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Abstract

Three-dimensional geometric morphometric methods have emerged as a pivotal tool  
in veterinary anatomy, taxonomy, clinical research, and studies of morphological diversity.  
This article summarizes the key stages, applications, clinical potential, and recommendations for 
data standardization in 3D morphometrics. Datasets are typically acquired using radiological 
modalities, including computed tomography (CT), magnetic resonance imaging (MRI), and 3D 
surface scanning, each offering specific advantages and constraints contingent on the research 
context. Standardized landmark sets are essential in 3D morphometric studies to ensure repro- 
ducibility and comparability of results across independent investigations. Consistent use  
of reference landmarks enables repeatable analyses, but the number of landmarks directly  
influences the required sample size and statistical power. Consequently, a minimal yet balanced 
landmark configuration is critical. This article proposes a standardized, minimal landmark set for 
the skulls of horses, cattle, and sheep to enhance inter-study reproducibility and comparability. 
Landmark selection prioritizes anatomically distinct points to avoid excessive landmarking, 
which may complicate analyses or compromise interpretability. Applications of 3D morphomet-
ric methods include orthopedic surgical planning, biomechanical modeling, and assessment  
of congenital anomalies, providing enhanced precision in diagnostics and research. In conclusion, 
3D geometric morphometric methods represent a robust analytical framework in veterinary  
anatomy, morphology, and clinical research. Their significance is poised to grow through integra-
tion with automated landmarking, artificial intelligence-driven analyses, and international  
data-sharing networks, thereby advancing scientific inquiry in novel dimensions.
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pedic surgical planning, veterinary anatomy
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Introduction 

Traditional morphological approaches, reliant on 
linear measurements, angular assessments, and qualita-
tive descriptions, have historically dominated investi-
gations of animal anatomy. However, these methods are 
limited in their ability to capture the three-dimensional 
complexity of anatomical structures and are susceptible 
to observer-dependent biases, which may compromise 
reproducibility (Zelditch et al. 2012). Recent advance-
ments in three-dimensional (3D) digital technologies 
have catalyzed a paradigm shift in morphological  
research methodologies (Herzlinger et al. 2017, Hirst  
et al. 2018). High-resolution 3D scanning techniques, 
such as structured light and laser-based systems, along-
side imaging modalities such as computed tomography 
(CT), magnetic resonance imaging (MRI), and photo-
grammetry, enable the generation of precise digital 
models for repeatable analyses of skeletal and soft tis-
sue structures (Hennessy et al. 2005, Carballido-Gamio 
et al. 2008, Van der Niet et al. 2010). 

Three-dimensional geometric morphometrics faci- 
litates the statistical dissociation of shape and size,  
enabling the quantification of subtle morphological 
variations that are challenging to assess using conven-
tional methods (Klingenberg 2016). This approach  
offers substantial advantages for comparative analyses 
across species, breeds, sexes, and age groups, as well  
as for investigating adaptive and functional traits 
(Hadžiomerović et al. 2023, Manuta et al. 2024,  
Korkmazcan et al. 2025). Studies of cranial morpho- 
logy in domestic mammals, such as horses, cattle, and 
sheep, underscore the growing relevance of these tech-
nologies in veterinary anatomy, education, taxonomy, 
evolutionary biology, and archaeological research  
(Haruda et al. 2019, Bakici et al. 2025).

This review provides a comprehensive evaluation 
of the current state and potential of 3D analytical meth-
ods in animal morphology studies. It first examines key 
techniques for acquiring digital models, including 3D 
scanning, radiological imaging, and segmentation.  
Subsequently, it proposes a standardized set of cranial 
landmarks for horses, cattle, and sheep, illustrating their 
practical applications. Finally, it discusses prevalent 
statistical methods, such as Generalized Procrustes 
Analysis (GPA), Principal Component Analysis (PCA), 
and Canonical Variate Analysis (CVA), while exploring 
current and prospective applications of 3D morphomet-
rics. This review aims to establish a methodological 
framework for researchers in veterinary anatomy,  
zoology, and taxonomy.

