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Background: Craniofacial morphology is a dynamic biological system that undergoes continuous changes from 
childhood to advanced adulthood, involving alterations in size, shape, proportions, spatial relationships, and surface 
configuration of the cranial vault, cranial base, midface, mandible, and facial soft tissues. Conventional two-
dimensional anthropometry may inadequately capture the complex three-dimensional nature of craniofacial form. 
Three-dimensional imaging and morphometric techniques enable quantitative assessment of craniofacial changes 
across different stages of life. Objective: This literature review aims to synthesize three-dimensional morphometric 
evidence regarding changes in craniofacial shape, size, and anatomical relationships across the human lifespan and 
identify morphological patterns associated with age, sex, anatomical region, and imaging modality. Methods: A 
literature search was conducted in PubMed using a predefined Boolean strategy. Eligible studies included human 
research evaluating age-related craniofacial morphology using three-dimensional imaging or morphometric 
techniques, including CT and CBCT, with at least two age groups or age analyzed as a continuous variable. Data were 
extracted regarding population characteristics, sample size, age range, sex distribution, imaging modality, anatomical 
region, morphometric methods, landmarks or surface parameters, statistical analyses, and principal age-related 
findings. The review followed the PRISMA 2020 framework. Results: The initial PubMed search identified 71 records. 
After restricting the search to the last 10 years, 43 records remained. Following application of the free full-text filter, 
26 articles were identified. Screening based on study population excluded non-human studies, resulting in 11 eligible 
studies included in the qualitative synthesis. Conclusion: Three-dimensional morphometric approaches provide a 
comprehensive framework for characterizing craniofacial changes across the human lifespan. Craniofacial aging 
involves multidimensional changes in size, shape, spatial relationships, and tissue distribution. Future research should 
emphasize longitudinal designs, standardized three-dimensional protocols, population-specific reference datasets, 
and integration of geometric morphometrics with automated computational methods. 
Keywords: aging; craniofacial morphology; cranial morphology; facial morphology; lifespan; geometric morphometrics; 
morphometry; three-dimensional imaging 
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1. Introduction 
Craniofacial morphology represents the integrated anatomical outcome of genetic, developmental, 
functional, environmental, and age-related processes.1 From early childhood to adulthood, the craniofacial 
skeleton undergoes substantial changes in size and configuration, while subsequent adulthood is 
characterized by continuing alterations in skeletal architecture and facial soft tissue..2 Consequently, 
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craniofacial morphology should be regarded not as a static anatomical characteristic but as a dynamic three-
dimensional biological system that changes throughout the human lifespan.3 

The developmental trajectory of the craniofacial complex is is complex because different anatomical regions 
mature and remodel at different rates.1,4 During childhood and adolescence, the cranial vault, cranial base, 
maxilla, and mandible undergo region-specific growth, while structures such as the nose and mandible may 
continue to develop beyond the major phase of cranial growth.1,4 After skeletal maturity, craniofacial 
morphology continues to change through skeletal remodeling, alterations in facial proportions, dental 
changes, and redistribution of soft tissues. These processes are influenced by age, sex, population 
characteristics, and environmental factors, resulting in heterogeneous morphological trajectories across 
anatomical regions.1,5 

After skeletal maturity, craniofacial morphology continues to change.6 Aging of the adult craniofacial 
complex involves alterations in bone morphology, facial proportions, soft tissue distribution, and surface 
configuration.6 Earlier anthropometric and histological investigations demonstrated reductions in facial 
height, modest increases in facial width and depth, and increasing coarseness and porosity of bony 
structures with advancing age. These changes were particularly associated with the maxilla and mandible 
and were influenced by tooth loss and other biological factors.6,7 The aging process is therefore not simply 
a consequence of generalized tissue loss.8 Instead, craniofacial aging represents a complex interaction 
between skeletal remodeling, dental status, soft tissue redistribution, muscle changes, and environmental 
factors. A comprehensive review of adult craniofacial aging emphasized that age-related changes occur in 
both the bony and soft tissue components and may be influenced by sex, ancestry, lifestyle, and 
environmental exposure.8,9 

