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Featured Application

The presented proof-of-concept machine learning pipeline enables the reconstruction of
original cusp morphology at the enamel-dentine junction (ED]) in worn lower molars using
standard morphometric data. The pre-trained models and automated prediction tools can
be applied to new fossils, archaeological, or clinical datasets that provide compatible ED]
measurements, without requiring programming expertise. In its current form, the pipeline
offers a ready-to-use framework for EDJ-based reconstruction in research settings and
establishes the foundation for future automated systems capable of predicting enamel
thickness and full crown morphology in worn or damaged teeth.

Abstract

Reconstructing original cusp dimensions in worn molars represents a fundamental chal-
lenge across dentistry, anthropology, and paleontology, as dental wear obscures critical
morphological information. In this proof-of-concept study, we present a standardized ma-
chine learning pipeline for predicting original cusp height, specifically the horn tips of the
enamel-dentine junction (EDJ), in worn lower molars using three-dimensional morphomet-
ric data from micro-computed tomography (micro-CT). We analyzed 40 permanent lower
first (M1) and second (M2) molars from four hominin groups, systematically evaluated
across three wear stages: original, moderately worn (wornl), and severely worn (worn2).
Morphometric variables including height, area, and volume were quantified for each cusp,
with Random Forest and multiple linear regression models developed individually and
combined through ensemble methods. To mimic realistic reconstruction scenarios while
preserving a known ground truth, models were trained on unworn specimens (original ED]J
morphology) and tested on other teeth after digitally simulated wear (wornl and worn?2).
Predictive performance was evaluated using root mean square error (RMSE) and coefficient
of determination (R?). Our results demonstrate that under moderate wear (worn1), the
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ensemble models achieved normalized RMSE values between 11% and 17%. Absolute
errors typically below 0.25 mm for most cusps, with R? values up to ~0.69. Performance
deteriorated under severe wear (worn2), particularly for morphologically variable cusps
such as the hypoconid and entoconid, but generally remained within sub-millimetric error
ranges for several structures. Random Forests and linear models showed complementary
strengths, and the ensemble generally offered the most stable performance across cusps
and wear states. To enhance transparency and accessibility, we provide a comprehensive,
user-friendly software pipeline including pre-trained models, automated prediction scripts,
standardized data templates, and detailed documentation. This implementation allows
researchers without advanced machine learning expertise to explore EDJ-based recon-
struction from standard morphometric measurements in new datasets, while explicitly
acknowledging the limitations imposed by our modest and taxonomically unbalanced
sample. More broadly, the framework represents an initial step toward predicting complete
crown morphology, including enamel thickness, in worn or damaged teeth. As such, it
offers a validated methodological foundation for future developments in cusp and crown
reconstruction in both clinical and evolutionary dental research.

Keywords: dental cusp reconstructions; machine learning pipeline; lower molars;
micro-computed tomography; random forest; evolutionary anatomy

1. Introduction

The reconstruction of the original dimensions of cusps in worn molars is a critical
challenge in both dental medicine and paleoanthropological research. Dental wear, a
phenomenon observed in both contemporary [1-4] and ancient populations [5-13], sig-
nificantly alters crown morphology and complicates the assessment of a tooth’s original
features. When wear extends to the dentine, there is a substantial loss of morphological
information that is crucial for both evolutionary biology and restorative dentistry. The
original combination of cusp morphology, crests, grooves, and accessory cusps provides
key parameters for the taxonomic attribution of human and non-human species [14-17], as
well as for reconstructing functionally reliable teeth and facilitating prosthetic and restora-
tive rehabilitation [18,19]. However, the analysis of fossil teeth is often hampered by wear
and fragmentation, which can significantly reduce the amount of usable morphological
data, especially when more than approximately one-third of the dentine horn is missing,
and limit the application of analytical methods that account for the three-dimensional
complexity of the outer enamel surface (OES) [20].

In this context, numerous studies have highlighted dental morphology as a highly
informative and reliable anatomical feature for reconstructing original crown shape and
structure [21-25]. Among the anatomical structures of the tooth, the enamel-dentine
junction (ED]J) has emerged as a particularly informative and reliable reference for re-
constructing original crown morphology. The EDJ is established during the bell stage of
tooth development through the folding of the inner enamel epithelium (IEE), effectively
serving as the morphogenetic “blueprint” of the tooth. In contrast, the OES is subse-
quently shaped by enamel deposition, which can modify or even mask features initially
defined at the ED]J [26-28]. The extent of these modifications depends largely on enamel
thickness [11,29], highlighting the limitations of relying solely on OES-derived characters
for phylogenetic discrimination. The OES is more susceptible to homoplasy and rapid
evolutionary changes [29-31], whereas the EDJ is more evolutionarily conservative and
thus provides a more stable and reliable basis for reconstructing original morphology and
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analyzing phylogenetic relationships [26]. For these reasons, accurate reconstruction of the
ED]J is fundamental for recovering taxonomically informative features essential to the study
of human and non-human phylogeny. The recent advent of micro-computed tomography
(micro-CT) and the application of machine learning techniques, particularly deep learning,
have further revolutionized digital dental reconstruction. These technologies now enable
more accurate and comprehensive reconstruction of both partial and complete crowns,
overcoming many of the limitations of previous methods [18,32,33]. While traditional
geometric and interpolation-based techniques are often effective when a substantial portion
of the crown is preserved, they become less reliable as occlusal wear removes the external
enamel landmarks. By contrast, machine-learning approaches can leverage the stable
morphogenetic “blueprint” provided by the ED] to reconstruct original dimensions even
when the outer enamel surface is largely lost.