3D Model Acquisition

The acquisition of high-accuracy three-dimensional 
(3D) models constitutes a crucial step in geometric 
morphometric studies, as model resolution and fidelity 
significantly impact the reliability of subsequent statis-
tical analyses. Three-dimensional models of animal  
anatomical structures are primarily generated using two 
complementary techniques: surface digitization (3D 
scanning) and radiological imaging with segmentation 
(Thali et al. 2003, Sood et al. 2021). Each method offers 
distinct advantages and limitations, depending on the 
specimen type and the study’s specific objectives.

Surface digitization is widely used to rapidly and 
precisely capture the external morphology of rigid ana-
tomical specimens, such as skeletal elements (Eravci 
Yalin et al. 2024, Pasicka et al. 2025). Structured light 
and laser-based 3D scanners offer sub-millimetre reso-
lution, making them particularly suitable for structures 
such as skulls, long bones, and articular surfaces.  
However, this approach is limited to external morpho- 
logy and cannot capture internal structures, such  
as trabecular bone, sinus cavities, or soft tissues  
(Bjørndal et al. 1999, Han et al. 2019, Tretiakow et al. 
2021). Radiological imaging is thus essential for studies 
requiring internal anatomical details.

Computed tomography (CT) and magnetic reso-
nance imaging (MRI) enable comprehensive 3D visual-
ization of both hard and soft tissues, providing insights 
into internal structures, including intracranial cavities, 
trabecular bone, and organ morphology (İşbilir and  
Güzel 2023, Atli et al. 2025). However, CT data often 
exhibit lower spatial resolution compared to high- 
quality laser or structured light scanners, and the large 
datasets generated can pose computational challenges 
during post-processing. Additionally, the use of CT and 
MRI in studies involving live animals raises ethical 
concerns, particularly regarding radiation exposure and 
regulatory constraints. These concerns align with the 
3R principles (Replacement, Reduction, Refinement): 
replacing existing models or using non-invasive alter-
natives where possible, reducing the number of animals 
imaged, and refining protocols to minimize exposure 
and distress. For osteological material (e.g., prepared 
skeletons), no such ethical issues apply, as imaging  
is non-invasive and involves no live subjects. In con-
trast, live animal imaging must adhere to regulatory 
frameworks, such as the ARRIVE 2.0 guidelines for 
transparent reporting of animal research (Percie et al. 
2020).

Radiological image data are typically processed  
using 3D Slicer, Mimics, or Amira software to generate 
3D models via segmentation (Fedorov et al. 2012, 
Haverkamp et al. 2019, Ahmed et al. 2023). Segmenta-
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tion can be manual, semi-automatic, or fully automatic; 
however, manual refinement is often necessary for 
complex structures. The resulting 3D models are gene- 
rally exported in STL, PLY, or OBJ formats for mor-
phometric analyses.

The resolution of 3D models is primarily deter-
mined by the imaging device and acquisition parame-
ters. While surface scanners generally offer superior 
geometric fidelity, CT and MRI provide critical insights 
into tissue differentiation and internal morphology. 
Therefore, the choice of method should align with  
the study’s objectives. Prior to analysis, 3D models are 
often subjected to mesh decimation and data optimiza-
tion to improve computational efficiency while preserv-
ing anatomical accuracy. Recommended quality-con-
trol indicators for reproducible model preparation 
include assessing surface smoothness after decimation, 
angular deviation, and curvature distribution.

Landmark selection and sample size 
considerations

This review proposes a minimal, simplified set of 
cranial landmarks for horses (Fig. 1, Table 1), cattle 
(Fig. 2, Table 2), and sheep (Fig. 3, Table 3) to facilitate 
three-dimensional (3D) geometric morphometric analy-
ses. Minimizing the number of landmarks is critical  
for multivariate statistical methods, such as Principal 
Component Analysis (PCA), as an increased number  
of landmarks escalates dimensionality and degrees  
of freedom, thereby complicating analyses. The number 
of coordinates per specimen is determined as the  
product of the number of landmarks (L) and dimen- 
sionality (D). For instance, 36 landmarks in 3D yield 
108 variables per individual (36L × 3D). Although  
Generalized Procrustes Analysis (GPA) mitigates the 
effects of size (scale), position (translation), and orien-
tation (rotation), thereby reducing degrees of freedom, 
the resulting data space remains high-dimensional,  
necessitating a sufficiently large sample size to ensure 
robust statistical outcomes. Generally, when employing 
36 landmarks in 3D analysis (108 variables per speci-
men), the sample size (N) should exceed the total num-
ber of variables (L × D) to ensure reliable multivariate 
analyses and prevent overfitting (Bookstein 1991,  
Zelditch et al. 2012).

