se ha estudiado en pro-
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fundidad la interacción de las matrices funcionales con la distribución de las áreas de 

remodelado óseo. En el presente trabajo se evalúan los cambios en el volumen de los 

senos paranasales y la cápsula orbital con la edad, y su asociación con el crecimiento 

facial derivado de los patrones de remodelado óseo de la región facial superior y media 

sobre una muestra de poblaciones humanas prehistóricas de Sudamérica. Se observó 

una asociación entre el tamaño de los volúmenes y la proporción de células óseas, sin 

embargo las trayectorias de variación son ambiguas entre los huesos. Los senos frontal 

y maxilar tuvieron un aumento significativo desde los 4,5 hasta los 14,5 años, mientras 

que la cápsula orbital aumentó de volumen incluso en etapas adultas. A su vez, el vo-

lumen del seno frontal aumentó mientras la actividad de formación ósea se mantuvo 

relativamente estable en los subadultos y disminuyó en los adultos, mientras que en 

los huesos maxilar y cigomático se observó una menor proporción de formación du-

rante su crecimiento. Nuestro estudio aporta información sobre la covariación entre el 

remodelado por crecimiento óseo y los incrementos de las matrices capsulares. Rev Arg 

Antrop Biol 25 (2), 2023. https://doi.org/10.24215/18536387e066 

Palabras Clave: formación ósea; reabsorción ósea; matriz funcional; desarrollo orbital; 

desarrollo de senos paranasales

The human facial skeleton displays high levels of morphological diversity (Barbeito-
Andrés et al., 2011; Harvati & Weaver, 2006; Lacruz et al., 2019; Lieberman, 2011; von Cra-
mon-Taubadel, 2014). This diversity originates, in part, throughout ontogeny by multiple 
processes involving the growth of numerous bones surrounding organs, tissues, cavities, 
and other structures (Cheverud, 1982; Lieberman, 2011; Moss & Young, 1960). As a result 
of growth, each skeletal unit is translated and modified (i.e. changes in size and shape) 
through the bone formation and resorption at the suture margins and on the bone sur-
face (Moss & Salentijn, 1969a). Throughout ontogeny, the periosteum and endosteum re-
ceive mechanical and molecular signals from the surrounding tissues that regulate their 
growth and remodeling, mediated by a functional network that includes different cell ty-
pes, which respond to external stimuli (Enlow & Hans, 1996; Franz-Odendaal, 2011; Moss, 
1973, 1997a; Moss & Salentijn, 1969a,b).

The development of histological methods for the analysis of bone surfaces (Broma-
ge, 1982, 1984; Martinez-Maza et al., 2010) allowed the advancement in the study of re-
modeling patterns of the facial skeleton within and between human populations (e.g. 
Brachetta-Aporta et al., 2014, 2019a, 2021; Martinez-Maza et al., 2013; McCollum, 2008; 
Schuh et al., 2020). These methods contributed to describing the ontogenetic changes in 
the general patterns of bone remodeling associated with facial verticalization. Extended 
resorption surfaces are found along the anterior area of the maxillary and zygomatic bo-
nes along with bone deposition in the frontal processes. In recent years, the combined 
analysis of remodeling maps along with a detailed description of the morphology using 
3D geometric morphometric techniques has yielded quantitative characterizations of the 
changes in the shape and size of the facial skeleton and their relationship with the distri-
bution of areas of bone formation and resorption (Brachetta-Aporta et al., 2014, 2019b, 
2021; Freidline et al., 2017; Schuh et al., 2020). These works have emphasized the descrip-
tion of craniofacial growth patterns within the framework of structural and functional 
conceptual models on craniofacial growth (Brachetta-Aporta et al., 2019, 2021; Martinez-
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Maza et al., 2013), while the interaction of the facial bones with the surrounding structu-
res has not been extensively studied. 