The emergence of three-dimensional imaging, including computed tomography (CT), cone-beam computed 
tomography (CBCT), and three-dimensional facial surface imaging, has substantially improved the 
assessment of craniofacial morphology.10 Unlike conventional two-dimensional anthropometry, three-
dimensional approaches allow quantitative evaluation of spatial relationships, surface configuration, 
curvature, volume, and complex shape variation.4 

Geometric morphometrics further extends this capability by preserving the spatial relationships among 
anatomical landmarks and enabling the analysis of shape independently of position, orientation, and scale 
through procedures such as Generalized Procrustes Analysis and subsequent multivariate analyses.11,12 

Although the number of three-dimensional craniofacial studies has increased, the existing evidence remains 
fragmented and has not been comprehensively synthesized from a lifespan perspective. Previous reviews 
have generally addressed narrower questions, such as geometric morphometrics for craniofacial skeletal 
age estimation, or have focused on particular anatomical structures, populations, or applications. For 
example, a previous systematic review of geometric morphometrics for craniofacial skeletal age estimation 
identified only a small number of eligible studies and concluded that the available evidence was insufficient 
for quantitative meta-analysis.13 Importantly, that review primarily addressed the potential of geometric 
morphometrics for estimating age rather than synthesizing the broader anatomical changes in craniofacial 
shape and structure that occur across different stages of life.11,4,14 

Thus, an important gap remains in the literature is there is no sufficiently comprehensive synthesis 
integrating three-dimensional evidence of cranial skeletal, facial skeletal, mandibular, and facial soft-tissue 
changes across the human lifespan. In addition, previous evidence has varied substantially in imaging 
modality, anatomical region, morphometric methodology, age categorization, sex distribution, and 
population characteristics, making it difficult to determine which anatomical changes are consistently 
associated with age and how these trajectories differ according to sex and population. A lifespan-oriented 
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synthesis is therefore needed to move beyond age estimation as an isolated outcome and instead 
characterize the broader patterns of craniofacial morphological change. 

The present review addresses this gap by synthesizing three-dimensional morphometric evidence of 
craniofacial shape, size, and anatomical relationships from adolescence through adulthood and later life. In 
contrast to previous reviews focused primarily on age estimation or specific craniofacial applications, this 
review integrates evidence from cranial skeletal, facial skeletal, mandibular, and facial soft-tissue structures 
and considers both conventional and geometric morphometric approaches. This framework is intended to 
identify anatomical regions most consistently affected by age, characterize the major morphological 
trajectories across the lifespan, and examine the influence of sex and population characteristics on these 
patterns. 

Therefore, this literature review aims to synthesize available three-dimensional morphometric evidence 
regarding craniofacial shape and anatomical changes across the human lifespan, identify anatomical 
regions most consistently affected by age, compare methodological approaches, and evaluate the influence 
of sex, age, and population characteristics on observed morphological trajectories. 

 
2. Methods 
Study Design 

This study will be conducted as a systematic literature review following the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA 2020) recommendations. 

Eligibility Criteria 

Eligibility criteria will be structured according to the Population, Concept, and Context framework. 

Population 

Human participants across any age range, including children, adolescents, adults, and older adults. 

Concept 

Three-dimensional assessment of craniofacial morphology, including: cranial morphology; cranial vault 
morphology; cranial base; cranial fossae; orbit; zygomatic complex; nasal complex; maxilla; mandible; 
dentoalveolar structures; facial soft tissue; whole-face morphology. 

Context 

Studies evaluating age-related changes, growth trajectories, developmental changes, or aging-related 
morphological differences. 

Inclusion Criteria 

Studies will be included if they investigated human craniofacial morphology, used a three-dimensional 
imaging or three-dimensional morphometric approach, included age as an independent variable or 
compared different age groups, reported quantitative or morphometric outcomes, investigated craniofacial 
shape, size, proportions, volume, surface configuration, or spatial relationships, were original research 
articles, were published in peer-reviewed journals and available in English 

Exclusion Criteria 

Studies will be excluded if they used exclusively two-dimensional imaging, were case reports or case series, 
focused exclusively on pathological craniofacial conditions unless a normal control group was available, did 
not provide sufficient information regarding age or morphological outcomes. 