The literature underscores that, for robust multi- 
variate analyses, the sample size (N) must exceed  
the total dimensionality of the data, calculated as the 
product of the number of landmarks (L) and dimension-
ality (D) (Bookstein 1991, Zelditch et al. 2012). Small 
sample sizes can introduce significant biases, particu-
larly in estimating variance and mean shape (Cardini 

and Elton 2007, Cardini et al. 2015). Consequently,  
employing a minimal landmark set streamlines data 
processing, maintains a manageable sample size  
requirement, and ensures statistical reliability.

The minimal cranial landmark set established in this 
study reduces data dimensionality and provides a stan-
dardized reference framework for future morphometric 
investigations. Adopting these landmarks as standards 
by researchers studying skulls of the same species  
ensures data compatibility, enabling direct comparisons 
across independent studies. This standardized set facili-
tates the integration of data from diverse research 
groups or temporal periods for shape variation assess-
ments and discriminant analyses, including Canonical 
Variate Analysis (CVA) and Discriminant Function 
Analysis (DFA).

In developing the reference landmark set, points 
were positioned on distinct, easily identifiable anatomi-
cal structures to ensure repeatability and inter-study 
compatibility. Bony prominences and cranial suture 
lines were prioritized as landmark locations due to their 
consistent identifiability. Dental structures were exclud-
ed as landmarks, as teeth may be damaged, worn,  
or absent in many specimens, rendering them unreliable 
for standardized reference. This approach enhances 
data consistency across studies, minimizes observer- 
-related variation, thereby improving the overall relia- 
bility and reproducibility of the morphometric dataset.

To mitigate preparation-induced artifacts, the  
rostral tips of the left and right nasal bones were not 
designated as separate landmarks; instead, a single mid-
point landmark was placed between them. This  
approach accounts for potential lateral displacement  
of nasal bones during skull preparation, particularly  
following soft tissue removal through boiling, which 
may not reflect in vivo morphology. By consolidating 
these landmarks, the reference set minimizes artificial 
variation, enhancing the reliability and reproducibility 
of morphometric data.

To further promote data interoperability, research-
ers are encouraged to provide landmark coordinate data 
as supplementary material. This practice enhances 
transparency, facilitates data reuse, and enables direct 
comparisons across studies. While sharing complete 3D 
skull models is an alternative, their large file sizes pose 
challenges for storage, transfer, and processing. Conse-
quently, sharing landmark coordinate data in standar- 
dized formats (e.g., STL, PLY, or OBJ) is preferred,  
as it simplifies storage and analysis while preserving 
essential morphometric information. The integration  
of a standardized landmark scheme with shared coordi-
nate data significantly improves the comparability,  
reusability, and long-term utility of morphometric  
datasets.
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In establishing the reference landmark set, priority 
was given to anatomical regions previously identified 
as significant contributors to interspecific or interbreed 
variation. The occipital (nuchal) region was empha-

sized due to its pronounced variability across species. 
Similarly, landmarks were strategically placed to cap-
ture transverse cranial breadth and elongated or narrow 
cranial morphologies, which are critical determinants 

Table 1. Anatomical description of the skull landmarks for the horse used in this study.