In this sense, it is of interest to analyze the ontogenetic changes of the organs and 
spaces of the functional capsular matrices in the facial skeleton, which have a direct effect 
on the adjacent skeletal units, and secondary or indirect effects mediated by shared skull 
components on non-adjacent units (Lieberman, 2011; Moss, 1997b; Moss & Salentijn, 
1969b). The components of the capsular matrix include the orbital capsule and the para-
nasal sinuses. The orbits are characterized by their verticalization as the size of the cavity 
increases, accompanying the downward and forward displacements of the nasomaxillary 
complex (Enlow, 1966; Enlow & Hans, 1996). The displacements would be compensated 
by bone deposition in the frontal process of the maxilla, while the presence of reabsorp-
tion in the orbital edge of the malar and the region superior to the infraorbital foramen 
would contribute to the increase in orbital volume (Enlow & Bang, 1965; Enlow & Hans, 
1996). The paranasal sinuses are associated with a particular skeletal unit, unlike the or-
bits, which are surrounded by multiple bones. Therefore, the development of the frontal 
and maxillary sinuses is closely related to the bones in which these structures are contai-
ned, i.e. the frontal and maxillary bones, respectively (Zollikofer & Weissmann, 2008). As 
the frontal lobe of the brain expands, the outer table of the frontal bone exhibits deposi-
tion while the inner table exhibits resorption. Thus, the frontal sinus space develops due 
to the cessation of brain growth (~6 years) and resorption activity in the inner table (En-
low & Hans, 1996; Moss & Young, 1960). In the maxillary bone, the continuous deposition 
on the tuberosity would contribute to the horizontal elongation of the dental arch, which 
in combination with the presence of resorption on the endosteal surface, generates the 
maxillary sinus space (Enlow, 1966; Enlow & Hans, 1996). The paranasal sinuses proba-
bly have both an architectural and physiological function for the skull, assisting in facial 
growth and dispersing the masticatory forces (Enlow & Hans, 1996; Godinho & O'Higgins, 
2018; Márquez, 2008; Moss & Young, 1960).

Here, we describe the changes in the volume of the paranasal sinuses and orbital cap-
sules with age and assess their association with bone remodeling patterns of the upper 
and midface. The ontogenetic changes in the volume of the frontal and maxillary sinuses, 
and the orbital capsule were assessed by the segmentation of the cavities from cranial 
computed tomography (CT) scans of two prehistoric samples from South America. Chan-
ges in bone formation and resorption activity were assessed by histological analyses of 
the periosteal surface of facial bones combined with geometric morphometric techni-
ques. Our study contributes to a better understanding of the covariation between bone 
growth remodeling and the changes in the volume of the capsular matrices. 

MATERIAL AND METHODS

Sample

We analyzed an osteological sample of adults and subadults obtained from archaeo-
logical sites from Northwest (Pampa Grande sample) and Southeast (Chubut sample) Ar-
gentina. This work is part of a larger project aimed at assessing human variability in facial 
growth based on paleohistological studies of samples from populations of American an-
cestry, which are poorly represented in these studies. Pampa Grande sample (1720±50 
years BP) corresponds to a horticulturist group characterized by small and gracile skulls, 
while the Chubut sample (2600-200 years BP) is a hunter-gatherer group whose indivi-
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duals has larger and robust skulls (Brachetta-Aporta et al., 2014). The materials are hou-
sed at the División Antropología of Museo de La Plata (Buenos Aires, Argentina). For this 
study, we only included skulls with good preservation of the bone surface, i.e. more than 
25% of the surface with visible bone remodeling activity, excluding individuals with al-
tered bone surfaces by taphonomic or pathological processes (Brachetta-Aporta et al., 
2019a, 2021). 

Age and sex estimations were obtained using morphological traits observed directly 
or using computed tomography. To estimate the age of subadult individuals, we evalua-
ted the sequence of tooth formation and eruption from CT-scans (AlQahtani et al., 2010; 
Buikstra & Ubelaker, 1994). In adults, the age estimation was based on the degree of obli-
teration of the ectocranial sutures in the anterolateral region (Meindl & Lovejoy, 1985). 
Sex estimation of adults was based on cranial traits including the glabella, supraorbi-
tal margin, mastoid process, supramastoid crest, and nuchal crest (Buikstra & Ubelaker, 
1994). No sex estimation was made for subadults due to the lack of reliable criteria for the 
skull. The sample was composed of 36 adults and 35 subadults, the composition by sex 
and age is summarized in Table 1. Individuals were grouped into six categories according 
to their age. Although the samples of individuals were small for some age categories, 
they are within the range used in similar studies (Bromage, 1982; Freidline et al., 2017; 
Martinez-Maza et al., 2013). In order to ensure that the samples do not represent atypical 
individuals, we evaluated the distribution of bone remodeling activity by performing a 
Principal Component Analysis summarizing bone information in a previous work (Bra-
chetta-Aporta et al., 2019).