Search Strategy 
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The electronic literature search should be performed in PubMed databases. The following search strategy 
can be adapted for PubMed (("craniofacial"[Title/Abstract] OR "cranial"[Title/Abstract] OR "craniofacial 
morphology"[Title/Abstract] OR "facial morphology"[Title/Abstract] OR "facial shape"[Title/Abstract]) 
AND ("aging"[Title/Abstract] OR "ageing"[Title/Abstract] OR "age-related"[Title/Abstract] OR 
"growth"[Title/Abstract] OR "development"[Title/Abstract] OR "lifespan"[Title/Abstract]) AND ("three-
dimensional"[Title/Abstract] OR "3D"[Title/Abstract] OR "computed tomography"[Title/Abstract] OR 
"cone beam computed tomography"[Title/Abstract] OR "geometric morphometric*"[Title/Abstract] OR 
"surface morphometric*"[Title/Abstract])). 

Study Selection 

All identified records will be exported into reference-management software Mendeley. Duplicate records 
will be removed before screening. The screening process will consist of title screening, abstract screening, 
full-text assessment, final inclusion. Two reviewers should independently perform screening and eligibility 
assessment. Disagreements should be resolved through discussion or consultation with a third reviewer. 
The complete selection process will be presented using a PRISMA 2020 flow diagram. 
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Data Extraction 

The following information was extracted from each eligible study: author, publication year, journal, country, 
ancestry or ethnicity, sample size and sex distribution, age range, study design, imaging modality, 
anatomical region, morphometric approach, number and location of landmarks or semilandmarks, statistical 
methods, age-related findings, sex differences, principal morphological changes, clinical relevance, and 
methodological limitations. 

Quality Assessment 

The methodological quality of included studies should be evaluated using an appropriate critical appraisal 
tool according to study design. For observational studies, an appropriate Joanna Briggs Institute (JBI) critical 
appraisal checklist may be considered. Studies should not necessarily be excluded solely because of 
methodological limitations; instead, quality findings should be incorporated into the interpretation of the 
evidence. 
 
3. Results 
The initial PubMed search identified 71 records. After restricting the search to the last 10 years, 43 records 
remained. Following application of the free full-text filter, 26 articles were identified. Screening based on 
study population excluded non-human studies, resulting in 11 eligible studies included in the qualitative 
synthesis. 

Table 1. Characteristics of the studies included in the qualitative synthesis 
N
o. 

Author Population Sample Age / Age 
range 

Sex Imaging 
Modality 

Morphometric 
approach 

Key Finding 

1. Agbola
de et 
al. (202
0) 

White 
British and 
White Irish 
European 

292 
scans 

<13 years; 
13–19; 
20–29; 
30–49; 
≥50 years 

Male 
and 
female 

 3dMD Geometric 
morphometrics 
using 20 
anatomical 
landmarks and 
480 sliding 
semilandmarks; 
Procrustes-
based analyses 
and classification 

Craniofacial 
shape varied 
significantly 
with age, sex, 
and ethnicity. 
Sex and age 
explained 
greater 
morphological 
variation than 
ethnicity, with 
high 
classification 
accuracy for 
sex, age, and 
ethnicity. 

2. Mbonan
i et 
al. (202
4) 

White South 
Africans and 
French 
individuals 

184 
CBCT 
scans 

18–80 
years 
(South 
African); 
18–50 
years 
(French) 

South 
Africa: 
29 M/47 
F; 
France: 
54 M/54 
F 

CBCT 3D geometric 
morphometrics 
of hard- and soft-
tissue facial 
matrices; 
landmark and 
sliding-
semilandmark 
analyses; partial 

Population 
affinity, sex, 
and age 
significantly 
influenced 
facial 
morphology. 
Strong 
covariation 
was observed 
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N
o. 

Author Population Sample Age / Age 
range 

Sex Imaging 
Modality 

Morphometric 
approach 

Key Finding 

least squares 
analyses 

between 
underlying 
skeletal 
structures and 
selected facial 
soft-tissue 
regions, 
supporting 
population-
specific 
approaches to 
craniofacial 
analysis. 