Landmark 
No. Description

1 Median point of the line joining the most rostral points of the incisive bone (Prosthion)
2 Median point of the line joining the most rostral points of the nasal bones (Rhinion)

3-4 Infraorbital foramen
5, 6 Most rostral point of the facial crest

7 Median point of the naso-frontal suture (Nasion)
8, 9 Most lateral point of the frontal bone on the occipital side of the orbit(Ectorbitale)
10 Median point of the parieto-frontal suture (Bregma)
11 Most caudal point of the external sagittal crest 
12 Most dorsal point of the foramen magnum in the median plane (Opisthion)
13 Most ventral point of the foramen magnum in the median plane (Basion)

14, 15 Most lateral point of the articular tubercle
16, 17 Most lateral point of the mastoid process (Otion)
18, 19 Most rostral point of the first premolar alveolus
20, 21 Most caudal point of the last molar alveolus

22 Most caudal point of the horizontal part of the bony palate in the median plane (Staphylion)

Fig. 1. Reference landmark configuration for the horse skull.
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of shape variation. However, certain anatomically sig-
nificant structures, such as the supraorbital foramen, 
were excluded due to their minimal contribution to 
overall cranial shape variation compared to other  

regions, including the zygomatic arch, cranial vault, 
and occipital bone. In contrast, the infraorbital foramen 
was included for horses, given their elongated facial  
region relative to other domestic mammals, ensuring  

Fig. 2. Reference landmark configuration for the cattle skull. 

Table 2. Anatomical description of the skull landmarks for cattle used in this study.

Landmark 
No. Description

1 The median point of the line joining the most rostral points of the incisive bone (Prosthion)
2 The median point of the line joining the most rostral points of the nasal bones (Rhinion)
3 The median point of the naso-frontal suture (Nasion)

4, 5 The facial tuber
6, 7 The most lateral point of the frontal bone on the occipital side of the orbit (Ectorbitale)

8 The most caudal point of the vertex of the cranium
9, 10 The most caudal point of the linea temporalis

11, 12 The most lateral point of the articular tubercle
13 The external occipital protuberance
14 The most dorsal point of the foramen magnum
15 The most ventral point of the foramen magnum

16, 17 The external acoustic pore
18 The most caudal point of the horizontal part of the bony palate in the median plane (Staphylion)

19, 20 The most rostral point of the first premolar alveolus
21, 22 The most caudal point of the last molar alveolus

23 The median point of the maxillo-incisive suture
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Fig. 3. Reference landmark configuration for the sheep skull.

Table 3. Anatomical description of the skull landmarks for sheep used in this study.

Landmark 
No. Description

1 Median point of the line joining the most rostral points of the incisive bone (Prosthion)
2 Median point of the line joining the most rostral points of the nasal bones (Rhinion)
3 Median point of the naso-frontal suture (Nasion)

4, 5 Facial tuber
6, 7 Most lateral point of the frontal bone on the occipital side of the orbit (Ectorbitale)
8, 9 Most rostral point of the temporal line
10 Highest point of the vertex of the cranium
11 External occipital protuberance
12 Most dorsal point of the foramen magnum
13 Most ventral point of the foramen magnum

14, 15 Most lateral point of the articular tubercle
16, 17 Most lateral point of the mastoid process (Otion)

18 Most caudal point of the horizontal part of the bony palate in the median plane (Staphylion)
19 Median point of the maxillo-incisive suture

20, 21 Most rostral point of the first premolar alveolus
22, 23 Most caudal point of the last molar alveolus
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a balanced distribution of landmarks and comprehen-
sive capture of equine cranial morphology.

In geometric morphometric analyses, landmarks are 
evaluated collectively, and the inclusion of numerous 
low-impact points can unnecessarily increase data  
dimensionality, reducing statistical power and compli-
cating biological interpretation. An overabundance  
of low-impact points can diminish the prominence  
of the primary axes (PCs) that account for significant 
shape variation. Therefore, the reference landmark set 
was restricted to key cranial regions: posterior (occipi-
tal), anterior (naso-frontal), and lateral (zygomatic arch 
and orbit), which most effectively reflect morphological 
differences. This approach ensures the resulting analy-
ses remain biologically meaningful, statistically robust, 
and readily interpretable.

In addition to manual landmarking, automatic land-
marking has emerged as a valuable technique, particu-
larly for skeletal elements with limited or poorly  
defined anatomical features, such as the calcaneus or 
talus, where homologous points are difficult to identify 
(Ünal et al. 2025). By distributing semilandmarks or 
pseudolandmarks evenly across surfaces, automatic 
landmarking enables comprehensive shape quantifica-
tion while minimizing observer bias. 