FACIAL CAPSULES AND BONE REMODELING

TABLE 1. Sample composition by age and sex
   

Age group Dental development stage n

G1 (up to 4.4 years-old) M1 development 5

G2 (from 4.5 to 10.4 years-old) Permanent M1 eruption, M2 and PM2 development 21

G3 (from 10.5 to 14.4 years-old) Permanent M2 and PM2 eruption, M3 development 6

G4 (from 14.5 to 18 years-old) Permanent M3 eruption 3

G5 (20 to 34 years-old)
Complete permanent dentition

15 (F=9, M=6)

G6 (35 to 49 years-old) 21 (F=12, M=9)

Morphometric analysis

CT scans of the skulls were acquired at two diagnostic imaging centers from La Plata, 
Argentina (CIMED and Mon). The resolution of the images was 1024 × 1024 (voxel size: 
0.165 × 0.165 × 0.33 mm) and 512 × 512 (voxel size: 0.345 × 0.345 × 0.33 mm), respecti-
vely. From the CT-scans, one of us (NBA) manually segmented the cavities of the left maxi-
llary sinus, frontal sinus, and left orbital capsule (Fig. 1) by marking the lumen of the sinus 
in each of the axial plane slices (Cohen et al., 2018). Each cavity was segmented using the 
multi-thresholding function in Avizo 8.0. This procedure assigns the voxels of each slice 
to the structure of interest. Once each cavity was segmented, the volume was calculated 
with the surface area volume function (Ito et al., 2015; Neubauer et al., 2009). Volumes are 
appropriate to describe the size of spaces integrated into craniofacial morphology, such 
as functional spaces, whose morphologies display high levels of variation to define ho-
mologous landmarks (O'Higgins et al., 2006; Zelditch et al., 2004). For the segmentation 
of the orbital capsule, the line of the anterior vertical diameter was used as the anterior 
limit (Jeong & Ahn, 2015). 
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FIGURE 1.  Morphometric analysis. A. Landmarks and semilandmarks of contours (green) and se-
milandmarks of surfaces (black) digitized on the facial skeleton. B. Craniofacial cavities segmented: 
maxillary sinus (green), frontal sinus (blue), orbital capsule (yellow).

The size of the facial skeleton was represented by the centroid size, i.e. square root of 
the summed square distance between coordinates of points to the configuration centroid 
(Bookstein, 1991). The coordinates of 108 landmarks and 129 semilandmarks were digiti-
zed along contours and surfaces as described in Brachetta-Aporta (2021). Landmarks and 
curve semilandmarks were digitized manually in Avizo 8.0 to guarantee its location, while 
the surface semilandmarks were digitized by a semiautomatic protocol (Gunz & Mittero-
ecker, 2013) implemented in geomorph and Morpho packages for R (R CoreTeam, 2014). 

 
Bone surface analysis

The spatial distribution and extension of areas of bone formation and resorption, co-
rresponding to the last activity preserved on bone surfaces, was obtained from casts of 
periosteal bone surfaces as described in Brachetta-Aporta et al. (2019a). Briefly, epoxy re-
sin casts of bone periosteal surfaces of the maxilla, zygomatic and supraorbital arch were 
obtained from the left side of the skull. The replicas of bone surfaces were covered by a 
thin layer of gold and palladium and then observed under an optical microscope Olympus 
CX31 (20X NA 0.40 objective) with incident light. To facilitate the observation of micros-
tructural bone features, a grid of 5 x 5 mm was drawn on the surface of each cast. One ob-
server (NBA) assessed the extension of bone-forming and resorbing surfaces represented 
by the presence of collagen fibers bundles and concavities known as Howship's lacunae, 
respectively (Boyde, 1972; Bromage, 1984; Martinez-Maza et al., 2010). The histological 
information was then coded in color maps and the information was quantified following 
the procedure proposed by Brachetta-Aporta et al. (2018). This procedure allows to esti-
mate the missing data of a cast by spatial interpolation and/or by replacing missing data 
with substituted values (i.e., imputation) using the remodeling information from the sam-
ple (Brachetta-Aporta et al., 2018, 2019b). Spatial interpolation was applied when missing 
data were close to cells with available information; whereas the imputation was applied 
when missing data were not spatially close to cells with information. This procedure was 
implemented in ArcGIS 10 and R software (R Core Team, 2014).  

Statistical procedures

We estimated the median and dispersion of the facial size, volumes, and the propor-
tion of bone formation by age pooling the two samples. The differences among growth 
stages in facial size, volumes, and the proportion of bone formation were assessed by Wil-
coxon signed-rank test. Also, to evaluate the variation of the bone remodeling patterns of 

https://doi.org/10.24215/18536387e066 
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each facial region, we performed principal component analysis (PCA) with the data obtai-
ned from the complete maps. The variables used as inputs for the PCA were the matrices 
with the type of activity (formation or resorption) recorded for each grid cell. The scores 
along the first two principal components were summarized in box plots grouped by age 
category. Differences among growth stages in PC1 score were assessed by t-Student test.