3. Biehler-
Gomez 
et 
al. (202
5) 

Milanese/Ital
ian skeletal 
samples 
from five 
historical 
periods 

213 
crania 

Historical 
periods 
spanning 
approxima
tely 2,000 
years 

Male 
and 
female 

Dry 
skulls / 
osteolog
ical 
specime
ns 

Conventional 
cranial 
morphometry; 29 
standard 
craniofacial 
measurements; 
ANOVA, z-
scores, and post-
hoc comparisons 

Significant 
secular 
changes were 
identified in 
eight 
craniofacial 
dimensions, 
including 
maxillo-
alveolar 
breadth, 
foramen 
magnum 
dimensions, 
orbital 
breadth, 
biasterionic 
breadth, 
parietal chord, 
cranial base 
length, and 
bimaxillary 
breadth. 

4. Usui et 
al. (420
26) 

Historical 
and present-
day 
Japanese 

112 
crania:  

mean age 
approxima
tely 55 
years in 
present-
day 
sample 

males 
and 
females 

 PMCT 3D geometric 
morphometrics; 
161 cranial 
landmarks; 
Generalized 
Procrustes 
Analysis (GPA) 
and Principal 
Component 
Analysis (PCA) 

Cranial 
morphology 
showed 
secular 
changes over 
approximately 
one century, 
including 
brachycephaliz
ation and 
enlargement of 
the mastoid 
processes. 
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N
o. 

Author Population Sample Age / Age 
range 

Sex Imaging 
Modality 

Morphometric 
approach 

Key Finding 

Some patterns 
of sexual 
dimorphism 
became more 
pronounced in 
the present-
day 
population. 

5. Mohd 
Fauad 
et 
al. (202
6) 

Malaysian 
adults: 
Malay, 
Chinese, and 
Indian 
populations 

413 CT 
scans 

18–65 
years; 
groups 
18–30, 
31–40, 
41–50, 
and 51–65 
years 

208 
M/205 F 

CT 3D geometric 
morphometrics 
of the maxilla 
using 45 
anatomical 
landmarks; GPA, 
Procrustes 
ANOVA, 
PCA/CVA, and 
discriminant 
analysis 

Maxillary 
shape differed 
significantly 
across age 
groups. The 
greatest age-
related 
variation was 
localized 
mainly around 
the left 
maxillary 
region, 
including the 
zygomaxillary 
suture and 
lateral alveolar 
process. 

6. Urban 
et 
al. (201
6) 

Adults 
undergoing 
clinical CT at 
Wake Forest 
Baptist 
Health 

122 CT 
scans 

20–99 
years 

Male 
and 
female; 

Clinical 
head CT 

Dense 3D 
morphometry 
using 28,641 
homologous 
pseudo-
landmarks; GPA 
and age-related 
regression/permu
tation analyses 

Significant 
age-related 
cranial shape 
changes were 
demonstrated. 
Patterns 
differed 
between sexes 
and among 
cranial regions, 
with 
significant 
changes 
particularly 
involving the 
cranial vault 
and 
anterior/middle 
cranial fossae. 

7. Saadé 
et 
al. (201
8) 

Growing 
patients 
undergoing 

48 
patients 

Mean age 
11.7 ± 1.5 
years 

Male 
and 
female 

CBCT 3D craniofacial 
landmarks; 
Generalized 
Procrustes 

Craniofacial 
centroid size 
was 
significantly 
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N
o. 

Author Population Sample Age / Age 
range 

Sex Imaging 
Modality 

Morphometric 
approach 

Key Finding 

orthodontic 
assessment 

Analysis; 
centroid size; 
correlation and 
multiple 
regression 
analyses 

associated 
with 
chronological 
and skeletal 
age. Geometric 
morphometric
s 
demonstrated 
potential for 
estimating 
craniofacial 
skeletal age 
during growth. 

8. Cevidan
es et 
al. (200
5) 

Brazilian 
children 
with Class II 
malocclusio
n or normal 
occlusion 

78 
subjects; 
156 MRI 
scans 

Approxima
tely 9–12 
years; 
baseline 
and 18 ± 1 
months 

Male 
and 
female 

3D MRI 3D skeletal 
landmark-based 
morphometric 
analysis; 
Procrustes 
transformation 
and principal 
component 
analysis 

Mandibular 
growth and 
craniofacial 
relationships 
were 
characterized 
during the 
pubertal 
growth period. 
Orthopedic 
treatment was 
associated 
with increased 
vertical 
mandibular 
ramus 
dimensions 
and forward 
displacement 
of the 
mandibular 
rami relative to 
the posterior 
nasomaxilla 
and middle 
cranial fossae. 

