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Abstract

Although cranial growth has been extensively explored, forensic and biological anthro-
pology lack a formal incorporation of how cranial growth processes impact the adult
phenotype and downstream biological profile estimations. Objectives: This research
uses an ontogenetic framework to identify when interlandmark distances (ILDs) stabilize
during growth to reach adult levels of variation and to evaluate patterns of cranial sex-
ual size dimorphism. Methods: Multivariate adaptive regression splines (MARS) were
conducted on standardized cranial ILDs for 595 individuals from the Subadult Virtual
Anthropology Database (SVAD) and the Forensic Data Bank (FDB) aged between birth and
25 years. Cross-Validated R-squared (CVRSq) values evaluated ILD variation explained
by age while knot placements identified meaningful changes in ILD growth trajectories.
Results: Results reveal the ages at which males and females reach craniometric maturity
across splanchnocranium, neurocranium, basicranium and cross-regional ILDs. Changes in
growth patterns observed here largely align with growth milestones of integrated soft tissue
and skeletal structures as well as developmental milestones like puberty. Conclusions: Our
findings highlight the variability in growth by sex and cranial region and move forensic
anthropologists towards recognizing cranial growth as a mosaic, continuous process with
overlap between subadults and adults rather than consistently approaching subadult and
adult research separately.

Keywords: ontogeny; craniometric interlandmark distances; multivariate adaptive regres-
sion splines; forensic anthropology; subadult

1. Introduction

The human cranial complex is a critical component in the development and application
of forensic anthropology methods. While it is broadly understood that the adult cranium
is a product of various growth processes, formal incorporation of how variation through-
out ontogeny impacts the adult phenotype is largely absent from forensic anthropology
literature [1]. Developmental stages of cranial elements and cranial measurements have
been used for age estimation, but they usually do not span the entirety of cranial ontogeny
and instead focus on specific periods [2-8]. Further, while subadult research in forensic
anthropology usually uses growth in size and maturity of other skeletal or dental elements
for the purpose of age estimation [9], consideration for patterns of human variation and
sexual dimorphism across ontogeny is relatively absent for the cranium [1,10,11]. In part,
the divergence between research on cranial growth and development and its application to
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biological profile estimation methods may be linked to the paucity of subadult remains in
skeletal collections [12,13]. With limited access to robust samples comes a restricted ability
to explore and develop the methodological pipelines typically used for subadults. As a
result, there is a persistent assumption that many variables used in the adult biological
profile are inappropriate for use on subadults. This is especially prevalent in the untested
assumption that the adult cranial phenotype does not emerge until the skeleton has reached
full maturity. Mobilizing theory that considers the relationship between human ontogeny
and skeletal variation is necessary to expand our understanding of the cranial phenotype
and improve guidelines made from untested assumptions [14].

Cranial growth has been studied through many methodologies, data types, classi-
fication systems, and populations e.g., [15-34]. Many of these studies have mobilized
geometric morphometrics, used non-standard cranial measurements (sometimes based
on soft tissue), focused on specific cranial regions or specific age ranges, and/or included
samples from different time frames or populations, all of which make direct comparisons
across studies and the application of results difficult. However, some key themes have
emerged from this research: (1) cranial growth is non-linear, (2) different regions of the
cranium develop at different rates before stabilizing at adult levels of variation, (3) degrees
of sexual dimorphism are variable across the cranial complex depending on the data types
used (e.g., shape, metrics), (4) the cranial base tends to stabilize sooner than other regions,
and (5) size (growth) and shape (development) changes to cranial elements/regions do not
always follow the same growth patterns even when they are spatially associated. While
these results are important for understanding subadult cranial growth, few studies have
taken an interdisciplinary approach on the subject. Therefore, there is still a need for
quantifiable and replicable examinations of cranial growth trajectories across the entire
subadult ontogenetic period (from birth into adulthood) using data that is directly relevant
to forensic anthropology methods.

We aim to highlight how and when adult levels of cranial phenotypic variation are
reached in different cranial regions by adopting an ontogenetic framework for the study of
cranial variation using a sample that ranges from birth through adulthood. By exploring the
entire cranial complex across ontogeny, we can increase our understanding of the impact
that factors like sexual dimorphism and/or population variation have on its phenotypic
structures. The formalization of ontogenetic approaches in forensic anthropology is crucial
for establishing and interpreting appropriate methodologies. This will provide theoretical
grounding for forensic anthropologists building or using biological profile methods based
on the cranium and, ultimately, contribute to improving these methods [14].

Why Is the Cranial Complex, Complex?

The human cranium is a confluence of different developmental mechanisms and vital
functional modules that are buffered through their structural integration [35-39]. The
nuanced interactions between this network of hierarchical and non-hierarchical modules
act as the precursors for the adult phenotype [15]. The intricacies of these interactions
mean there are many ways to explore and conceptualize cranial growth, whether through
ossification patterns, functional components, or anatomical regions. While most researchers
strive to use at least one of these lenses to frame their approach, growth of the cranial
complex is ultimately the result of differently timed changes in size and shape according to
the interaction between myriad developmental processes [38,40,41]. The complexity within
and across this network of interactions is beyond the scope of this paper, see [36,38,39,42,43].
However, we do want to recognize a few of the characteristics that researchers have used
previously when analyzing the cranium and how they relate to cranial growth trajectories.
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The cranium forms through both endochondral and intramembranous ossification
processes [39,40,44-46]. However, the anatomical regions discussed in much of the an-
thropological literature are not always linked to a single ossification mode. The cranial
base (i.e., basicranium) undergoes endochondral ossification during fetal development
and is comprised of distinct anterior, posterior, and bilateral components that interact with
different anatomical and functional cranial modules [34,47-49]. For example, the anterior
and bilateral cranial base experiences more prolonged growth in association with facial
growth while the posterior cranial base ossifies earlier and has more interaction with the
neurocranium [34,35,48-50]. In contrast, some bones of the cranial vault (i.e., neurocra-
nium) and facial structures (i.e., splanchnocranium) develop via endochondral ossification
(e.g., ethmoid, inferior nasal concha, portions of the temporal bone), while others develop
through intramembranous ossification (e.g., craniofacial, frontal, parietal, and occipital
bones, squamous and tympanic parts of the temporal bones) [47,51,52]. Therefore, anatom-
ical regions of the cranium do not exclusively conform to ossification-based developmental
modules [53].

Another approach to understanding the phenotypic drivers of cranial variation is
considering the functional purpose of each anatomical region. Some cranial regions can
be classified according to shared purpose such as participation in optic, auditory, nasal, or
mastication functions, or in protecting neural tissue of the brain [40,44—46,54]. Contextual-
izing cranial regions according to their functional components allows growth researchers to
highlight the inherent interaction between the soft tissues or organs and the bony structures
that support and protect them. For example, it is argued that growth of the neurocranium
is driven by brain growth [55,56] while growth of the splanchnocranium is driven by facial
functional units (i.e., eyes, nose, and mouth) or sexual selection [41,46,53,57,58]. However,
like ossification-based modules, research has shown that functional components alone
also do not explain patterns of growth variation across cranial regions [16,32,45,46,54].
Other drivers like sexual dimorphism and population variation—whose cranial phenotypic
expressions in adulthood are sufficient to allow for reliable and accurate biological sex
and population affinity estimation methods [57,59]—likely also contribute differentially to
observed patterns of cranial growth. However, these contributors to cranial developmen-
tal biology have not been formally integrated into the design or interpretation of cranial
forensic methods.