RESULTS

Figures 2 and 3 show the variation in size of the facial skeleton and craniofacial cavi-
ties. Facial size, represented by the centroid size, increases up to G4 (14.5-18 years old), 
and then no significant changes were detected (Fig. 2). This increase shows significant 
differences among the first three groups (Table 2). The volumes of the maxillary, fron-
tal sinuses, and the orbital capsule have a significant increase up to G3 (10.5-14.4 years 
old) and then no significant changes were detected (Fig. 3A-C; Table 2). Therefore, the 

size of the cavities stabilizes while facial bone structures continue growing. Despite the 

similarities in the trends of the craniofacial cavities, there is notable variation among 

individuals (Fig. 4). In particular, the frontal sinus displays a high variation within age 

groups. On the other hand, the size of the maxillary sinus displays changes more closely 

associated with age. Changes in the volume of the three cavities were significantly asso-

ciated with facial size, being the correlations higher for orbital capsule (r=0.87, p<0.01) 

and maxillary sinus (r=0.83, p<00.1) than the frontal sinus (r=0.65, p<0.01).

FIGURE 2. Boxplots of facial centroid size. Age groups: G1 (up to 4.4 years-old); G2 (from 4.5 to 10.4 
years-old); G3 (from 10.5 to 14.4 years-old); G4 (from 14.5 to 18 years-old); G5 (20 to 34 years-old); G6 
(35 to 49 years-old).

TABLE 2. Wilcoxon signed-rank test between age groups for sizes and formation proportions  
    

Pair of age groups compared

Variable G1/G2 G2/G3 G3/G4 G4/G5 G5/G6

Facial size 0.003* 0.004* 0.052 1 0.607

Maxillary sinus 0.007* 0.002* 0.714 0.722 0.470

Orbital capsule 0.006* 0.280 0.517 0.635 1

Frontal sinus - 0.006* 0.571 0.267 0.097

Bone formation for

Maxilla 0.265 0.036* 0.024* 0.945 0.845

Zygomatic 0.185 0.377 0.095 0.361 0.953

Superciliary arches 0.796 0.875 0.067 0.635 0.789

* indicate significant at p<0.05. The symbol - means absent values
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FIGURE 3. Boxplots of the volume of capsules (A, B, C), and proportion of formation for the maxilla 
(D), malar (E), and glabella (F). The references for age groups are in Fig. 2 and Table 1.

FIGURE 4. Examples of segmentation of the frontal and maxillary sinus. The upper panel shows exam-
ples of three individuals from the same age group but that differ in the size and shape of the frontal 
sinus (A). The lower panel shows the changes in size with age in the maxillary sinus (B).

https://doi.org/10.24215/18536387e066 
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The proportion of bone formation in the maxilla (Fig. 3D) shows a reduction from G1 
(<4.4 years old) to G3 (10.5-14.4 years old), followed by an increase of formation from G4 
(14.5 to 18 years old) and then remained stable in the later stages when it reaches similar 
values to those observed in the first age group (~70%). This decrease in the proportion 
of bone formation was significant between G3 and the adjacent groups (Table 2). The 
zygomatic (Fig. 3E) displays a different pattern, with a high proportion of formation in 
the first three age groups (>80%), a decrease in the formation activity in G4 (14.5-18 
years old), also followed by an increase in the older ages, although the values are not 
as high as in younger individuals. As in the maxilla, the proportion of bone formation 
in adults averages 70%. Finally, in the superciliary arches, the percentage of formation 
is elevated in individuals of the first three age groups (up to 14.4 years -old), decreases 
in G4 (14.5 to 18 years old), and remains stable in adults, similarly to the zygomatic (Fig. 
3F). However, no significant differences were observed between groups for both facial 
regions (Table 2).