9. Lo et 
al. (202
2) 

Healthy 
Taiwanese/
Asian 
infants 

66 
infants; 
373 3D 
photogra
phs 

1, 2, 4, 6, 9, 
and 12 
months 

33 M/33 
F 

 3dMD 3D craniofacial 
mesh analysis; 
anthropometric 
indices; head 
volume and 
circumference; 
asymmetry 
mapping 

The fastest 
craniofacial 
growth 
occurred 
between 1 and 
2 months and 
the slowest 
between 9 and 
12 months. 
Male infants 
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N
o. 

Author Population Sample Age / Age 
range 

Sex Imaging 
Modality 

Morphometric 
approach 

Key Finding 

generally had 
larger 
craniofacial 
dimensions, 
head volume, 
and 
circumference. 
Craniofacial 
asymmetry 
decreased 
progressively 
during the first 
year. 

1
0. 

Sardi et 
al. (200
7) 

Human fetal 
and early 
postnatal 
skulls 

54 skulls 32–47 
weeks of 
gestational 
age 

Not 
specifie
d as a 
primary 
compari
son 

3D 
osteolog
ical 
specime
ns / 3D 
landmar
k data 

33 three-
dimensional 
landmarks; GPA, 
PCA, multivariate 
regression of 
shape on 
centroid size, and 
transformation 
grids 

Significant 
allometric 
craniofacial 
shape changes 
occurred 
during late 
prenatal and 
early postnatal 
development. 
Variation was 
greatest in the 
cranial vault, 
while the 
cranial base 
showed 
smaller 
changes and 
the face 
showed little 
variation 
during this 
developmental 
interval. 

1
1. 

Jeffery 
et 
al. (202
2) 

Human 
participants 
from 
multiple 
open-access 
MRI 
datasets 

575 
individual
s 

Birth–79 
years; 10 
chronologi
cal age 
bins 

216 M, 
189 F; 
170 sex 
unknow
n 

MRI Standard 
craniometrics 
and Procrustes-
based 3D 
morphometric 
analyses; 23 
cranial 
landmarks; 
endocranial 
volume 
measurements 
and multivariate 
regression 

Craniofacial 
morphology 
demonstrated 
coordinated 
changes 
across the life 
course. Brain-
related 
expansion 
dominated 
early postnatal 
development, 
whereas facial 



Jurnal Eduhealth  
Vol. 17, No. 03, 2026, pp. 750-766 

ISSN 2808-4608 
759 

 

Craniofacial Shape and Anatomical Changes Across the Human Lifespan: A Literature Review of Three Dimensional 
Morphometric Evidence. Gita Dwi Jiwanda Sovira et.al 

N
o. 

Author Population Sample Age / Age 
range 

Sex Imaging 
Modality 

Morphometric 
approach 

Key Finding 

expansion 
became 
particularly 
prominent 
during 
puberty. 
Cranial and 
facial 
structures 
behaved as 
partially 
integrated 
modules, with 
measurable 
age-related 
changes 
extending into 
adulthood and 
aging. 

3dMD (3D stereophotogrammetry); CBCT (Cone Bean Computed tomography); PMCT (CT and post-
mortem CT); CT (Computed tomography); MRI (Magnetic Resonance Imaging).  

Characteristics of the Included Studies 

Eleven studies were included in the qualitative synthesis, representing craniofacial morphological changes 
from late prenatal development to older adulthood. The studies included diverse populations from Europe, 
Asia, Africa, and South America. The age coverage varied considerably, from 32–47 weeks of gestation to 
79 years of age. Most studies included both male and female participants, although the distribution of sex 
and the availability of sex-specific analyses varied among studies. 

Three-dimensional imaging and morphometric approaches were predominant across the included studies. 
Imaging modalities included computed tomography (CT), cone-beam computed tomography (CBCT), 
magnetic resonance imaging (MRI), post-mortem computed tomography (PMCT), and three-dimensional 
stereophotogrammetry. Several studies employed geometric morphometric methods, including Generalized 
Procrustes Analysis (GPA), Principal Component Analysis (PCA), regression, canonical variate analysis, and 
discriminant analysis. Other studies used conventional cranial measurements or three-dimensional surface 
and mesh-based analyses. The characteristics of the included studies are summarized in Table 1. 