In this study, we present a morphometric approach centered on the analysis of the
enamel-dentine junction (ED]), capitalizing on its proven ability to preserve original tooth
morphology and phylogenetic information even in the presence of significant wear. To
address the challenge of estimating original cusp height in worn lower molars, we inte-
grate advanced machine learning techniques with three-dimensional morphometric data
obtained via micro-computed tomography (micro-CT). Our pipeline employs predictive
models, specifically Random Forest and multiple linear regression, trained exclusively on
unworn teeth and validated on an independent set of specimens after digitally simulated
wear. By combining these models in an ensemble framework, we ensure stable and robust
predictions across varying degrees of dental wear, achieving high accuracy with mean
errors typically below 0.25 mm for most cusps. To ensure the reliability of the results and
avoid data leakage, the validation is performed using a strict tooth-level split, ensuring
that the models are tested on individuals never seen during the training phase. This stan-
dardized and easily implementable methodology not only overcomes many limitations
of traditional reconstruction techniques but also enhances the accuracy, efficiency, and
reproducibility of dental reconstructions in both anthropological and clinical contexts.

2. Materials and Methods

This study is based on a dataset comprising 40 original permanent lower molars in
unworn condition (stage 1 [34]; 19 first molars, M1, and 21 second molars, M2) from four
hominin groups: Fossil Homo sapiens (Fossil_H_S, n = 6), Recent H. sapiens (Recent_H_S,
n = 8), Neanderthals (NEA, n = 3), and contemporary individuals (Contemporary, n = 23).
These teeth were selected according to the following criteria: (i) fully preserved M1 or M2
crowns with intact EDJ] morphology and no defects affecting cusp shape; (ii) availability of
high-resolution micro-CT scans suitable for precise EDJ segmentation; (iii) secure attribu-
tion to one of the four Homo groups listed above; and (iv) preservation of an unworn state
(stage 1 [34]), allowing original cusp height to be treated as a ground-truth reference for the
digitally simulated worn conditions. Within these constraints, the dataset was intentionally
designed as a proof-of-concept sample representing Homo lower molars with preserved
EDJ and high-quality imaging, rather than as a taxonomically balanced, demographically
representative population sample. The teeth span a temporal range from the Middle Pa-
leolithic to modern populations, providing broad taxonomic and chronological coverage
for morphometric analyses (Table 1). For all 40 teeth, measurements of cusp area, volume,
and height were taken in the original (unworn) condition. A subset of 30 teeth was then
randomly selected for model training, and for these teeth only the unworn state was used in
the predictive modelling. The remaining 10 teeth were reserved as an independent test set:
for these specimens, the original crowns were artificially worn to generate two additional
preservation states defined as wornl (“cusp pattern partially or completely obliterated; small
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dentine patches”, stage 3 [34]) and worn2 (“three or more small dentine patches”, stage 4 [34]).

These wornl and worn2 configurations of the 10 test teeth were used exclusively to eval-

uate model performance. For each configuration, area, volume, and cusp height were

measured for the five main cusps in M1s (protoconid, hypoconid, hypoconulid, entoconid,

and metaconid) and for the four main cusps in M2s (protoconid, hypoconid, entoconid,

and metaconid).

Table 1. Summary of analyzed teeth included in the study by taxonomic group and individual identifier.

Tooth_Type Species Tooth_Id

M1 Fossil H_S Die_Kelders_SAM_AP_6277
M1 Fossil_H_S Qafzeh_9

M1 Fossil H_S Qafzeh_11_M1
M1 Fossil H_S Skhul

M1 Recent_H_S Mb

M1 Recent H_S R605

M1 Recent_H_S R258_144

M1 Recent H_ S R1101

M1 Recent_H_S R1140

M1 Recent H_S R1160

M1 Recent_H_S R2602

M1 Recent H_ S ULAC_797

M1 NEA ABRISUARD_14_7
M1 NEA Krapina_53
M1 contemporary tooth_2

M1 contemporary tooth_19

M1 contemporary tooth_20

M1 contemporary tooth_43

M1 contemporary tooth_47

M2 contemporary M19

M2 contemporary M118

M2 contemporary R1989_1382
M2 contemporary R752_692

M2 Fossil H_S Qafzeh_11_M2
M2 Fossil H_S Qafzeh_26

M2 NEA Krapina_54
M2 contemporary tooth_15

M2 contemporary tooth_3

M2 contemporary tooth_14

M2 contemporary tooth_17

M2 contemporary tooth_37

M2 contemporary tooth_42

M2 contemporary tooth_45

M2 contemporary tooth_46

M2 contemporary tooth_49

M2 contemporary tooth_56
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Table 1. Cont.