The goal of the current study is to use an ontogenetic framework to contextualize
growth trends across cranial regions as captured by standard interlandmark distances
(ILDs) used in forensic anthropology methods. This research investigates when ILDs reach
phenotypic maturity by quantifying the timing of growth stabilization (i.e., when size
and variance of an ILD is analogous with adult individuals) and evaluates patterns of
sexual dimorphism that emerge across growth and development periods. We use a large
U.S. based cross-sectional sample, encompassing individuals between birth and 25 years
to capture the entire active postnatal growth period and maximize variation within the
sample. The sampling strategy, along with the use of craniometric ILDs used in casework,
facilitates the utility and direct application of the research outcomes for the field of forensic
anthropology. By focusing more specifically on univariate growth patterns across ILDs, we
hope to highlight that cranial growth processes are mosaic in nature and that there is value
in understanding the variation of each cranial measurement and how they relate to age and
biological sex across ontogeny. Ultimately, the findings will enrich forensic anthropology’s
foundational knowledge of cranial growth and development, expand the subadult toolkit
used by practitioners, and theoretically ground adult forensic cranial methods.
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2. Materials and Methods
2.1. Samples

The cranial data for this research stems from two independent resources: the Subadult
Virtual Anthropology Database (SVAD) and the Forensic Data Bank (FDB) (provided cour-
tesy of Dr. Richard Jantz) (Figure 1). All samples were acquired from donated skeletal collec-
tions [60] or virtual databases that follow standards for ethical data acquisition [61,62]. In to-
tal, the sample consists of 595 individuals (253 reported biological females and 342 reported
biological males) between birth and 25 years of age.
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Figure 1. Age and sex distributions by sample.

The SVAD is an online cross-sectional repository of freely available contemporary
skeletal and dental data obtained for over 4500 subadult individuals from eight different
countries aged between birth and 20 years [61]. The crania of 560 individuals (234 reported
biological females and 326 reported biological males) from the SVAD sample were virtually
reconstructed from post-mortem multi-slice computed tomography (CT) scans (Phillips
Brilliance Big Bore 16-slice multi-detector scanner, 512 x 512 pixel matrix, 1.0 mm slice
thickness and 0.5 mm slice overlap with a soft tissue reconstruction algorithm). Scans were
generated at the Office of the Medical Investigator (OMI) in Albuquerque, New Mexico
from 2011 to 2019 and are now curated in the New Mexico Decedent Image Database
repository (NMDID) [62]. Virtual reconstructions of the crania and landmark placement
were conducted following protocols [63,64] developed for use with the Amira™ Medical
Imaging Visualization software (v.6.5.0, Thermo Fisher Scientific, Waltham, MA, USA).
Thresholds, or masking values, ranged between 200-500 Hounsfield Units/HU depending
on the age of the individual [65]. Importantly, the acquisition parameters, pre-processing
and post-processing protocols allow for virtual cranial reconstructions to be accurate
representations of physical cranial structures at a (1:1) scale [66].

The craniometric data for the SVAD sample only extends to 20 years of age, which
does not capture the entire skeletal growth period based on epiphyseal fusion [67], and
potentially some of the morphological cranial traits used in sex estimation [1,11]. Including
individuals from the FDB supplements the overall sample with a larger number of individ-
uals who have (most likely) completed cranial growth. However, the selected maximum
age (25 years) was a compromise between extending the age range to capture more young
adults and late maturing adolescents while preventing the obscuration of cranial growth
patterns that an overrepresentation of older adult individuals would cause. For example, if
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we chose to include adults up to 100 years of age, the nuanced changes in size that occur
between birth and 20 years would be overpowered by the overall trajectory of a much
larger adult age cohort. Therefore, an age range was selected that maintained the ability
to capture those nuanced changes as well as individuals that may stabilize in size at a
later age. The final FDB sample used in the current study was 35 individuals (19 reported
biological females and 16 reported biological males) between six and 25 years of age.

The SVAD and FDB adults (18-20 years and 18-25 years, respectively) share similar
ranges of adult variation for all ILDs, which justified pooling of the two samples (Figure 2).
While there is clear overlap in the variation of adult ILDs (Figure 2), there are limitations
to complementing the SVAD sample with the FDB sample. The FDB sample used here is
anonymized with available demographic information limited to biological sex and age.
These FDB individuals are sourced from a relatively homogenous modern donated skeletal
collection (UTK Donated Collection) and are born upwards of 40 to 80 years prior to some
of the individuals in the SVAD, which can introduce potential biases pertaining to sample
diversity. However, these limitations are outweighed by the advantages of pooling the
samples to model age-related variation. Models change depending on the age range used.
Thus, if all adult individuals are excluded, the ability to properly model growth in older
subadults diminishes [68,69]. Therefore, the adult FDB sample provides an important age
anchor to quantify the stabilization of cranial size in the SVAD sample, which is necessary
to achieve the aims of our study:.
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Figure 2. Scatterplots of two ILDs (left: FOL; right: NLH) to illustrate the feasibility of pooling the
samples. The SVAD sample includes individuals younger than 21 years of age, and the FDB sample
is primarily comprised of individuals older than 20 years of age.

2.2. Interlandmark Distances (ILDs)

Previous research has demonstrated that data collected directly from skeletal re-
mains and from virtual reconstructions of skeletal structures are reliable and compa-
rable and can be combined for analysis [64,65,70,71]. For both samples, twenty-five
ILDs (Table 1, Figure 3) were calculated as the Euclidean distance between the 3D co-
ordinates (x1, y1, z1 for landmark 1 and x2, y2, z2 for landmark 2) of 36 landmarks:
ILD = /(x1 — x2)%+ (y1 — y2)?+ (z1 — z2)2. Only individuals with a complete set of land-
marks in either sample were included.
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Table 1. Craniometric interlandmark distances by cranial region.
Region ILD Abbreviation Definitions
Nasal Height NLH Nasion to most inferior nasal border (L)
Nasion-Prosthion . R
Height NPH Nasion to prosthion
Nasal Breadth NLB Alare (L) to alare (R)

Orbit height inferior (R) to orbit height

Orbital Height OBH .
. superior (R)
Splanchnocranium Orbital Breadth OBB Dacryon (R) to ectoconchion (R)
Interorbital Breadth DKB Dacryon (L) to dacryon (R)
Biorbital Breadth EKB Ectoconchion (L) to ectoconchion (R)
Bifrontal Breadth FMB Frontomalare anterigr (L) to frontomalare
anterior (R)
Bizygomatic Breadth ZYB Zygion (L) to zygion (R)
Bijugal Breadth JUB Jugale (L) to jugale (R)
Maximum Cranial GOL Glabella to opisthocranion
Length
Nasio-occipital Length NOL Nasion to opisthocranion
Mastoid Height MDH Porion (R) to mastoideale (R)
Maximum Cranial XCB Euryon (L) to euryon (R)
. Breadth
Neurocranium Minimum Frontal WEB Frontotemporale (L) to
Breadth frontotemporale (R)
Frontal Chord FRC Nasion to bregma
Parietal Chord PAC Bregma to lambda
Occipital Chord occC Lambda to opisthion
Biauricular Breadth AUB Radiculare (L) to radiculare (R)
Biasterionic Breadth ASB Asterion (L) to asterion (R)
Foramen Magnum . s
Basicranium Lengthg FOL Basion to opisthion
Foramen Magnum FOB Foramen magnum breadth (L) to
Breadth foramen magnum breadth (R)
Cranial Base Length BNL Basion to nasion
Cross-Region Basion-Bregma Height BBH Basion to bregma
Basion-Prosthion Length BPL Basion to prosthion

ILD cranial regions: --- Splanchnocranium
—— Neurocranium
---------- Basicranium
-~ Cross-regional

Figure 3. Three views of the cranium with landmarks used to calculate ILDs and cranial regions
attributed to each ILD.