However, this approach presents specific challenges 
regarding data sharing and reproducibility. Unlike fixed 
anatomical landmarks, which can be shared as compact 
coordinate files, automatic landmarks cannot be effec-
tively transferred as standalone coordinates, as their  
positions depend on the specific alignment and surface- 
meshing protocols used during processing. To ensure 
reproducibility, automatic landmarking datasets should 
be distributed as complete 3D surface models, allowing 
researchers to reapply the landmarking procedure with-
in the same software environment (e.g., via standard-
ized templates or automated scripts). Sharing only coor-
dinate files would lead to inconsistencies, as the spatial 
context and meshing parameters required to reproduce 
the landmark configuration would be lost.

Another critical consideration in automatic land-
marking involves the segmentation process of CT-de-
rived models. Following threshold adjustments and 
segmentation, microscopic residual artifacts, often  
invisible to the naked eye, can remain around the  
model. Although these remnants are not part of the ana-
tomical structure, automatic landmarking algorithms 
may interpret them as part of the model’s surface and 
place landmarks on these regions, introducing artificial 
variation into the dataset. Such errors typically manifest 
as abnormal distributions or outliers during PCA,  
distorting the interpretation of shape variation. There-
fore, thorough post-processing and artifact removal  
are crucial when preparing CT-based 3D models prior 
to landmarking.

In contrast, models obtained from 3D surface scan-
ners inherently avoid many of these issues, as they  
capture only the specimen’s external surface geometry. 
Unlike CT-derived models, they are less prone to  
microartifacts and segmentation-induced irregularities, 
providing a cleaner, more reliable basis for automatic 
landmarking.

Data and metadata sharing standard

To align with the FAIR (Findable, Accessible,  
Interoperable, Reusable) principles in veterinary mor-
phometrics, we recommend sharing 3D models in mesh 
formats (STL, PLY, OBJ) via repositories such as  
MorphoSource or Zenodo, accompanied by metadata 
on acquisition methods, software versions, and segmen-
tation parameters. Landmark coordinates should  
be provided in tabular formats (CSV, TPS, .fcsv) with 
details on landmark definitions, observer information, 
and GPA alignment protocols. This standard facilitates 
reproducibility and cross-study integration.

Statistical analyses

In three-dimensional geometric morphometric stud-
ies, the primary dataset comprises the X, Y, and Z coor-
dinates of landmarks, the Procrustes coordinates  
derived from Generalized Procrustes Analysis, and the 
centroid size (CS), which represents the overall size of 
each specimen (Bookstein 1996, Cooke and Terhune 
2015). GPA aligns all specimens within a standard  
reference frame by eliminating the effects of size 
(scale), position (translation), and orientation (rotation), 
preserving only shape-related information. The result-
ing Procrustes coordinates form the standardized  
dataset for analyzing shape variation. Centroid size, 
calculated as the square root of the summed squared 
distances of all landmarks from their centroid, serves as 
a metric for overall size (Rohlf 2002, Mitteroecker and 
Gunz 2009). Together, CS and Procrustes coordinates 
enable quantification of the extent of shape variation 
associated with size or growth (allometry). Size-adjusted 
coordinates can then be used to assess shape differences 
between groups, independent of size effects.

Principal Component Analysis (PCA) is the prima-
ry method for summarizing and visualizing variation  
in high-dimensional morphometric datasets (Polly et al. 
2013, Klingenberg and Marugán-Lobón 2013). PCA 
identifies principal axes (PCs) that account for the larg-
est proportions of shape variation, thereby reducing  
dimensionality. PCs should be selected and interpreted 
based on scree plots and biological relevance, focusing 
on those explaining substantial proportions of variance 
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rather than adhering to a fixed threshold. Typically,  
the first few PCs (e.g., PC1 and PC2) capture most of 
the total variation, facilitating visualization and inter-
pretation. Only PCs explaining ≥10% of total variation 
are generally reported, as those contributing minimal 
proportions (e.g., <5%) offer limited biological insight 
(Rummel et al. 2024). PCA is a fundamental tool for 
exploring the distribution and overlap of shape varia-
tion among different species, breeds, sexes, or age 
groups.