Discussion 

Across the 11 studies, craniofacial morphology demonstrated substantial variation across developmental 
stages, from prenatal development through infancy, adolescence, adulthood, and aging. However, the 
magnitude and nature of morphological change differed according to developmental stage and anatomical 
region. 

During the prenatal and early postnatal periods, the observed changes were predominantly related to rapid 
growth and allometric development. Sardi et al. identified significant allometric changes in craniofacial 
shape between 32 and 47 weeks of gestation, with the greatest variation occurring in the cranial vault. In 
contrast, the cranial base and facial region demonstrated relatively smaller changes during this 
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developmental period. These findings indicate that craniofacial development is already characterized by 
regionally differentiated growth before birth.15,16  

A similar pattern of rapid early growth was reported by Lo et al. in infants followed from 1 to 12 months. 
The fastest craniofacial growth occurred between 1 and 2 months, followed by progressively slower growth 
toward 12 months. In addition to changes in craniofacial dimensions, head volume and circumference 
increased, whereas craniofacial asymmetry decreased during the first year of life. Thus, early postnatal 
development was characterized not only by enlargement but also by progressive changes in craniofacial 
configuration and symmetry.17,18  

During childhood and adolescence, craniofacial changes remained strongly associated with growth and 
maturation. Saadé et al. demonstrated significant associations between craniofacial centroid size and both 
chronological and skeletal age, supporting the relationship between three-dimensional craniofacial 
morphology and biological maturation. Similarly, Cevidanes et al. demonstrated measurable mandibular and 
craniofacial changes during an approximately 18-month period in children aged approximately 9–12 years. 
These findings indicate that the mandible and other craniofacial structures undergo substantial 
morphological remodeling during the growth period.19,20  

The broadest life-course evidence was provided by Jeffery et al., who examined individuals from birth to 
79 years across ten chronological age groups. Their findings demonstrated coordinated but non-uniform 
craniofacial changes throughout life. Brain-related expansion was particularly prominent during early 
postnatal development, whereas facial expansion became more prominent during puberty. Cranial and 
facial structures also demonstrated partially integrated patterns of morphological change, suggesting that 
craniofacial development involves both coordinated and region-specific processes.21  

After skeletal maturation, measurable craniofacial changes continued into adulthood and later life. Urban et 
al. identified significant age-related changes in adult cranial morphology across individuals aged 20–99 
years. The observed changes were not uniform across the skull, with different cranial regions demonstrating 
different patterns of age-related variation. Similarly, Mohd Fauad et al. demonstrated significant differences 
in maxillary shape among Malaysian adults aged 18–65 years, indicating that age-associated morphological 
variation remains detectable after the major period of craniofacial growth.22  

Three-dimensional analysis of the adult skull indicates that aging is associated with changes in the 
morphology of the cranial vault and cranial fossae.23  Urban et al. evaluated CT-derived skull morphology in 
individuals aged 20–100 years using thousands of three-dimensional landmarks. After registration and 
generalized Procrustes analysis, significant age-related shape changes were identified in several cranial 
regions. In males, changes were observed in most analyzed regions except the posterior cranial fossa, 
whereas females demonstrated significant changes particularly in the middle and anterior cranial fossae. 
These findings suggest that cranial aging is not spatially homogeneous. Instead, specific anatomical regions 
may undergo differential remodeling, potentially reflecting interactions between skeletal remodeling, brain 
morphology, mechanical loading, and biological aging.13 

Earlier anthropometric research similarly demonstrated that aging is associated with increased cranial 
porosity and changes in facial skeletal dimensions. However, three-dimensional morphometric approaches 
provide additional information by characterizing changes in spatial configuration rather than relying 
exclusively on individual linear measurements.24 

Facial Skeletal Changes 

The facial skeleton demonstrates region-specific changes with advancing age.16,25 Three-dimensional 
geometric morphometric analyses have identified age-related alterations in the orbital region, zygomatic 
complex, nasal aperture, and maxillary alveolar process. These changes may involve modifications in 
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curvature, projection, and spatial relationships between anatomical regions.12 Such findings are important 
because conventional anthropometric measurements may detect a change in distance between two 
landmarks but may not adequately represent how the surrounding surface changes.26 For example, an 
apparently stable linear distance may coexist with a substantial change in local curvature or three-
dimensional orientation.27,28 This limitation supports the use of shape-based methods for investigating age-
related craniofacial remodeling. 