Tooth_Type Species Tooth_Id
M2 contemporary tooth_58
M2 contemporary tooth_59
M2 contemporary tooth_64
M2 contemporary tooth_66

The fossil molars analyzed in this study, including Neanderthals, fossil Homo sapiens,
and recent Homo sapiens, were scanned using micro-computed tomography (micro-CT) at
two research institutions: the Max Planck Institute for Evolutionary Anthropology (Leipzig,
Germany) and the University of Ferrara. At the Max Planck Institute, the scanning was
performed with either a BIR ACTIS 225/300 industrial microscanner (BIR, Manchester, UK)
(130 kV, 100 pA, 0.25 or 0.50 mm brass filter) or a SkyScan 1172 microscanner (Bruker
microCT N.V,, Kontich, Belgium) (100 kV, 94 pA, 0.5 + 0.04 mm aluminum and copper
filter), resulting in voxel sizes of 30 um. To enhance image clarity, a three-dimensional
median filter (core size 1 or 3) was applied, followed by a medium variance filter of the
same size. This filtering protocol was designed to standardize grey levels across tissue
regions, improving the differentiation between enamel and dentine while preserving the
structural integrity of the enamel-dentine junction (EDJ) [27,35]. Contemporaneous indi-
viduals were scanned using micro-CT at the University of Ferrara, with a voxel size of
30 um. Scanning parameters included 70 kVp, 0.25 mm aluminum filtration, 360 projections
over 360°, and 0.5 mAs per projection, with a total scan time of 30 min per sample. Align-
ment optimization, beam hardening, and ring artifact corrections were performed using a
modified Feldkamp algorithm. The resulting micro-CT volumes were segmented using
Avizo 9.2 software (Thermo Fisher Scientific, Waltham, MA, USA). Three-dimensional mod-
els of the dental tissues (enamel, dentine, and the preserved portion of the pulp chamber)
were further refined in Meshlab (version 2025.07) to optimize triangle meshes and ensure
fully closed surfaces. Enamel and dentine were segmented in Avizo 9.0.1 based on 3D
voxel value histograms and grayscale thresholds, and the ED]J surface was generated with
unconstrained smoothing.

2.1. Post-Processing and Variable Extraction Procedure

The “original” models were obtained as illustrated in Figure 1. Each 3D model was
first imported into Meshlab (version 2025.07) software and oriented according to a cervical
reference plane (Figure 1a). This plane was used to align the tooth along the x-axis, with the
mesial side facing upwards (Figure 1b), ensuring consistent orientation across all specimens.
The cervical plane was then translated (offset) to the lowest point of the enamel-dentine
junction (EDJ) surface (Figure 1c). Once established, this plane served as the basis for
extracting the silhouette resulting from the intersection between the plane and the mesh
(Figure 1d). The mesh was subsequently trimmed to retain only the region of interest, from
the basin to the horn tips (Figure le). The resulting silhouette was filled to create a closed
mesh at the base of the digital model (Figure 1f), enabling the calculation of the coronal
volume. On the EDJ surface, grooves were traced to delineate the boundaries of each cusp
(Figure 1g), and these boundaries were then projected onto the silhouette to ensure precise
alignment with the cutting plane (Figure 1h). To further analyze cusp morphology, the
curves representing cusp boundaries were extruded using a mid-plane method, extending
orthogonally to the cutting plane in both directions (Figure 1i). This approach allowed for
the comprehensive capture of each cusp’s morphology (Figure 1j). As a result, a precise
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morphological subdivision of each cusp was achieved (Figure 1k,l), enabling the extraction
of all relevant variables for subsequent analysis (see also Figure 2).

a b C Lowest point
of the EDJ
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Hypoconid Entoconid

Hypoconulid

Figure 1. This figure illustrates the post-processing workflow applied to the original 3D tooth models,
using contemporary individual no. 19 as an example. (a) Micro-CT-derived 3D model of a lower
molar imported into MeshLab and oriented according to a cervical reference plane aligned along
the x-axis with the mesial side facing upwards. (b) Lateral view showing the cervical plane used
for consistent orientation across all specimens. (c) The cervical plane is translated (offset) to the
lowest point of the enamel-dentine junction (EDJ) surface, establishing the reference for subsequent
measurements. (d) Extraction of the silhouette resulting from the intersection between the cervical
plane and the mesh (purple outline). (e) The mesh is trimmed to retain only the region of interest, from
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the basin to the cusp tips. (f) The silhouette is filled to create a closed mesh at the base, enabling
calculation of coronal volume (smooth blue surface interpolating the cervical line). (g) Grooves
are traced on the EDJ surface to delineate the boundaries of each cusp (pink lines). (h) The cusp
boundaries are projected onto the silhouette, perfectly alienated with the reference plane (showed
here in lateral view) to ensure precise alignment with the cutting plane. (i) The curves representing
cusp boundaries are extruded orthogonally to the cutting plane using a mid-plane method (blue
extrusion shown for one cusp). (j) Complete 3D capture of individual cusp morphology after
extrusion. (k) Color-coded segmentation of all five cusps (Protoconid in green, Metaconid in blue,
Entoconid in orange, Hypoconid in grey, Hypoconulid in magenta). (1) Final 3D model with all cusps
individually segmented and labelled, enabling extraction of height, area and volume for each cusp
for subsequent machine-learning analysis.

Figure 2. Illustration of the main steps for cusp-level morphometric extraction. (a) Identification
and color-coded segmentation of individual cusps on the enamel-dentine junction (EDJ): Proto-
conid (green), Metaconid (blue), Entoconid (orange), Hypoconid (grey), Hypoconulid (magenta).
(b) Measurement of the area of each cusp, obtained by projecting cusp boundaries onto the cervical
reference plane. (c¢) Calculation of the volume of each cusp, extracted from the 3D segmented mesh
between the cusp tip and the cervical plane. This workflow enables the extraction of height, area and
volume for each cusp.