Landmarks were collected for the SVAD individuals following a standardized pro-
tocol developed for 3D virtual cranial reconstructions [63]. All cranial landmarks follow
anthropological standards for their definitions and placement, and ILDs that are commonly
used in forensic anthropology casework software (e.g., FORDISC) and are reliable in virtual
reconstructions were selected [72-74]. For individuals with fontanelles or unfused cranial
bones, the placement of bregma, frontomalare anterior, and asterion was completed by
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decreasing the masking threshold to visualize the cartilage and virtually extend the suture
lines to find their point of intersection [63]. Landmark coordinates for the FDB sample were
obtained with a 3D digitizer used directly on the dry cranial structures and recorded in the
program 3Skull, which automates ILD calculations for the user [75]. Both virtual and dry
bone data have comparable intra- and interobserver error rates [72-74]. It is worth noting
that a study evaluating the reliability of craniometric data obtained on the SVAD sample
found systematic higher errors for type IlI cranial landmark placements (e.g., alare, zygion,
glabella, euryon, opisthocranion). However, errors in the resulting ILDs (e.g., AUB, FOB,
FOL, FRC, GOL, NLB, WFB, XCB, and ZYB) were not consistently high and the correlation
between age and landmark error was lower than 0.11 [74]. All errors were below or within
the range of reported errors for dry cranial measurements [73].

For this study, ILDs were categorized into four regions: the splanchnocranium (ten
ILDs), the neurocranium (nine ILDs), the basicranium (three ILDs), and a cross-regional
category (three ILDs) with landmarks located in different cranial regions. As discussed
above, these groupings are based on developmental and functional processes. They account
for differences in the mode of ossification while also highlighting anatomical and functional
associations between the structures encapsulated by each region [45,51,53,54].

2.3. Statistical Analyses

Multivariate adaptive regression splines (MARS) fit with the earth package in R [76]
were used to regress each ILD onto chronological age using sex-specific samples. All
ILDs were scaled and centered prior to modeling to ensure comparable visualization
of ILDs within each cranial region. MARS is a flexible algorithm that is suitable for
univariate or multivariate modeling of data that do not follow the assumptions of linearity
or normality [77-79]. These capabilities are essential for modeling skeletal growth patterns,
which are often non-linear and have heteroskedastic relationships with age [80-83].

Beyond meeting the needs of the data structure, MARS facilitates interpretation
through its generation of piecewise linear basis functions that correspond to noticeable
changes in the slope of the relationship between the dependent (y, i.e., ILDs), and indepen-
dent (x, i.e., age) variables. The selected model includes hinge functions, h(x — t), where
each t is the breakpoint (knot) between two consecutive functions modeling the ILD ~ age
relationship. To identify the knot locations, the MARS algorithm is built on a two-step
process to automatically model the nonlinear interaction between variables: a forward pass
and a backward pass. In the forward pass, the algorithm iterates over each data point,
identifying which observations produce different linear functions with the best fit (i.e.,
smallest sum of squared error). Hinge functions and their corresponding knots are added
until there is no further improvement in how well the model captures the relationship
between variables [84]. However, since the forward step only increases the R? value, relying
on it alone can lead to an overfit model. Therefore, MARS includes a backward pass to
remove, or prune, all excess functions. Generalized Cross Validation (GCV) is used to
find the best number of functions to model the ILD ~ age relationship, which is calculated
as the residual sum of squares (RSS) penalized by the complexity of the model (i.e., the
optimal number of model parameters divided by the number of observations). In the
present study, t values of the knots indicate the chronological ages at which notable changes
in the relationship (modeled as changes in the slope) between age and ILDs are detected.
The generalized R-Squared (GRSq), which is a normalized GCV, provides an estimate of
the selected model’s generalization performance [84].

To ensure validity of the models, they were generated using a 10-fold cross validation
protocol that was repeated three times (30 total folds). The cross-validation approxi-
mates model performance on a range of training sets, which establishes the quality of the
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model [84]. R2 values are calculated at each fold from predictions on the out-of-fold obser-
vations and averaged to produce the mean Cross-Validated R-squared (CVRSq). A higher
CVRSq can be interpreted as the level of stability of the hinge functions, the reliability of
the x values (i.e., ages) corresponding to the knots/changes in slope, and the variability in
each ILD explained by age.

The presentation of results is dependent on interpreting slopes and the overall change
in size of an ILD across the chronological ages of a cross-sectional sample. While longitudi-
nal data is preferred for interpreting growth rates and achievement of growth milestones,
a recent study demonstrated that cross-sectional data can be used to accurately model
growth parameters [85]. Larger sample sizes are recommended, however sampling of at
least 200 individuals in a cross-sectional dataset can represent the population-level pat-
terns [85]. In the current research design, the smallest models are the female ILD models
which have approximately 250 individuals per model and each model is cross validated
three times. While we are not reporting growth parameters like velocity estimates, because
that is not the goal of this research, we believe these models adequately capture growth in
cranial traits across age.

We have employed MARS models over other non-linear regression methods because
of the bias-variance tradeoff. Non-linearities can be captured by the models (reducing
bias), but the constrained basis functions limit excessive flexibility (preventing high vari-
ance). Ultimately, this results in interpretability for a nonlinear relationship. Additionally,
the numerous built-in features (growing, pruning, cross-validation) prevent overfitting
and maintain generalizability. MARS models have already been used with subadult
and/or adult skeletal data to improve estimations of biological profile parameters such as
age [80-82,86-88], sex [89], and population affinity [90]. For these studies, the emphasis
was on whether using MARS provided improved predictive performance with components
of the biological profile. The advantage of MARS for this research was not its predictive
power, but its ability to capture any and multiple points of change in the data relationships
through changes in the slope and corresponding knots of the models.

3. Results

Fifty univariate MARS models were developed: one for each of the 25 ILDs regressed
on age by each reported biological sex (male and female). Model information and perfor-
mance metrics (knots, GCV, GRSq, and CVRSq) are provided in Table 2 and Figures 4 and 5.
Line plots are provided per cranial region with the fitted values for each ILD plotted by age
in Figures 6-9. The relationship between age and ILDs is heteroskedastic in most ILDs for
both males and females, meaning that variance increases with age, and the magnitude of
heteroskedasticity varies among the ILDs. The CVRSq values, which quantify the amount
the variance in the ILD explained by age, range from 0.12 to 0.85. Males and females have
similar CVRSq ranges for each ILD with a few minor exceptions (BPL, NLB, OBH, PAC,
and XCB) (Table 2, Figure 4). For example, the ILDs with the lowest (FOL) and highest
(NLH) CVRSq values were the same for each sex (Figure 4). Low CVRSq values (<0.5)
were obtained for ASB, DKB, FOB, FOL, NLB, OBH, OCC, PAC, and XCB, which suggests
that the variability in these ILDs is not well-explained by age. FOL had the lowest CVRSq
values in all models. The slope for the FOL model is steep between birth and ~4 years,
attesting to rapid growth followed by consistently high variability until adulthood. In
contrast, NLH is more strongly related to age, which is captured by the high CVRSq value
of the NLH model and a later knot (~11 years for females and ~15 years for males) after
which growth plateaus and variance stabilizes.
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Table 2. MARS model outputs for each ILD and biological sex with the predicted knots, GCV, GRSq,