Mandibular Changes 

The mandible is particularly important in lifespan craniofacial analysis because it continues to undergo 
remodeling throughout adulthood. Age-related mandibular changes may involve reduction in alveolar 
height, alteration of mandibular body morphology, changes in ramus configuration, modification of 
mandibular angle, changes in chin projection, changes associated with tooth loss, alterations in cortical 
morphology.29,30 The magnitude of these changes is highly variable because mandibular morphology is 
influenced not only by chronological age but also by dentition, occlusion, masticatory loading, sex, and 
systemic skeletal changes.31 Consequently, mandibular morphology should preferably be evaluated using 
multiple complementary measurements rather than a single linear parameter. 

Three-Dimensional Facial Soft Tissue Changes 

Three-dimensional facial surface analysis has produced some of the most detailed evidence concerning 
lifespan changes.32 Velemínská et al. analyzed 456 three-dimensional facial models from individuals aged 
14–83 years and demonstrated that facial aging can be modeled as a continuous trajectory rather than a 
simple comparison between young and old groups. Importantly, the study also demonstrated sex-specific 
differences in the magnitude and trajectory of facial changes.33 A much larger 2026 study involving 4,038 
individuals aged 5–85 years further demonstrated continuous facial morphological change across the 
lifespan. The authors identified age-related alterations in the forehead, temples, periorbital region, cheeks, 
nasolabial region, and lips. The most pronounced changes occurred during middle and later adulthood, 
while the overall trajectory differed between males and females. These findings reinforce the concept that 
facial aging is multidimensional. Changes do not occur uniformly across the face but involve coordinated 
modifications in vertical, sagittal, and transverse dimensions.34,35 

Geometric Morphometrics as a Tool for Lifespan Analysis 

One of the major developments in craniofacial research has been the application of geometric 
morphometrics.11 Traditional morphometrics generally relies on individual distances, angles, ratios, or areas. 
While these measurements are clinically useful, they reduce complex three-dimensional anatomical 
structures to a limited number of variables.36 Geometric morphometrics preserves the spatial relationships 
among anatomical landmarks. Following landmark acquisition, generalized Procrustes analysis can be used 
to remove variation attributable to translation, rotation, and scale, allowing subsequent analysis to focus on 
shape.12,37,38 Principal Component Analysis can then be used to identify dominant patterns of shape 
variation, while regression can assess the relationship between shape and chronological age.39 This 
approach is particularly relevant for lifespan research because aging is not necessarily associated with a 
simple increase or decrease in one measurement. Instead, aging may involve coordinated changes across 
multiple anatomical landmarks. A previous systematic review of geometric morphometrics for craniofacial 
skeletal age estimation concluded that the method has potential for age estimation, but also emphasized 
the limited number of available studies and insufficient methodological consistency for quantitative meta-
analysis.40 

The present review therefore expands the scope beyond age estimation and considers the broader 
anatomical question of how craniofacial shape itself changes across the lifespan. 
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Influence of Sex on Craniofacial Aging 

Sex is an important source of biological variation in craniofacial morphology.41 The trajectory of craniofacial 
aging is not identical in males and females. Differences may arise from variations in skeletal development, 
hormonal changes, bone remodeling, soft tissue distribution, and patterns of facial adiposity.41 Three-
dimensional skull analysis has demonstrated sex-specific age-related patterns in cranial morphology. Urban 
et al. found that the regions exhibiting significant age-related shape changes differed between males and 
females.13 Similarly, three-dimensional facial analysis has demonstrated that males and females may share 
a broadly similar aging trajectory while differing in the magnitude and rate of individual morphological 
changes. Therefore, future three-dimensional craniofacial reference models should ideally be sex-specific 
or incorporate sex as an important covariate. 

Influence of Population and Ancestry 

Population variation represents another major consideration.42 Craniofacial morphology is influenced by 
genetic ancestry, environmental conditions, nutrition, socioeconomic factors, and secular trends. 
Consequently, age-related patterns identified in one population cannot automatically be generalized to 
another.42,43 This issue is particularly important for Southeast Asian populations, which remain 
comparatively underrepresented in large three-dimensional craniofacial datasets. Most large-scale three-
dimensional facial aging studies have focused on European or East Asian populations.43 Therefore, 
population-specific studies are necessary to establish appropriate normative trajectories for Indonesian 
populations. This represents an important research gap and provides a strong rationale for future studies 
using Indonesian CT and three-dimensional facial datasets. 