2.2. Simulation of Occlusal Wear Stages (Wornl and Worn2)

The second step involved generating the wornl (stage 3) and worn2 (stage 4) con-
ditions for each tooth by simulating two progressive stages of artificial wear (Figure 3).
First, the cutting plane was created at the level of the occlusal basin on the enamel-dentine
junction (EDJ), which standardizes the cutting process across different teeth and cusps.
This approach helps to avoid anomalies frequently caused by cervical pathologies such as
caries, which could otherwise alter the coronal integrity of the tooth. By aligning the plane
to the occlusal basin, the risk of intersecting invasive pathologies is minimized, ensuring
more consistent and reliable measurement. The plane was then offset vertically and parallel
to the original occlusal basin plane. While this vertical offset does not perfectly replicate
the natural, often inclined, dynamics of dental wear, this simplification is acceptable for
the current methodological framework because the model aims to predict cusp height
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regardless of wear inclination. This inclination does not impact the reconstruction since,
after predicting the cusp height value (where the operator inputs the volume and area of
the cusp), the exact position and orientation of the unworn cusp tip are determined based
on mesial and distal points of the worn dentine pit. This precise placement overcomes
the limitation posed by inclined wear planes [36]. The sectioning is performed at different
heights for each cusp to realistically replicate natural wear patterns and to rigorously test
the algorithm’s predictive capabilities. This method thus yields not only the predicted
unworn cusp height but also the accurate position of the unworn horn tip beyond the
constraints imposed by tilted wear planes.

WORN 1 WORN 2

Figure 3. Procedure for simulating artificial wear on each tooth. (a) Unworn tooth with EDJ outline
(green) and highest cusp point (red dot) for unworn and worn tooth. (b) Offset of occlusal basin
plane (blue line) upward (blue arrow) to define cutting plane for wornl and worn?2 stages. (c) Wornl
stage after sectioning at light wear level (cyan surface). (d) Highest cusp point (red dot/line) for
wornl1 as reference for worn2. (e) Occlusal view of artificial wear for wornl and worn2 (final worn
morphology). Legend: Red line/dot = highest cusp point/wear reference; blue line = occlusal basin
plane/cutting plane on EDJ; blue arrow = upward offset movement of the reference plane to generate
cutting planes for artificial wear simulation.

2.3. Predictive Modeling and Validation Strategies

Before the main analyses, we quantified inter-observer reliability on a subset of
10 lower molars (M1 and M2) independently measured by two trained operators. Inter-
operator agreement was quantified using intraclass correlation coefficients (ICC, two-way
random-effects model, absolute agreement) and Pearson’s correlation. Following this
reliability assessment, the full dataset was processed. For each tooth, three morphome-
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tric features which present, area (Figure 2b), height, and volume (Figure 3a,d,e), were
measured for each cusp under three wear conditions (unworn, wornl, and worn2). The
analysis included the protoconid, metaconid, entoconid, hypoconid, and hypoconulid
for M1 molars, and the protoconid, metaconid, entoconid, and hypoconid for M2 molars.
Data were processed in R (version 4.5.0) using the packages randomForest, caret, dplyr,
ggplot2, tidyr, reshape, Ime4, rstatix, and car [37-46]. Each specimen was assigned a unique
identifier to allow direct pairing of measurements across its unworn and worn states. To
ensure model robustness, we initially considered all specimens with a complete set of
measurements across all preservation conditions (1 = 40). These were then partitioned at
the tooth level into a training set (30 teeth) and an independent test set (10 teeth; see below).
To evaluate the influence of species on the raw morphometric variables, we performed
separate statistical tests on the unworn condition for each combination of variable and cusp.
Normality was assessed with the Shapiro—-Wilk test and homogeneity of variances with Lev-
ene’s test. Depending on these diagnostics, either parametric (ANOVA) or non-parametric
(Kruskal-Wallis) tests were used to compare means among the four species groups at a
significance level of « = 0.05. Although several cusp height and volume variables showed
significant interspecific differences, species was deliberately excluded as a predictor in the
subsequent modelling. Given the limited and taxonomically unbalanced sample (the small
number of Neanderthal and Fossil Homo sapiens molars), taxon-specific models or fully
stratified validation schemes would have been statistically unstable and at high risk of
overfitting. We therefore adopted a pooled modelling strategy across Homo and assessed
taxon-wise robustness post hoc by comparing prediction errors among species groups.
This choice was motivated by two considerations: (i) interspecific morphological variation
provides useful diversity in size and shape that can improve model generalizability; and
(ii) including species as a covariate would further increase the risk of overfitting given the
small and unbalanced sample. Thus, multi-species variability was treated as a source of
desirable heterogeneity rather than as an explicit explanatory variable. Because of anatomi-
cal differences between tooth types, notably the presence of the hypoconulid only in M1,
the dataset was subdivided into M1 and M2 molars, and separate models were built for
each type. For each cup, two regression models were developed: a Random Forest (RF)
model, to capture non-linear relationships, and a multiple linear regression (LM) model.
Random Forest models were fitted using the default settings of the randomForest package
(ntree = 100, mtry equal to the default number of predictors, and default nodesize), in
order to ensure stable behavior and to minimize overfitting given the limited training
sample. The response variable was the height of the cusp in the unworn condition, while
the predictors were the area and volume of the same cusp measured on worn teeth. Before
fitting the models, potential multicollinearity between area and volume was assessed using
the Variance Inflation Factor (VIF). For all cusps, VIF values remained below the threshold
of 5, indicating that both predictors could be jointly included. For a given observation ii,
the linear model was expressed as:

hunworn,i =Po + BlAworn,i + BZVworn,i + €

where hynworn i is the predicted original (unworn) cusp height for observation i; By is the
intercept; B1 and B, are the regression coefficients for cusp area (Ayom i) and cusp volume
(Vworn,i) measured in the worn condition, respectively; and €i represents the residual error.