and CVRSq values.
Female Male
Cranial Knots Knots
Region ILD h(Age — B GCV GRSq CVRSq h(Age — B GCV GRSq CVRSq
NLH 11.1 0.14 0.86 0.84 15.2 0.14 0.86 0.85
NPH 8.9 0.17 0.83 0.79 16.2 0.17 0.83 0.83
NLB 5.4 0.63 0.37 0.3 4.1 0.55 0.45 0.43
OBH 8.9 0.58 0.43 0.34 5.3 0.58 0.42 0.37
OBB 8.9 0.30 0.71 0.67 16.1 0.26 0.74 0.71
Splanchnocranium 203
DKB 13.2 0.76 0.25 0.19 6.7 0.77 0.23 0.21
EKB 9.9 0.25 0.75 0.7 9.9 0.26 0.74 0.7
FMB 9.9 0.23 0.77 0.73 17.0 0.23 0.77 0.75
ZYB 9.9 0.18 0.82 0.79 16.4 0.15 0.85 0.84
JUB 9.9 0.21 0.79 0.76 16.4 0.20 0.80 0.78
GOL 6.8 0.28 0.72 0.65 53 0.29 0.71 0.7
NOL 8.0 0.26 0.74 0.68 5.3 0.27 0.73 0.71
MDH 11.1 0.30 0.70 0.67 15.5 0.28 0.73 0.7
XCB 8.9 0.76 0.24 0.17 53 0.70 0.30 0.21
WEFB 8.0 0.46 0.54 0.5 6.7 0.45 0.55 0.51
Neurocranium FRC 99 0.32 0.68 0.62 53 0.34 0.66 0.62
PAC 6.8 0.73 0.28 0.15 5.3 0.70 0.30 0.26
ocCC 4.2 0.61 0.39 0.35 4.1 0.65 0.35 0.33
10.8
AUB 9.9 0.23 0.77 0.73 9.9 0.20 0.80 0.79
20.0
ASB 4.5 0.49 0.51 0.47 53 0.50 0.50 0.45
. . FOL 4.2 0.76 0.24 0.16 4.1 0.83 0.17 0.12
Basicranium FOB 42 0.69 0.32 0.25 41 0.75 0.25 0.22
8.6
Cross- BNL 9.9 0.16 0.84 0.81 11.9 0.15 0.85 0.83
Region BBH 7.1 0.27 0.73 0.69 45 0.27 0.73 0.7
BPL 11.1 0.23 0.77 0.73 17.0 0.19 0.81 0.8
® Basicranium Cross-Region @ Neurocranium @ Splanchnocranium
F || M
NLH [ ] L
BNL
ZYB ® )
NPH ® ®
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MDH ) ®
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OBH L
occC ®
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FOB [ ] ®
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Figure 4. CVRSq values for each ILD by biological sex and cranial region in descending order.
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Figure 5. Ages with knots detected in the MARS models for each ILD by biological sex and cranial
region. EKB, AUB, OCC, FOB, and FOL all have overlapping knot locations for males and females.
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Figure 6. Splanchnocranium ILD growth trajectories by biological sex (top: female, bottom: male).
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Figure 7. Neurocranium ILD growth trajectories by biological sex (top: female, bottom: male).
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Figure 8. Basicranium ILD growth trajectories by biological sex (top: female, bottom: male).
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Figure 9. Cross-regional ILD growth trajectories by biological sex (top: female, bottom: male).

Estimated knot positions indicate changes in slope (i.e., a change in the relationship
between age and ILD) and are interpreted as the ages at which growth patterns either shift
or stabilize. In Table 2 the knots are presented by cranial region and in Figure 5 the knots
are visualized by sex and cranial regions in decreasing order by age. Note, the knot values
are rounded in Figure 5. Knot values differ by more than two years between males and
females for 15/25 ILDs. The 10 ILDs that show comparable (with a difference of two years
or less) knot values for both sexes are ASB, BNL, FOB, FOL, WFB, PAC, GOL, EKB, OCC,
and NLB. The remaining statistical parameters will be discussed within each cranial region.
The included visualizations capture two notable things; the varying relationship between
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age and ILD (changes in the slope of the line) and if the ILD is stabilizing (plateauing after
the knot).

3.1. Splanchnocranium

The univariate models for the splanchnocranium ILDs are visualized in Figure 6. For
both sexes, age explains a larger portion of the variability in the ILDs capturing facial
height measurements (NLH or NPH) and breadth measurements (EKB, FMB, JUB, ZYB)
(CVRSq = 0.70-0.84). Age explains a smaller portion of the variability in DKB, NLB, and
OBH (CVRSq = 0.19-0.43).

When the knot locations correspond to younger ages (<9 years), the male models shift
trajectories before female models (OBH, NLB, DKB) (Figures 5 and 6). NLB has the earliest
knot location for both males (4 years) and females (5 years) followed by OBH/DKB for
males (~5-6 years). Whereas the female models have a comparably early shift for NLB,
there is a later shift for OBH and DKB (~9 and ~13 years, respectively). When the knot
locations correspond to older ages (>9 years), knots tend to occur earlier in the female
models than in the male models (NLH, JUB, ZYB, FMB, OBB, NPH). ILDs associated with
facial breadth (FMB, ZYB, and JUB) have changes in slope at ~10 years in females and at
~16 to 17 years in males. In contrast to other facial breadth ILDs, the estimated knot for the
EKB model is 10 years for both males and females. Notably, the male OBB model estimates
two knots around 16 and 20 years, but the second knot is likely a consequence of larger
variation in this measurement combined with a smaller sample size in the upper age range.

For females, most slopes transition to plateau after a single knot, stabilizing in size at
younger ages than males (<13 years) (Figure 6). A few models, such as FMB, JUB, NPH,
and OBB, have a weak positive slope after the knot which reflects a slower and smaller
change in size across the older ages. For male models, if the knot location is at older ages
(>15 years), the slopes generally transition from a gradual slope to a slope that plateaus
(Figure 6). This indicates a strong, positive relationship with age (FMB, JUB, NLH, NPH,
OBB, ZYB). In models with knots at younger ages (EKB, DKB, NLB, OBH), the slope shifts
but continues to have a positive relationship that increases in size as age increases.

3.2. Neurocranium

For both sexes, the CVRSq values for the neurocranium ILD models range between 0.15
and 0.79 (Table 2). These are, on average, smaller than the CVRSq achieved in models using
splanchnocranium ILDs (Table 2, Figure 4). The models where age explains a larger portion
of the variance of an ILD include GOL, NOL, MDH, FRC, and AUB (CVRSq = 0.62-0.79).
Overall, female ILD models have smaller CVRSq values than males.

Knot locations for FRC, GOL, NOL, PAC, WFB, and XCB are between 5-7 years for
males and 6-10 years for females (Figure 5). The knot location for the AUB model is at
10 years for both males and females. The AUB female model has two knots, but this is,
again, more likely to be a consequence of smaller sample sizes. Notably, OCC and MDH
deviate from the general trends of the neurocranium ILDs. The knot location for both male
and female OCC models is around 4 years, which is more consistent with basicranium
ILD models. However, like AUB, the OCC male model exhibits a second knot around
10 years which may be a product of sample size differences or OCC may be capturing the
interaction between the basicranium and neurocranium regions. The knot locations for
the MDH models are around 11 years for females and 16 years for males, which is more
consistent with the splanchnocranium models.
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For females, GOL, NOL, and OCC have a steep slope before a relatively young knot
(<8 years) and maintain a weak positive relationship with age after the knot indicating the
ILD continues to slowly increase in size (Figure 7). For males, AUB and WFB have a steeper
increase in size concomitant with an increase in age prior to knots at slightly older ages
(<7 years) that are followed by a change in slope with gradual increase throughout the rest
of ontogeny (Figure 7). For both sexes, XCB, MDH, and PAC display a plateau in the slope
following the knot, indicating growth stabilization. This pattern is also reflected by WFB
and FRC among the female models.

3.3. Basicranium

The models with the smallest CVRSq values are associated with FOL for both sexes
(CVRSq = 0.12-0.16; Table 2). The FOB models have similarly small CVRSq values
(CVRSq = 0.22-0.25) while the ASB model is slightly higher (CVRSq = 0.45-0.47). The
FOL and FOB basicranium models present with knots at the youngest ages (~4 years) and
no differences between the sexes (Figures 5 and 8). The FOB male model has a second knot
around 8 years which may be a product of sample size variation or may indicate that FOB
continues to grow alongside the neurocranium. The knot locations of the ASB model are
at slightly older ages with little difference between females (5 years) and males (5 years).
All three ILDs display a steep positive slope prior to their knots. After the knots, FOB and
AUB continue with a gradual positive slope. In contrast, FOL stabilizes in size at the knot
location (4 years), which continues through the oldest individuals in the sample.

3.4. Cross-Regional

Though the cross-regional ILD models include a basicranium landmark (basion),
the overall trends in these models are patterned more similar to the landmark in their
counterpoint cranial region (Table 2, Figure 5). In all three cross-regional models, age
explains a substantial amount of variation in the ILDs (CVRSq = 0.69-0.83). For both
females and males, the BBH model has knots at the youngest ages of all the cross-regional
models (~7 and ~5 years, respectively). The BBH model is consistent with the patterns
identified in the neurocranium ILD models. In contrast, BNL and BPL models are more
like splanchnocranium ILD models with knot locations younger in females (~9-11 years)
than males (~11-17 years). BBH exhibits a steeper slope prior to the knot while BNL and
BPL slope more gradually (Figure 9). After the knot, all three ILDs continue with a weak
but positive slope except for the male BPL model which exhibits a negative slope.