The evidence synthesized in this review supports the concept that craniofacial morphology is continuously 
dynamic throughout the human lifespan. Rather than following a simple linear trajectory, craniofacial 
changes appear to involve several overlapping processes. During childhood and adolescence, growth 
dominates morphological variation. During adulthood, remodeling and tissue redistribution become 
increasingly important. In older adulthood, skeletal remodeling, bone resorption, dental changes, and soft 
tissue alterations may produce additional changes in craniofacial configuration.34,44,45 

One of the most important findings emerging from three-dimensional studies is the regional heterogeneity 
of craniofacial aging. The cranial vault, cranial fossae, orbit, zygomatic region, nasal complex, maxilla, 
mandible, and facial soft tissues do not necessarily change at the same rate. This finding challenges the 
traditional concept of craniofacial aging as a generalized reduction in facial dimensions.9 Three-dimensional 
geometric morphometrics provides an important methodological advantage because it enables researchers 
to quantify changes in configuration rather than isolated measurements. The use of GPA, PCA, regression, 
and deformation visualization allows age-associated trajectories to be represented more 
comprehensively.11 

However, the literature also demonstrates considerable methodological heterogeneity. Different studies use 
different age categories, imaging systems, landmark definitions, anatomical regions, and statistical 
methods.2,25,46 Some studies focus on linear measurements, while others use dense surface correspondence 
or landmark-based geometric morphometrics.47 

This heterogeneity limits direct comparison between studies and is one of the major barriers to quantitative 
meta-analysis. Another important issue is the predominance of cross-sectional research. Most available 
studies compare individuals from different age groups rather than following the same individuals 
longitudinally. Cross-sectional studies are useful for identifying population-level age trends but cannot 
completely distinguish biological aging from cohort effects. Longitudinal three-dimensional datasets would 
therefore provide stronger evidence for individual craniofacial aging trajectories. 
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Population representation is another important limitation. Large three-dimensional datasets have 
predominantly originated from European and selected Asian populations. The recent large European-
ancestry study involving more than 4,000 individuals demonstrates the value of large datasets for modeling 
age-related facial trajectories, but its findings cannot automatically be generalized to other populations. For 
Indonesia, this limitation is particularly relevant because the country contains substantial population 
diversity and craniofacial morphology may differ from populations in Europe, East Asia, or other geographic 
regions. Therefore, development of Indonesian three-dimensional craniofacial reference datasets should 
become an important research priority. 

Strengths and Limitations of the Review 

This review integrates three-dimensional evidence of both skeletal and soft tissue morphology across the 
human lifespan, incorporating conventional and geometric morphometric approaches to provide a 
comprehensive perspective on craniofacial development and aging. However, heterogeneity in populations, 
imaging modalities, age groups, and morphometric methods, along with the predominance of cross-
sectional studies and differences in ancestry and sex distribution, may limit comparability, generalizability, 
and quantitative synthesis. 
 
4. Conclusion 
Three-dimensional morphometric evidence demonstrates that craniofacial morphology undergoes 
continuous and region-specific changes throughout the human lifespan. These changes involve not only 
alterations in linear dimensions but also complex modifications in three-dimensional shape, curvature, 
spatial relationships, and tissue distribution. During childhood and adolescence, craniofacial variation is 
primarily characterized by growth and developmental remodeling. In adulthood, continuing skeletal 
remodeling and changes in facial soft tissues produce progressive alterations in facial configuration. During 
later life, these processes become increasingly influenced by skeletal resorption, dental changes, soft tissue 
redistribution, and sex-specific biological factors. Geometric morphometrics provides an important 
methodological framework for capturing these complex changes because it preserves spatial relationships 
among anatomical landmarks and enables the analysis of shape trajectories. However, current evidence 
remains heterogeneous, with substantial differences in population characteristics, imaging techniques, 
landmark protocols, and statistical approaches. Large longitudinal datasets and standardized three-
dimensional protocols are therefore needed. 
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