To avoid data leakage, model development followed a hold-out strategy at the tooth
level. The 40 teeth were randomly partitioned into a training set of 30 teeth and an indepen-
dent test set of 10 teeth. This 30/10 (75/25) split was chosen as a pragmatic compromise
for a small dataset, providing sufficient training data for stable model fitting while retain-
ing a non-trivial independent test set to obtain conservative estimates of generalization
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performance on unseen teeth. The unique identifier ensured that each tooth, and all its
associated wear states, appeared in only one of the two sets. The models were trained
on the unworn (original) condition of the 30 training teeth to establish the baseline rela-
tionship between height, area, and volume. The final models were then applied to the
10 independent test teeth to predict their original cusp height from measurements taken
in the wornl and worn2 conditions. For each tooth-cusp combination, we obtained RF,
LM, and ensemble predictions (the average of RF and LM). Model performance on the
independent test set was quantified using RMSE, normalized RMSE (nRMSE, as a per-
centage of the mean original height), and R?. Finally, to investigate whether prediction
accuracy varied among taxonomic groups, we computed the absolute prediction error
| OriginalHeight — EnsemblePrediction | for the test set and compared these errors among the
four species groups using a Kruskal-Wallis test and epsilon-squared (e?) as a measure of
effect size. For analyses involving prediction error across taxa, we additionally computed a
tooth-level summary error by averaging the absolute ensemble error across all available
cusps for each tooth (worn2 condition). This tooth-level mean absolute error was then used
as the unit of analysis in non-parametric tests to account for the non-independence of cusps
within teeth.

2.4. Model Robustness

To evaluate model robustness with respect to training sample size and to assess the
stability of morphometric predictors, we additionally computed learning curves and per-
formed a bootstrap analysis of feature importance for two representative cusps (Protoconid
and Hypoconid). For each cusp, the sample was split at the tooth level into a training
set (30 teeth) and an independent test set (10 teeth). Learning curves were obtained by
repeatedly (30 repetitions per step) training the ensemble model on increasing numbers of
training teeth and computing the RMSE on the fixed test set. Feature importance stability
was assessed by resampling teeth with replacement (100 bootstrap iterations), refitting the
Random Forest component of the ensemble, and recording the increase in node purity for
worn height, cusp area, and cusp volume at each iteration.

3. Results

Intraclass correlation coefficients (ICC) were consistently very high (all > 0.99, with
the lowest ICC = 0.99 for Protoconid height and ICC > 0.999 for all other variables), and
Pearson’s r between operators exceeded 0.99 for every measure (Supplementary Table S1).
Mean absolute differences between operators were negligible (<0.3% of the Operator 1 value
for most variables, and at most ~1.3% for Protoconid height), indicating excellent repro-
ducibility of cusp measurements and supporting the robustness of the subsequent analyses.
Moreover, the highly standardized, stepwise workflow adopted for each tooth (from ED]
segmentation to cusp boundary delineation and measurement extraction), together with
the operators’ detailed anatomical knowledge of lower molar morphology, makes the
acquisition of cusp height, area, and volume values inherently unlikely to be affected by
gross measurement errors. Preliminary analysis of the morphometric variables (height,
area, and volume) of lower molar cusps in the original condition (M1 and M2 combined)
revealed heterogeneous patterns of interspecific variability among the four species groups
(Fossil Homo sapiens, Neanderthals, Recent Homo sapiens, and Contemporary humans). The
areas of all cusps (protoconid, metaconid, entoconid, hypoconid, hypoconulid) did not
exhibit significant differences between species (all p > 0.05; Supplementary Table S1). In
contrast, several height and volume variables displayed statistically significant interspecific
variation. The heights of the protoconid, metaconid, entoconid, and hypoconid differed
significantly among species (Kruskal-Wallis or ANOVA, all p < 0.01), whereas the height of
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the hypoconulid did not (p = 0.41). For cusp volume, only the protoconid and metaconid
showed significant interspecific differences (p = 0.015 and p = 0.0005, respectively), while
the other cusps did not (all p > 0.05; Supplementary Table S1). Overall, these results indicate
that cusp height, and to a lesser extent volume, are more sensitive than area to interspecific
differences in this sample.

For those variables showing significant differences between species, post hoc pairwise
comparisons were performed using Dunn’s test with Bonferroni correction to identify which
species pairs differed significantly (Supplementary Table S2). The most consistent and
pronounced differences were observed between the Contemporary group and both Fossil
and Recent Homo sapiens, particularly for cusp height variables and for the volume of the
metaconid. All four cusp heights (h_Protoconid, h_Metaconid, h_Entoconid, h_Hypoconid)
and V_Metaconid differed significantly in the contrasts Contemporary vs. Fossil H. sapiens
and Contemporary vs. Recent H. sapiens. V_Protoconid, differed significantly only between
Contemporary and Fossil Homo sapiens. In contrast, no significant differences were observed
between Fossil Homo sapiens and Neanderthals, nor between Neanderthals and any of the
other groups, for any of the variables analyzed (Supplementary Table S2).