4. Discussion

The current study offers an extensive exploration into the growth of the cranial com-
plex using variables relevant to biological and forensic anthropology. The exploration
of cranial ontogenetic patterns presented here highlights that cranial growth is neither
homogenous nor static across age or among cranial regions, but instead dynamic and
variable across individual cranial measurements and regions. Some of the specific findings
of this study include (a) changes in growth patterns of cranial ILDs largely align with the
differential ontogenetic milestones of integrated soft and hard tissue structures; (b) ILDs
reach phenotypic maturity at different ages through ontogeny; (c) most ILDs demonstrate
sex-specific patterns in the timing of growth stabilization; and (d) sexually dimorphic size
differences increase concomitant to age.
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Virtual imaging, and CT scans in particular, provided increased access to skeletal
data through the entire growth and development period, which enabled us to address
previously inaccessible research objectives about cranial growth. Subadult research is
often lackluster because it is notoriously difficult to access large, documented, modern
subadult skeletal samples with equal representation of all ontogenetic stages from birth
to adulthood [12,91]. When depending solely on skeletal collections, subadult research
is often hindered because overall sample sizes restrict access to small subsets of limited
age ranges, studies place emphasis on a single skeletal region, and/or research focuses
on archaeological samples [12,13]. The sample size included here is markedly robust for
subadult research (n = 595) and allowed us to explore an innovative modeling approach
that uses age continuously rather than binning or discretizing individuals into arbitrary
age categories. Even still, class imbalances persist between males and females and across
the age range. Females are underrepresented, with approximately 100 less individuals
than males, and there are less individuals between ages 5-13 years and 20-25 years. This
imbalance both by sex and across ages is not uncommon in mortality data [92,93], though
it is less than ideal for the current exploration because some of the major shifts in cranial
growth patterns seem to occur across less represented ages. Nevertheless, the sample size
is still large overall and cross-validation within the MARS models makes the models robust
to overfitting. Therefore, the overarching patterns should stay consistent as the findings
are validated, and hypotheses are tested across various contexts and/or samples.

4.1. Age-Patterned ILD Variance and Growth Trajectories
4.1.1. Splanchnocranium

In our analysis, most splanchnocranium ILDs (NLH, NPH, OBB, EKB, FMB, ZYB, and
JUB) have high CVRSq values (>0.67) with later occurring knots (>9 years) which suggests
the corresponding features change across age and do not stabilize in size until adolescence
(Figures 6 and 10). These ILDs increase in size for a longer duration with a more gradual
growth trajectory (i.e., a flatter slope) prior to stabilization. While NLH and NPH are height
(vertical) dimensions, the remaining five ILDs are all capturing breadth (horizontal) dimen-
sions. Some research has argued that vertical dimensions tend to grow for longer compared
to facial breadth dimensions [19,94,95], but this dynamic is inconsistent across the literature
and seems to depend on the specific cranial regions and measurements incorporated in
a given study. Studies that also include craniofacial areas like the zygomatic processes
observe similar growth patterns between breadth and height facial dimensions [28,96,97].
Similarly, many of the facial breadth dimensions used here (e.g., FMB, ZYB, JUB) also
exhibit a longer period of growth across ontogeny with slopes that plateau after their older-
occurring knots, indicating these ILDs stabilize at adult levels of variation in conjunction
with height dimensions (NLH, NPH).

Interestingly, the ILDs representing the orbital and nasal functional modules both
deviate from and embody these overarching age-related patterns. In our study, the splanch-
nocranium ILDs with the earliest knots (<7 years; NLB, OBH, and DKB), smallest CVRSq
values (<0.43), and widest variances at the youngest ages include some of the ILDs rep-
resenting the orbital and nasal functional regions (Figure 11). Because age explains less
of the variability (low CVRSq) in these ILDs, it attests to the likelihood of other factors
contributing more to the observed variability. It has been hypothesized that some facial
dimensions tend to stabilize sooner and exhibit larger variability in size from an early
age due to selective pressures associated with functional demands [19,25]. For example,
research that focuses more specifically on midfacial growth (i.e., regions of the eyes and
nose), observed rapid, canalized development of craniofacial features between birth and
5 years [19,22,23,28,70,97]. The high levels of variance observed in these structures early
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on during ontogeny likely mean there are more factors driving the development of these
facial dimensions than functional selective pressures.
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Figure 10. Splanchnocranium ILDs with continued growth across ontogeny and sex-patterned
differences (left to right, top: NLH, NPH, OBB, middle: EKB, FMB, ZYB, bottom: JUB). Loess lines
by biological sex are included to illustrate overall size differences. All ILDs except for EKB have
different knot placements for males and females.
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Figure 11. Scatterplots of three splanchnocranium ILDs (left to right: DKB, OBH, NLB) illustrating
the lack of variance explained by age and biological sex. Loess lines by sex are included to illustrate
the overall differences in size.

NLH and NLB capture growth of the nasal functional module and display different
patterns of growth and stabilization that hint at the influence of different developmental
pressures. Whereas NLB presents with early stabilization and achievement of adult size,
NLH displays a gradual growth trajectory with stabilization later in ontogeny like other
later maturing splachnocranium ILDs with high CVRSq values. This finding corroborates
the assertions of previous studies suggesting that directional growth of the nasal functional
module (nasal height and breadth) is driven and constrained by different pressures [98-100].
It is hypothesized that the nasal septum influences the timing of growth in nasal height such
that any disruption of nasal septum growth can lead to negative downstream consequences
for facial height dimensions [99,101-104]. For this reason, the nasal septum has been
termed a pacemaker for vertical facial growth [101]. In contrast, nasal breadth consistently
demonstrates ecogeographic variation [100,105-107]. Other studies have revealed weaker
signals of climate adaptation, particularly in nasal soft-tissue size [108], and identified
differential degrees of sexual dimorphism impacting nasal dimensions [98,102,108,109].
Our results corroborate the presence of sexual dimorphism in these dimensions, both in
growth trajectories and final size (Figures 10 and 11), and suggest that nasal growth must
also experience other selective forces.

OBH, OBB, and EKB capture growth of the orbital functional module and vary in their
growth and stabilization patterns. Though exact ages varied, researchers have identified a
two-stage pattern to orbital development: a younger peak in vertical growth, associated
with eye development and overall increase in facial height, followed by older stabilization
around 10 years largely associated with brain growth [16,19,28,110,111]. Our findings
support the two-stage pattern observed by these studies with OBH stabilizing around 5 to
9 years of age, OBB stabilizing around 9 to 16 years, and EKB stabilizing around 10 years.
While there are different hypotheses for why vertical and horizontal orbital dimensions
demonstrate different growth patterns, it is important to consider constraints in growth as
well. First, OBH stabilizes earlier than breadth measurements indicating that orbital height
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may be a trait impacted by higher heritability, structural constraints, or selective pressures.
Additionally, the midface is positioned between two driving functional modules: the brain
and the mouth. Therefore, the integration of surrounding regions and the influence of
functional constraints on ILD growth should be considered when attempting to parse
causative mechanisms and selective forces.