Figure 5 shows the results of the PCA from the bone remodeling maps. Overall, the 
first component summarizes the variation associated with the extension of the type of 
bone cell activity. Individuals with larger areas of bone resorption are placed toward the 

FIGURE 5. Principal component analysis of bone remodeling data. The bone remodeling maps co-
rrespond to the extremes of the PC1 axis. References: bone formation is in red and bone resorption is 
in blue. The colored dots represent subadults (black) and adults (gray) individuals.
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positive extreme, while those with a predominance of bone formation are in the negative 
extreme (Fig. 5A-C). The second component (PC2) represents variation in the spatial loca-
tion of both types of bone remodeling activity. In the maxilla (Fig. 5A),  the PC2 separates 
individuals with a predominance of resorption in the incisive fossa and the zygomatic 
process from individuals with larger areas of resorption in the posterior part of the alveo-
lar process. For the zygomatic (Fig. 5B), the component separates individuals with larger 
areas of resorption in the posterior part of the bone, in the negative extreme, and indivi-
duals with a predominance of resorption activity in the anterior part of the bone, in the 
positive extreme. Regarding the superciliary arches (Fig. 5C), the maps with resorption in 
the inferior area are in the positive extreme, while those with resorption in the opposite 
area are in the negative extreme.

The scores of the individuals from the first two principal components are depicted in 
boxplots by age group (Fig. 6). In the maxilla, the values of the scores along the first PC 

FIGURE 6. Boxplot of the bone remodeling scores from PC1 and PC2 for the maxilla (A), the zygoma-
tic (B), and the superciliary arches (C). None of the differences were significant except in the maxilla 
between G1/G2 (t=-2.57, p< 0.05) and G3/G4 (t=2.78, p<0.05). The references for age groups are in 
Fig. 2 and Table 1.

https://doi.org/10.24215/18536387e066 
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increase from G1 to G3, then drop in individuals older than 14.5 years old (G4). No signifi-
cant changes were found between the adult groups. Only the changes between the first 
two age groups and between G3/G4 were significant. In contrast, the scores along PC2 
do not display any trend with changes in age. In the zygomatic (Fig. 6B), the scores of the 
PC1 show similar values up to 14.4 years old (G1 to G3), and then change in individuals 
older than 14.5 years old. Adults have similar scores for the PC1 to those from G3 and G4, 
in agreement with the changes in the proportion of formation shown in Figure 3. The 
scores along PC2 also display differences between age groups, particularly in G2 and G3 
(4.5 to 14.4 years old). For the superciliary arches (Fig. 6C), the distribution of the scores 
along PC1 is similar up to 14.4 years old (G1 to G3). The scores change in G4 (14.5 to 18 
years old) and then no significant changes were detected in adults. A similar pattern is 
observed for the PC2, except that the group of young adults (G5) has similar values to the 
subadults of G1-G3 (up to 14.4 years old). The scores of both bones showed no significant 
changes with age.

DISCUSSION

In this study, we evaluated the ontogenetic changes in the size of three capsular ma-
trices -the paranasal sinuses and orbital capsules- and the bone remodeling patterns in 
the facial skeleton. Our results show that the capsules differ in the patterns of changes 
in size with age. Regarding the paranasal sinuses, the frontal sinus did not develop until 
4.5 years of age or even older ages, with the major increase in size between 4.5 and 14.5 
years old, while the maxillary sinus had a significant increase from 4.5 up to 14.5 years 
old. Previous studies also reported that while the volume of the maxillary sinus can be 
assessed from CT-scans as early as the first year of life, the frontal sinus does not develop 
until 3 years (Barghouth et al., 2002; Park et al., 2010; Spaeth et al., 1997). Particularly for 
individuals of Asian ancestry, two active periods of maxillary sinus pneumatization were 
identified, one between birth and two years and the second between 7 and 12 years, with 
a slow development between 14 and 18 years (Park et al., 2010). The frontal sinus volume, 
on the other hand, exhibited a faster growth between 6 and 19 years of age (Park et al., 
2010). In agreement with our results, different studies show that the adult volume of pa-
ranasal sinuses is achieved by the end of puberty, between 14 and 20 years old in females 
and males, respectively (Ariji et al., 1994; Park et al., 2010; Ruf & Pancherz, 1996; Sardi et al., 
2018; Smith et al., 2017). 

Regarding the postnatal changes of the orbital capsule, our results indicate that the 
increase in volume continues even in adult stages. In contrast, in a modern sample from 
Argentina, no significant changes after the first year were found neither in size nor in sha-
pe, suggesting a decreasing influence of the eyeball on the adjacent osseous structures 
(Barbeito-Andrés et al., 2016). However, Bentley et al. (2002) estimated a model of age-
related changes in orbital volume in children from 0 to 15 years old and observed a linear 
growth rate of orbital volume throughout the age range studied, contradicting earlier 
models that tended to emphasize a growth curve of exponential decay, with a 77% of the 
total volume attained at five years. Also, a caucasian sample of children between 6–18 
years shows an increase of the orbital volume in 1–2% per year throughout childhood 
until the late teens (Smith, 2020). Such differences in the pattern of growth of the orbital 
capsule may be accounted for by the measuring methods and sample composition used 
in each case. 