3.1. Predictive Performance for Cusps

Model performance on the independent tooth-level test set (worn1 state) is summa-
rized in Table 2 and Figure 4. Models were trained on the original (unworn) measurements
of 30 teeth and tested on the wornl measurements of 10 previously unseen teeth, predicting
their original cusp heights. Preliminary checks on the training set confirmed that multi-
collinearity between area and volume was negligible, with Variance Inflation Factors (VIF)
consistently below 1.5 for all cusps. For the Protoconid, the ensemble model achieved an
RMSE of 0.450 mm, corresponding to a normalized RMSE (nRMSE) of 16.5% relative to
the mean unworn height, and an R? of 0.37. The Metaconid displayed the best overall
performance, with the lowest prediction errors (Ensemble RMSE: 0.273 mm; nRMSE: 11.1%)
and relatively high R? values, especially for the LM (R? = 0.73) and the ensemble (R? = 0.69).
For the Entoconid, prediction errors remained moderate (Ensemble RMSE = 0.332 mm;
nRMSE = 16.9%) with R? values around 0.32-0.39 across models. Predictive performance
was lower for the Hypoconid and Hypoconulid, which are more variable and, in the case
of the Hypoconulid, less frequently represented. For the Hypoconid, the ensemble yielded
an RMSE of 0.389 mm (nRMSE = 16.9%) and a modest R? of 0.12, while LM showed a
negative R? (—0.06), indicating unstable predictions on unseen teeth. For the Hypoconulid
(n = 19 total), the ensemble achieved an RMSE of 0.325 mm (nRMSE = 14.5%) but an R?
close to zero (—0.10), reflecting the limited sample size and higher uncertainty for this
cusp. Overall, the ensemble models provided balanced predictions, with normalized errors
ranging between 11% and 17% of the mean cusp height across the dental group (Table 2).

Table 2. Aggregate predictive performance metrics for each lower molar cusp in the worn1 condition.
Root mean square error (RMSE, in mm), coefficient of determination (RZ), and normalized RMSE
(nRMSE, %) are reported for the Random Forest (RF), multiple linear regression (LM), and their
simple ensemble (average of RF and LM predictions). N_samples indicates the number of teeth
included for each cusp.

RF LM Ensemble 2 2 Ensemble Ensemble
Cusp RMSE RMSE RMSE RE_R LM_R R? nRMSE % \-Samples
Protoconid 0.498 0.411 045 0.225 0471 0.367 16.5 40
Metaconid 0.418 0.253 0.273 0.261 0.729 0.685 11.1 40
Entoconid 0.368 0.316 0.332 0.167 0.387 0.323 16.9 40
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Table 2. Cont.
RF LM Ensemble 5 5 Ensemble Ensemble
Cusp RMSE RMSE RMSE RE_R LM_R R2 nRMSE % \-Samples
Hypoconid 0.361 0.427 0.389 0.238 —0.062 0.119 16.9 40
Hypoconulid 0.306 0.362 0.325 0.024 —0.369 —0.103 14.5 19
RMSE = root mean square error; nRMSE = normalized RMSE; R? = coefficient of determination; RF = Random
Forest; LM = multiple linear regression.
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Figure 4. Predictive performance of the models for each lower molar cusp using the independent
tooth-level split (training on original cusps, testing on worn1 cusps). The (left) panel shows the root
mean square error (RMSE) values, while the (right) panel reports the coefficients of determination
(R?) obtained with the Random Forest, multiple linear regression, and ensemble models. The figure
highlights differences in accuracy and explanatory power of the three modelling approaches across
the five analyzed cusps.

To assess the effect of more advanced wear, we repeated the evaluation using the
same 10 test teeth but considering only their worn2 state, while keeping the training set un-
changed (original measurements of the same 30 teeth; Table 3 and Figure 5). The same mod-
elling strategy adopted for wornl was applied: RF, LM, and ensemble models were trained
on unworn cusp heights and corresponding unworn area and volume and then tested on
worn2 measurements to predict the original heights. For each cusp, RMSE, R?, and nRMSE
were computed in an analogous way to the wornl analysis. When moving from wornl to
worn2, ensemble RMSE increased for four out of five cusps: from 0.450 to 0.501 mm for the
Protoconid (+1.9 percentage points in nRMSE), from 0.273 to 0.349 mm for the Metaconid
(+3.1 pp), from 0.332 to 0.396 mm for the Entoconid (+3.3 pp), and from 0.389 to 0.509 mm
for the Hypoconid (+5.2 pp). In relative terms, ensemble nRMSE reached 22.2% for the
Hypoconid, and R? values dropped markedly, becoming almost null or even negative for
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the Entoconid and Hypoconid. Only the Hypoconulid showed a slight improvement in
nRMSE (from 14.5% to 13.5%, —1.0 pp), although this result should be interpreted with
caution due to the small number of available teeth for this cusp (n = 19). A direct compar-
ison of ensemble performance across wear stages is provided in Table 4. Overall, these
patterns indicate that the prediction of original cusp height remains reasonably accurate
under moderate wear (wornl) but becomes progressively less reliable as wear advances to
worn2, particularly for the Hypoconid and Entoconid.