Our results further support the hypotheses of previous research suggesting that
the splanchnocranium is influenced by population variation and sexual dimorphism.
The influence of these factors is especially evident in the orbital and nasal regions that
exhibit changes in growth patterns at much younger ages than previously hypothe-
sized [10,16,18,19,33,38,41,85,112-117]. Furthermore, research looking at the growth of
facial macromorphoscopic (MMS) traits across ontogeny found that regional variability
was observable by 0-3 years for nasal aperture shape and between 10-15 years for orbit
shape [10]. The relationship between growth patterns and the appearance of adult levels
of population variation in these cranial structures is especially important to assess when
considering how to apply these results to forensic casework. Previous exploratory multi-
variate analyses on adults also observed stronger relationships between NLB, OBH, DKB,
facial MMS traits, and population, compared to all other ILDs which showed a stronger
association to biological sex [118,119]. Yet, these nasal and orbital ILDs are not always
among the strongest markers for population affinity estimation, as they have demonstrated
inconsistent results depending on sample composition and method selection [120-123].
This contrast highlights that exploratory, foundational research findings may not directly
translate to prediction performance in forensic methods, signaling an opportunity for future
forensic research to clarify these relationships. Regardless, the combination of these results
provides support for the hypothesis that early cranial growth is not driven exclusively
by ossification-based development, functional modules, and/or sexually dimorphic pat-
terns but likely a combination of these and other factors not explored here in relation to
population variation and evolutionary constraints [19,32,45,46,54,70,124].

4.1.2. Neurocranium

Neurocranium stabilization occurs earlier than most of the splanchnocranium with
knots detected between 5 and 10 years of age and sexual dimorphism in the age at onset
(discussed in more detail below). Neurocranium ILDs also exhibit steeper growth tra-
jectories, especially prior to knots compared to splanchnocranium ILDs (Figure 7). The
neurocranium is functionally important for the protection and support of the brain and
central nervous system [46,56,125]. As a result, research has identified parallel growth
between the skeletal neurocranium and brain tissue, but has also highlighted that skeletal
cranial stabilization takes place around 10 years of age [17,24] which is slightly later than
the reported attainment of adult brain size. Indeed, the brain reaches approximately 90%
of its adult size (in volume) between 7-8 years [27,56].

Our results reflect this parallel brain-neurocranium growth trajectory for most ILDs
(AUB, FRC, WFB, GOL, NOL). However, four ILDs (XCB, PAC, OCC, and MDH) display
different patterns. XCB, PAC, and OCC have lower (<0.35) CVRSq values indicating that
variation across age is not a good explanation for their change in size. These three ILDs
demonstrate wide variability at birth that is maintained throughout ontogeny and may be
explained by their orientation along the midline (PAC, OCC) and posterior neurocranium
(XCB, OCC) (Figure 12). The functional integration of these regions with both the brain and
cranial base may explain some of the constraints in degree of growth [115,126]. Interestingly,
while the knots for XCB and PAC continue to follow the trends of other neurocranium
ILDs, both the knots and lower CVRSq of OCC are more consistent with the findings of
basicranium ILDs (Figures 5, 12 and 13). OCC captures the posterior dimension of the
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cranial vault. However, it spans the entire occipital bone and is an element that follows
both endochondral (the base) and intramembranous (the squama) ossification processes
and includes the foramen magnum which plays an important functional role in the central
nervous system. These results suggest that OCC growth might be closer to that of basicra-
nium ILDs and indicate the important functional integration of the occipital region. This is
consistent with previous literature that highlights the different developmental processes of
the posterior cranial base compared to other basicranium segments [18,26,34,50].
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Figure 12. Scatterplots of three neurocranium ILDs (left to right: XCB, PAC, OCC) illustrating the
lack of variance explain by age. Loess lines by biological sex are included to illustrate the overall

differences in size.
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Figure 13. Scatterplots of basicranium ILDs (left to right: ASB, FOB, FOL). Loess lines by biological
sex are included to illustrate the consistency in size and variation across age.
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4.1.3. Basicranium

While the basicranium is comprised of anterior, bilateral, and posterior segments,
this research only includes basicranium ILDs that reflect posterior growth patterns. All
three basicranium ILDs have low CVRSq (<0.47) values and knots around 4 years. This
indicates that age is not a strong explanation for the variance present in these ILDs, though
FOB and ASB do exhibit a slight positive change in slope after the knot (Figures 8 and 13).
In our results, all three ILDs exhibit the steepest growth trajectory between birth and
4 years, which is consistent with literature on basicranial growth patterns, supports early
phenotypic stability for this region, and mimics the rapid growth of the brain and spinal
cord [17,22,23,34,35,48]. Researchers have shown that the pediatric cervical spinal cord
has some of the most rapid growth compared to the entire spinal cord with cervical size
stabilizing around 4 years of age followed by minimal changes into adulthood [127,128].
Skeletally, this has also been demonstrated by other authors, with minimal variation in
the ages of stabilization. Humphrey [22] identified completion of the foramen magnum by
approximately 6 years in tandem with the completion of occipital fusion while Neubauer
et al. [27] identified that the foramen magnum becomes rounder in shape between 6—
12 years. Our results suggest that the foramen magnum first stabilizes in size antero-
posteriorly (FOL) but continues to grow for a slightly longer duration in the transverse
(FOB) dimension.

The anatomical proximity of the posterior basicranium with the cervical spine and
their early, lifelong shared roles in the support of the head and protection of the spinal cord
are likely co-factors in the early stabilization of growth and lack of sexual dimorphism in
basicranium ILDs. Indeed, early stabilization in size and shape of the posterior basicranium
mirrors the early growth and maturation of cervical vertebrae [129,130], and of the atlas
and axis in particular, as they directly support the cranium [51,131]. In fact, these vertebrae
derive in part from the same embryonic structure (sclerotome) as the occipital condyles [51].
Anterior fusion (i.e., anterior synchondrosis and neurocentral fusion for the atlas, dento-
central synchondrosis and neurocentral synchondrosis for the axis) and later on posterior
fusion (i.e., posterior synchondrosis for both the atlas and axis), as well as most of growth
in the size and shape of the atlas and axis bodies, occur for the most part during infancy
and childhood, resulting in these two vertebrae reaching their adult size as early five or
six years of age [131-133]. The morphological integration of the cranial base and upper
cervical spine ensures the development of necessary biomechanical functions for survival
and locomotion, such as holding the head upright, the acquisition of quadrupedalism and,
later, bipedalism, while continuously protecting the central nervous system. Therefore,
the low CVRSq values for basicranium ILDs suggest that the posterior dimensions are
less explained by age due to their young stabilization and functional importance. It is
possible that the rapid patterns of growth taking place between birth and 4 years may
be better revealed with a narrower age distribution, as some of the nuanced changes in
these younger years may be masked by exploration of a broader age range of individuals
between birth and 25 years.

4.1.4. Cross-Region

Most ILDs included in this analysis span a single cranial region, but BBH, BNL, and
BPL are all calculated from landmarks within separate regions: the basicranium (basion),
splanchnocranium (prosthion and nasion), and neurocranium (bregma). Therefore, these
ILDs capture different dimensions of the cranium and reflect growth through height of the
cranial vault, the anterior cranial base, and facial prognathism, respectively. Despite the
potential growth variation introduced through landmarks from different regions, all three
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ILDs are among the highest CVRSq values in the analysis (0.69-0.83), indicating a strong
relationship with age (Figures 9 and 14).
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Figure 14. Scatterplots of cross regional ILDs (left to right: BPL, BNL, BBH). Loess lines by biological
sex are included to illustrate the overall differences in size.

BBH exhibits a rapid growth trajectory that changes slope between 4 and 7 years with
continued gradual growth thereafter. Previous research has reported that the most rapid
growth in head height takes place prior to 4 years, but identified that growth reaches adult
levels around 13 years [94] which is around the age that the current dataset also begins to
stabilize in size (Figure 14). In contrast, BNL and BPL have a longer duration of growth
through ontogeny and a continued positive slope through the entire age range. While
MARS results do not capture a stabilization in phenotype, the loess lines and scatterplots
in Figure 14 demonstrate how the variance in size stabilizes around 15 years of age. In our
analysis, BNL exhibits changes in growth between 9 to 12 years which is consistent with
previous research incorporating this ILD [21].