Because the size of paranasal sinuses is related to the size of adjacent bone, which is 
removed by sinus expansion (Butaric & Maddux, 2016; Maddux & Butaric, 2017; Sardi et al., 
2018; Zollikofer & Weissmann, 2008), we expected the volumes of the capsular matrices to 
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vary in coordination with the size of the facial skeleton. Accordingly, our results showed 
that the volume of the cavities displayed a strong correlation with the centroid size of the 
facial skeleton, although the maxillary and frontal sinuses attained the adult size at earlier 
ages than the orbital capsule. Our results agree with the close relation between external 
cranial dimensions and the volume of the maxillary and frontal sinuses found in fossil and 
extant humans both across species and age groups (e.g. Butaric & Maddux, 2016; Maddux 
& Butaric, 2017; Sardi et al., 2018; Zollikofer et al., 2008). Particularly, significant correla-
tions between the maxillary sinus dimensions and the midface in children from 0 to 18 
years, and between the frontal sinus volume with several measurements of the glabellar 
region have been reported (Przystańska et al., 2018; Sardi et al., 2018). By contrast, even 
though the midfacial form has been suggested to be strongly influenced by the orbital 
capsule, the association between the orbital capsule and the facial bones would be lower 
in contrast to the covariation with neurocranial and eyeballs components (Barbeito-An-
drés et al., 2016; Masters et al., 2015; Smith et al., 2014). 

Likewise, a correlation between bone remodeling activity and capsule size was expec-
ted, given that remodeling responses adjust the shape and size of surrounding bones du-
ring growth (Enlow, 1983; Enlow & Hans, 1996; Moss & Young, 1960). Here, we found that 
age is associated with an increase in capsule size and the proportion of formation, while 
the percentage of formation decreases and remains stable in adults. Accordingly, a strong 
correlation between frontal sinus volume and bone thickness was reported in a cross-
sectional modern human sample from Argentina; in which individuals with thicker frontal 
bones tended to have significantly larger and more expanded frontal sinus (Sardi et al., 
2018). However, there are differences across bones. In contrast to the superciliary arches, 
the maxilla and the zygomatic show a lower proportion of formation while the bones 
grow, mainly for the maxilla. About the maxilla, this result agrees with the higher amount 
of resorption in its anterior part associated with the verticalization of the face (Enlow, 
1966; Enlow & Hans, 1996). Nevertheless, other developmental events may be relevant to 
understanding bone cell changes across the midface. On one hand, the replacement of 
deciduous teeth during early ages can alter bone remodeling, while in turn, the presence 
of permanent teeth modifies the mechanical forces transmitted to the maxillary bones, 
further influencing bone morphology and cell activity (Brachetta-Aporta & Toro-Ibacache, 
2021; Bromage, 2021). On the other hand, the disparity of growth between functional 
matrices that influence the same skeletal unit can have differential, and even opposite, 
effects on the remodeling activity, decreasing the association between capsular size and 
the bone remodeling patterns (Smith et al., 2014). 

Overall, our study shows a significant association between capsular volumes and facial 
size with changes in the covariation between the size of capsular matrices and periosteal 
bone remodeling patterns throughout ontogeny. We also found differences among struc-
tures in that changes of capsule size and bone remodeling activity with age. The maxilla 
and the zygomatic bones display a reduction in the proportion of formation with the in-
crease in the volume of the maxillary sinus and orbital capsule up to 14.4 and 18 years old, 
respectively. On the other hand, the volume of the frontal sinus increases while the bone 
formation remains relatively stable in subadults and decreases in adults. Further studies 
are needed to evaluate the effect of variables not assessed here, such as the shape of fa-
cial structures (Butaric & Maddux, 2016; Kim et al., 2021), the influence of other functional 
matrices on the periosteal bone activity, and the rate of modeling (Carlson, 2005; Enlow 
& Hans, 1996; Moss & Salentijn, 1969b). Also, due to the good preservation of bone sur-
faces required for histological analysis, a small sample size was available for some age 
categories. Such limitation of this type of data needs to be taken into account in the in-
terpretation of results. Despite these limitations, the results of this study contribute to 
understanding the ontogenetic development of the capsular matrices of the human face.
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