To enhance group separation, PCA is often comple-
mented by Canonical Variate Analysis (CVA) and Dis-
criminant Function Analysis (DFA) (Lawing and Polly 
2010, Manthey and Ousley 2020). CVA projects data 
into a multivariate space that minimizes within-group 
variation while maximizing between-group variation, 
generating axes that optimally highlight morphological 
differentiation among groups. When paired with CVA, 
DFA evaluates the classification accuracy of specimens 
into their respective groups, quantifying the efficacy of 
shape-based discrimination.

Procrustes ANOVA is employed to assess the statis-
tical significance of shape differences among groups 
(e.g., species, sexes), while controlling for observer  
or technical errors, thus determining the extent to which 
variation identified by PCA and CVA is attributable  
to group identity (Klingenberg and McIntyre 1998).  
To validate landmark repeatability, a Procrustes  
ANOVA with “observer” as a factor is recommended, 
along with simulations to evaluate the effects of land-
mark reduction on PCA stability. Complementary tech-
niques, such as PERMANOVA for testing shape dis-
tances, and analyses of modularity and integration, can 
situate the work within broader methodological stan-
dards. Allometric analysis, typically conducted through 
multivariate regression of Procrustes coordinates 
against CS, examines the relationship between shape 
and size (Mitteroecker et al., 2013Klingenberg 2016). 
This approach quantifies the proportion of shape varia-
tion driven by growth or size differences versus  
by intrinsic morphological traits, enabling size-correc- 
ted intergroup comparisons that focus on shape-driven 
variation.

Landmark coordinates are typically acquired using 
software tools such as Stratovan Checkpoint, MorphoJ, 
or 3D Slicer and then exported for further statistical 
analysis (Klingenberg 2011, Rolfe et al. 2021, Boz et al. 
2023). These datasets are processed in statistical  
environments such as SPSS or R, where morphometric 
analyses, including PCA, Procrustes ANOVA, and  
regression, are performed. To ensure compatibility and 
interoperability across platforms, only standardized 
Procrustes coordinates following GPA, rather than raw 
3D models, should be used for these analyses.  

This practice enhances data sharing and reproducibility 
across studies.

Applications and future perspectives of 3D 
morphometrics

Three-dimensional (3D) geometric morphometrics 
has become an increasingly important methodology 
across disciplines, including veterinary anatomy, taxo- 
nomy, evolutionary biology, and animal breeding.  
This approach offers significant advantages for precise 
modeling and comparison of skeletal structures, the 
identification of morphological differences at the spe-
cies and breed levels, and the exploration of func- 
tional-anatomical relationships. Moreover, 3D morpho-
metrics provides a sustainable research framework by 
generating archivable, reanalyzable digital datasets that 
overcome the limitations of traditional linear and angu-
lar morphometric measurements.

In veterinary applications, 3D morphometrics  
facilitates species and breed identification, assessment 
of morphologies associated with performance and 
health traits in livestock, and classification of fossil  
and archaeological specimens. In clinical contexts, 3D 
morphometric data support orthopedic surgical plan-
ning, biomechanical modeling, and the evaluation of 
congenital anomalies, enabling enhanced diagnostic 
precision and more effective therapeutic interventions.

Advancements in 3D morphometric technology are 
anticipated to drive the adoption of automated land-
marking and artificial intelligence (AI)-driven analyses. 
Deep learning algorithms, in particular, offer the poten-
tial for faster and more consistent landmark detection 
and shape classification compared to manual methods. 
Furthermore, integrating augmented reality (AR) and 
virtual reality (VR) applications is expected to enhance 
veterinary education and research, enabling the interac-
tive use of morphometric models and introducing a new 
dimension to learning and training.

Despite its potential, the widespread adoption of 3D 
morphometrics presents challenges, particularly in data 
standardization and sharing. Establishing international 
databases and standardized reference landmark sets will 
be essential to ensure study comparability. Such initia-
tives will enable large-scale datasets to yield novel  
insights into morphological diversity, adaptation, and 
health-related variation.

In conclusion, 3D geometric morphometrics remains 
a cornerstone analytical tool in veterinary anatomy and 
morphology, with its significance amplified by its inte-
gration with AI, AR, VR, and large-scale data-driven 
research frameworks.
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