BPL is the only measurement in our analysis that captures changes in facial prog-
nathism over ontogeny. BPL exhibits a change in slope between 11 to 17 years which
is consistent with female and male slope transitions for many splanchnocranium ILDs.
Regionally, this ILD includes structures interfacing between the splanchnocranium and
basicranium, [17,30,34], but growth trajectories captured in our analysis align more closely
with the splanchnocranium. These results are also consistent with research intended to
capture ontogeny of facial prognathism [30]. Furthermore, morphological observations of
prognathism suggest stability in the trait at a slightly older age range, 15 to 20 years [10],
which highlights the differences in growth patterns between variables capturing size and
shape variation [18,25,29].

4.2. ILD Sexual Dimorphism

Our analyses revealed an overarching trend of sexual dimorphism in the timing
of phenotypic stabilization within and between cranial regions. To better identify the
expression of fully stabilized sexual size dimorphism in the sample, male and female
dimensions of individuals 18 years and older were visualized (Figure 15). In general, the
greater the distance between the male and female knots (Figure 5), the greater the degree of
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sexual dimorphism in the measurement (Figure 15). The ILDs with larger CVRSq values
and later occurring knots are also dimensions that have the greatest difference between
male and female knot placements (Figures 4 and 5). Knot placements highlight the onset of
a pattern of size differentiation between the sexes. This results in sexual size dimorphism,
as assessed by the distribution of measurements across the oldest individuals (Figure 15).
The ILDs with the greatest overlap between the sexes are those with the lowest CVRSq
values and the weakest association with age (Figures 4 and 5). Overall, the basicranium is
the least sexually dimorphic cranial region and the splanchnocranium is the most sexually
dimorphic. This is consistent with growth literature which states that later stabilizing
elements exhibit extended growth in males compared to females exacerbating the degree of

sexual size dimorphism of these elements [18,22,23,25,41,134].
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Figure 15. Density ridges of scaled and centered ILDs (z-scores) for individuals 18 years and older.

Arranged by age at first knot and separated by biological sex (bottom: earliest age, top: latest age,
regardless of sex).
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Most splanchnocranium ILDs (NLH, NPH, OBB, EKB, FMB, ZYB, JUB) and cross
regional ILDs with at least one splanchnocranium landmark (BPL, BNL) present a strong
relationship with age and a later shift in trajectory. The knot placements for later shifting
ILDs are between 9 to 13 years for females and 12 to 17 years for males and encompass the
pubertal period. Some craniofacial growth studies have suggested that sex differences are
evident prior to puberty, primarily in terms of size differentiation wherein males are larger
than females [18,22,23,28,33]. Our results do not corroborate these findings as there are
minimal differences between sexes in both size and trajectory for these dimensions prior to
knot placement (Figures 6 and 10). In the current study, knot placements for these ILDs
are consistent with sexual dimorphism in the timing of downstream pubertal changes (i.e.,
secondary sexual characteristics) and facial growth trajectories [17,18,22,23,25,28,29,33,135].
Puberty is marked by the reinitiation of the hypothalamic-pituitary-axis (HPG axis), in-
creased growth rates across the body, and progressive circulation of steroid hormones
into adult-levels [136-138]. The exact implications that these changes have for cranial
structures is understudied. However, previous research has highlighted that males exhibit
ongoing growth in the splanchnocranium past that of females [18,23,25,41,134] and our
results highlight a 2 to 7-year difference in the knot placement and stabilization of the
splanchnocranium and cross-region ILDs (except for EKB, which exhibits no sex-patterned
difference in knot placement but does have observable sexual size dimorphism). These
trends are relevant for forensic anthropologists because they highlight the existence of
sex-patterned variation in growth stabilization for craniofacial ILDs and an increase of the
magnitude of this differentiation with age, suggesting these ILDs may be more informative
of biological sex at younger ages than previously believed and worth exploring further.

The male and female trajectories for the neurocranium and one cross regional ILD
(BBH) demonstrate different patterning that is contrary to those observed in the splanch-
nocranium. In our analysis, males consistently stabilize earlier (5-7 years) than females
(7-10 years) for all neurocranium ILDs except OCC and AUB, which have knots at the
same age for both sexes (Figures 5 and 7). It is possible that the pattern of earlier knots
for males versus females is reflective of smaller sample sizes across this age range in the
analysis. However, at least one anthropometric growth study examining neurocranium
volume reported a shared increase in growth for both males and females around four years
followed by an additional above average increase in growth for males around 5 years [139].
Therefore, it is possible that our results are capturing a real shift in neurocranium growth
that takes place in males, increasing the magnitude of size difference between the sexes
and contributing to the overall sexual size dimorphism observed in the neurocranium
(Figure 16). Future research with a more robust sample across the 5-to-10-year age range,
and, if possible, longitudinal data would be required to verify these results.

Two neurocranium ILDs (GOL and MDH) include morphological features (i.e., supra-
ciliary arches and mastoid process) that are well-known sexually dimorphic traits and used
in sex estimation methodologies [1,140,141]. While research is emerging to capture the age
at onset and the magnitude of sex differences across ontogeny for cranial morphological
traits [1,11], these differences remain unknown to a practitioner with regard to metric
assessment. It would be logical to assume that ILDs would also express sexual dimorphism
because it is hypothesized that both size and shape of skeletal structures are subject to the
influence of steroid hormones [11,142,143] though the exact pathways and mechanisms are
not fully understood. Research investigating the ontogeny of morphological trait scores
for the glabellar region have identified significant sexually dimorphic differences as early
as 13 years [1,11]. Our results suggest that the magnitude of variation across ontogeny for
these sexually dimorphic ILDs is relative to the timing of growth and their integration with
surrounding structures. In our analysis, GOL reflects the pattern of sexual dimorphism
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in knot placement observed in other neurocranium ILDs with knots estimated around 5
for males and 7 for females though growth continues at a positive slope after the knot and
throughout ontogeny (Figures 5, 7 and 16). Therefore, the MARS model for GOL likely
captures its relationship with brain growth prior to the first knot, while continued but
slower growth occurring after the knot likely reflects the influence of sexually dimorphic
processes on the development of the glabella and size differences related to morphological
integration and allometry [115,144]. Thus, the functional forces and constraints exerted on
this region lead to an ILD that is not as sexually dimorphic as the regional morphology
(Figure 14).
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Figure 16. Scatterplots of neurocranium ILDs (left to right, top: MDH, AUB, FRC, bottom: WFB,
NOL, GOL). Loess lines by biological sex are included to illustrate overall differences in size. All
ILDs except WFB have at least 2 years difference between male and female knot placements.

MDH was classified among neurocranium ILDs because it shares similar developmen-
tal origins [54]. However, MDH growth patterns appear more consistent with splanch-
nocranium ILDs with knots estimated around 11 years for females and 16 years for males
and positive slopes thereafter (Figures 5 and 7). In contrast to other neurocranium ILDs, the
mastoid is a muscle attachment site that is not directly driven by brain growth, but rather
increases in muscle mass largely occurring around puberty [135,145]. Therefore, it appears
logical that MDH size would stabilize and reach adult levels of variation later in ontogeny.
Like the glabellar region, forensic anthropologists regularly use the mastoid process in sex
estimation techniques [140,141]. In two studies that evaluated sex-patterned ontogeny of
the mastoid process using morphological trait scores, the initiation of sexual dimorphism
was observed around 15 years with divergence in trait scores observed later compared to
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those of the glabella [1,11]. The differences between the ages at which sexual dimorphism
in morphological trait expression of the glabella or mastoid process was observable, and in
the knot placement for GOL and MDH, highlight the necessity for further clarity on the
factors influencing the interaction between size and shape.

The presence of sexual dimorphism as discussed here is interpreted through observable
differences between sexes in the slopes and/or knot locations produced by the MARS
models (i.e., the ages at which growth trajectories change between sexes). Because MARS is
a regression methodology that highlights meaningful points of change in data relationships,
the generalizability of the identified hinge points/knots is highly dependent on whether the
sample adequately captures the broader population. While our research design included a
large sample and evaluated sexual dimorphism continuously across ontogeny, the sample
population is largely homogenous and less representative of human variation. The level of
sexual dimorphism is known to vary around the world [58,146], so future studies should
explore the variation in knot placement with a sample more representative of the global
population.