Table 3. Aggregate predictive performance metrics for each lower molar cusp in the worn2 condition.
Root mean square error (RMSE, in mm), coefficient of determination (R?), and normalized RMSE
(nRMSE, %) are reported for the Random Forest (RF), multiple linear regression (LM), and their
simple ensemble (average of RF and LM predictions). N_samples indicates the number of teeth
included for each cusp.

RF_ LM_ Ensemble_ 2 2 Ensemble_ o N_
Cusp RMSE RMSE RMSE RF_R LM_R R2 Ensemble_nRMSE_% Samples
Protoconid 0.509 0.498 0.501 0.189 0.224 0.215 18.4 40
Metaconid 0.437 0.299 0.349 0.191 0.622 0.484 14.2 40
Entoconid 0.428 0.386 0.396 —0.125 0.084 0.036 20.2 40
Hypoconid 0.516 0.512 0.509 —0.551 —0.531 —0.511 22.2 40
Hypoconulid 0.258 0.354 0.303 0.306 —-0.31 0.041 13.5 19
Root mean square error (RMSE), coefficient of determination (R?), Random Forest (RF), multiple linear regression (LM).
1.0 B Ensemble
0.5 M Linear Model
B Random Forest
0.4
0.5
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w
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Figure 5. Predictive performance of the models for each lower molar cusp evaluated on the more
advanced wear stage (worn2). The left panel shows the root mean square error (RMSE) values, while
the right panel reports the coefficients of determination (R?) obtained using Random Forest, multiple
linear regression, and the ensemble model. The figure illustrates the increased difficulty in height
reconstruction under advanced wear conditions, as evidenced by higher RMSE and lower (often
negative) R? values compared to the worn1 stage.
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Table 4. Comparison of ensemble performance between wornl and worn2 states.

ENS_

Cusp RMSE_w1

ENS_ ENS_nRMSE_
R2_wl wl_%

ENS_
RMSE_w2

ENS_ ENS_nRMSE_
RZ_ w2 w2_%

Delta_ Delta_
RMSE nRMSE_%

Protoconid 0.45
Metaconid 0.273
Entoconid 0.332
Hypoconid 0.389
Hypoconulid 0.325

0.501
0.349
0.396
0.509
0.303

0.215 18.4
0.484 14.2 0.076 3.1
0.036 20.2 0.064 33
—0.511 22.2 0.12 52
0.041 13.5 —0.022 -1

0.367 16.5 0.051 1.9
0.685 11.1
0.323 16.9
0.119 16.9

—0.103 14.5

3.2. Effect of Increasing Occlusal Wear on Predictive Performance (Worn1 vs. Worn2)

A direct comparison of ensemble performance between the wornl and worn2 condi-
tions is reported in Table 5. For the protoconid, ensemble RMSE increased from 0.450 mm
(nRMSE = 16.5%, R? = 0.37) in wornl to 0.501 mm (nRMSE = 18.4%, R® = 0.22) in
worn2, corresponding to an absolute increase of 0.051 mm and +1.9 percentage points
in nRMSE. For the metaconid, ensemble RMSE rose from 0.273 mm (nRMSE = 11.1%,
R? = 0.69) to 0.349 mm (nRMSE = 14.2%, R? = 0.48), with ARMSE = +0.076 mm and
AnRMSE = +3.1 percentage points. The entoconid showed a similar pattern, with ensemble
RMSE increasing from 0.332 mm (nRMSE = 16.9%, R? = 0.32) to 0.396 mm (nRMSE = 20.2%,
R? = 0.04), for a difference of +0.064 mm in RMSE and +3.3 percentage points in nRMSE.
For the hypoconid, ensemble RMSE changed from 0.389 mm (nRMSE = 16.9%, R? = 0.12)
in worn1 to 0.509 mm (nNRMSE = 22.2%, R? = —0.51) in worn2, with an absolute increase
of 0.120 mm and +5.3 percentage points in nRMSE. The hypoconulid represents the only
case in which ensemble RMSE and nRMSE decreased between the two wear stages: from
0.325 mm (nRMSE = 14.5%, R? = —0.10) in worn1 to 0.303 mm (nRMSE = 13.5%, R? = 0.04)
in worn2, corresponding to ARMSE = —0.022 mm and AnRMSE = —1.0 percentage point.
Overall, these results indicate that increasing occlusal wear generally reduces the accuracy
and explanatory power of cusp height reconstruction, with the strongest deterioration
observed for the hypoconid and entoconid.

Table 5. Comparison of ensemble model performance between wornl and worn2 states. Root
mean square error (RMSE), coefficient of determination (R?), and normalized RMSE (nRMSE, %)
are reported for each cusp, along with absolute differences (AA) between the two wear stages.
AA = difference (worn2 — wornl); pp = percentage points.

ENS_
RMSE_
wl

Cusp

ENS_ ENS_ ENS_ ENS_
RZ_ nRMSE_ RMSE_ R%_ nRMSE_
wl wl % w2 w2 w2 %

ENS_ Delta_ Delta_
RMSE nRMSE_%

(mm) (pp)

Protoconid 0.45
Metaconid 0.273
Entoconid 0.332
Hypoconid 0.389
Hypoconulid 0.325

0.367 16.5 0.501 0.215 18.4
0.685 11.1 0.349 0.484 14.2 0.076 3.1
0.323 16.9 0.396 0.036 20.2 0.064 3.3
0.119 16.9 0.509 —0.511 222 0.12 52
-0.103 14.5 0.303 0.041 13.5 —0.022 -1

0.051 1.9

Table S3 summarizes the observed and predicted cusp heights for the 10 indepen-
dent test teeth, providing a detailed overview of model performance across teeth and
cusps. For each tooth—cusp combination and wear state (wornl and worn2), the table
reports the original (unworn) height together with the corresponding predictions from
three models: Random Forest (RF_Prediction), multiple linear regression (LM_Prediction),
and the ensemble model (Ensemble_Prediction, computed as the mean of the RF and
LM estimates).