4.3. Forensic Implications of Exploring Ontogenetic Variation

The results of this study have significant implications for forensic anthropological
practice. Unlike most cranial growth studies, the present research was designed with
measurements commonly used in biological profile estimation methods. This allows for
direct and immediate application of the observations made here to practitioner interpreta-
tion, method development, and ongoing discussions in the field. Besides age estimation,
currently published standards are exclusively (sex and population affinity estimation) or
primarily (stature estimation) written for use with adult remains [147-149]. However, the
saliency of this research for practice is in the revelation that cranial regions and cranial
measurements can reach adult levels of variation in size prior to adulthood. These results
speak directly to the necessity of understanding the age appropriateness of each cranial
ILD for expanding forensic methods.

Stabilization of a measurement at its adult size indicates that it is appropriate to use for
subadults in estimation methods that are typically developed for adults. For example, ILDs
that stabilize in their phenotypic expression at young ages (ASB, FOB, FOL, OCC under
5 years; AUB, WFB, EKB at ~7-10 years) with less evidence of sexual dimorphism may be
less discriminatory for sex estimation but could be used for other parameters regardless of
biological sex. Conversely, measurements like BBH, GOL, NOL, XCB, FRC, and PAC that
exhibit relatively young (~5 years for males; ~7-10 for females) sex-patterned differences
in size and growth trajectories may be more informative for sex estimation or population
variation in subadults by those ages. Even the latest stabilizing measurements like NPH,
JUB, ZYB, FMB, OBB, NPH, BPL, BNL and MDH reach adult size and variance from the
onset of puberty (~9 to 11 years for females and ~12 to 17 years for males).

The current methodological pipeline for most subadult cases in forensic anthropology
is restricted to age estimation. However, the results obtained here reveal that the subadult
biological profile does not necessarily require the development of new methods. Instead,
extensions of current adult methods to younger individuals may also be appropriate for
variables with growth trajectories verified by ontogenetic explorations of skeletal variation.
Moving forward, there is a need to further align these size stabilization patterns with other
dental and skeletal developmental markers. Recent studies have shifted toward better
understanding the developmental stage of an individual to dictate whether it is appropriate
to estimate other biological profile parameters with skeletal variables typically reserved
for adults e.g., [150-152] and we believe the next step with our findings is something
comparable.
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Importantly, this study only explores univariate patterns, which may be informative
in conjunction with developmental markers in a fragmentary setting. However, the field’s
standards and many researchers encourage multivariable approaches to estimations of the
biological profile e.g., [88,147,153,154]. Because univariate estimations from the cranium
are generally not recommended, we provide no comparisons in terms of estimation perfor-
mance. Rather, this research provides an important foundation for future work that can
validate the performance and accuracy of the observed patterns. For example, the current
findings led to the hypothesis that applying craniometrics in a multivariate framework can
estimate biological sex in adolescent individuals [155]. Indeed, Stull and colleagues found
comparable performance of craniometric sex estimation between adolescents and adults
which support the findings herein that the cranium achieves adult size prior to adulthood.
Previous studies involving pelvic measurements and cranial morphology have similar
conclusions [11,150,151].

Consideration for these patterns of growth across ontogeny also creates an opportunity
to explore how biological profile estimations are influenced by plasticity during growth. It
is well understood that the ebb and flow of environmental stressors throughout life can
induce processes like stunting and catch-up growth in postcranial structures in ways that
may have a life-long impact on the resulting adult phenotype. Yet, similar considerations
for the ebbs and flows of cranial growth, and their adult phenotypic outcomes, are less
discussed in method development and interpretation. Like the rest of the body, the cranium
experiences periods of rapid, canalized growth [33,38,48,156], but as we have demonstrated,
the mechanisms driving growth are not static across ontogeny allowing the cranium to
undergo periods of lesser or greater responsiveness to environmental stimuli [38]. There-
fore, interpreting the performance of ILDs in estimation methods can be improved by
understanding the timing of these growth fluctuations and the stabilization of cranial size
at adult levels of variation.

This ontogenetic framework can make an important contribution to many ongoing
debates within the discipline. For example, it is possible that younger stabilizing ILDs
are associated with stronger genetic canalization and larger degrees of genetic heritability
contrary to later stabilizing ILDs with prolonged growth that may exhibit more plasticity
in response to environmental pressures. These hypotheses are pertinent for disentangling
the influence of genetic heritability and environmental factors on cranial structures that
have long been the focus of anthropological research [44,115,157-159]. Moreover, while
this research uses dichotomized (female/male) reported biological sex, as that is the de-
mographic information available to us, understanding the onset and spectrum of cranial
sexual dimorphism across ontogeny may be of use for ongoing discussions regarding sex
and gender diversity in forensic estimations [160,161]. The variation in sexual dimorphism
within and across cranial regions observed here provides a foundation for future research
exploring the intersection of skeletal biology, developmental age, and other factors that
may influence skeletal development such as hormone therapy [162,163]. These, and other
possible applications, demonstrate how introducing an ontogenetic approach to forensic
anthropology research and practice can ultimately help forensic anthropologists under-
stand how developmental, evolutionary, and/or environmental drivers influence skeletal
variation and translate into improved biological profile estimations.

5. Conclusions

This study showed that investigating growth and development across the entirety of
postnatal ontogeny is crucial for better contextualizing, quantifying, and qualifying cranial
phenotypic variation in both subadults and adults. Specifically, approaching subadult
cranial growth under the lenses of developmental and functional mechanisms allowed
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us to better understand the variation in cranial size and when each ILD exhibits adult-
levels of variation during ontogeny. The findings of this paper alter the subadult forensic
anthropology pipeline and integrate cranial developmental biology to highlight what is
missing in both subadult research and practice in the field.

We started this manuscript by highlighting several reasons why the cranial complex
is complex, and we end the paper by re-emphasizing the inherent nested hierarchy that
contributes to its complexity. While the cranium is a single anatomical structure, it is
comprised of numerous modules that are differentially integrated and subject to various
developmental, evolutionary, functional, and environmental pressures. To simplify the
interpretation of changes in cranial size over time, we specifically explored ILDs through
the lenses of ontogeny and anatomical-functional regions. This perspective allowed us to
map the overarching patterns linked to differential prioritization and selective pressures
in each region. However, the influencing factors were not clear for all ILDs. Some ILDs,
such as XCB, did not show straightforward growth patterns. The SVAD and FDB samples
used here are relatively homogenous in their population distributions, so a lack of sample
diversity prevented us from further exploring potential microevolutionary pressures that
may contribute to shaping it, like thermoregulatory effects [113,164], prompting future
research opportunities.

The impact of ontogenetic processes on adult cranial variation is often hypothesized,
but difficult to directly demonstrate without access to representative subadult samples and
data [112,117,165-167]. Capturing univariate ILD growth patterns in a large sample with
representation of all ages from birth to adulthood allowed us to place them in conversation
with a plethora of growth, human variation, and evolutionary literature, and highlighted
patterns that are of particular importance to forensic anthropology casework. Our findings
move anthropologists towards the recognition of cranial growth as a mosaic, continuous
process that requires a complete ontogenetic approach to better understand the forces that
shape phenotypic variation observed in subadult and adult individuals. The majority
of the cranial ILDs included in the present study stabilize and arrive at adult levels of
phenotypic variation prior to completion of the skeletal maturation markers that typically
define adulthood. Therefore, we emphasize the need to avoid arbitrary divides between
subadults and adults based on biologically inconsistent chronologically defined categories.
Rather than first discretizing subadult and adult methods, future research and method
development should transition to considering the different developmental trajectories of
cranial dimensions. Foundational research that explicitly brings quantified, theoretically
grounded understandings of subadult biology and growth into forensic anthropology is
necessary to further improve the discipline and how we approach casework.
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