This structure enables a direct comparison between observed and predicted values for
each cusp and wear stage and illustrates how the different modelling approaches behave
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at the individual-tooth level. Overall, the results show that, for most cusps and teeth,
predictions are close to the original unworn heights, with mean deviations often below
0.25 mm, particularly under moderate wear (wornl). The ensemble model is especially
robust: by averaging RF and LM estimates, it tends to smooth out over- and under-
predictions of the individual models and provides stable, intermediate values that track
the observed heights more consistently across teeth and wear stages.

Graphical inspection of the results (Figure 6) confirms these patterns. For the pro-
toconid, metaconid, and entoconid, ensemble predictions generally lie very close to the
observed values across both wornl and worn2 conditions, with only a modest increase
in error under severe wear. For the hypoconid and, especially, the hypoconulid, devia-
tions from the original heights are larger and more variable, reflecting both the greater
morphological variability of these cusps and the smaller number of available teeth for the
hypoconulid. Nevertheless, even in these more challenging cases, the ensemble typically
performs at least as well as, and often better than, either RF or LM alone.
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Figure 6. Comparison between observed (original) and predicted cusp heights for the independent
test set (n = 10 teeth). Each panel represents a specific cusp. Green points indicate the original
unworn height, while colored points represent predictions from the Random Forest (orange), Linear
(blue), and Ensemble (red) models. Different symbols denote the wear state used for prediction.
The ensemble model consistently tracks the original height across different teeth and wear stages,
demonstrating high predictive stability.
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The variability observed among cusps and among teeth underscores that predictive
performance is inherently cusp-specific and sensitive to local morphology and data avail-
ability. Rather than relying on a single model type, the use of an ensemble provides a simple
yet effective way to obtain robust predictions across this heterogeneous landscape. Taken
together, Table S3 and Figure 6 indicate that the ensemble approach yields accurate and
generalizable reconstructions of cusp height at the tooth level, while making the behavior
of the models transparent for each individual specimen and cusp.

3.3. Model Robustness: Learning Curves and Feature Stability

To assess the robustness of the reconstruction models and their dependence on sam-
ple size, we computed learning curves for two representative cusps (Protoconid and
Hypoconid). For each cusp, the ensemble model was trained on increasing numbers of
teeth from the training set and evaluated on an independent hold-out set. Ensemble RMSE
decreased monotonically as the number of training teeth increased. For the Protoconid,
RMSE declined from approximately 0.40 mm (SD = 0.09) when training on 10 teeth to
about 0.35 mm (SD = 0.01) with 25 training teeth. For the Hypoconid, RMSE decreased
from ~0.40 mm (SD = 0.11) to ~0.29 mm (SD = 0.02) over the same range. The concomitant
reduction in the standard deviation of RMSE indicates that model performance becomes
increasingly stable as the training sample grows (see Supplementary Table S4 for full
numerical summaries). We also evaluated the stability of morphometric predictors via
a bootstrap analysis of Random Forest feature importance (100 resamplings at the tooth
level). For both Protoconid and Hypoconid, cusp volume and area consistently emerged
as the most influential predictors, followed by worn cusp height. For example, in the
Hypoconid, mean increase in node purity was 7.62 £ 1.43 for volume, 7.20 & 1.35 for area,
and 5.42 & 0.94 for worn height. The relatively low variability of importance scores across
bootstrap iterations indicates that the ranking of predictors is stable across different sam-
plings of the data, suggesting that the reconstruction models rely on a robust combination
of three-dimensional morphometric information and residual worn height rather than on a
single, unstable predictor (see Supplementary Table S5 and Figure S1).

3.4. Species-Related Variation in Prediction Error

To assess the robustness of the reconstruction across taxa, we examined whether the
prediction error of the ensemble model varied among species groups. A Kruskal-Wallis
test revealed significant differences in absolute error (| Original — Predicted | ) between
groups (p < 0.001, n?y = 0.426; Figure 7). Contemporary Homo sapiens showed the lowest
errors (median = 0.13 mm), followed by Fossil H. sapiens (median = 0.31 mm) and Nean-
derthals (median = 0.42 mm), whereas Recent H. sapiens displayed the highest median
error (0.73 mm). Despite these differences, the model maintained sub-millimetric accu-
racy for most groups, indicating that it can reliably reconstruct cusp heights even in the
presence of marked interspecific and population-level morphological variation within the
genus Homo.

When prediction errors were summarized at the tooth level by averaging the absolute
ensemble error across cusps (worn2), a Kruskal-Wallis test showed a similar trend, with
lower median errors in contemporary humans (0.14 mm, n = 5 teeth) and higher median
errors in Recent Homo sapiens (0.74 mm, n = 1 tooth), and intermediate values in Fossil
Homo sapiens (0.46 mm, n = 3 teeth) and Neanderthals (0.46 mm, n = 1 tooth), although the
global test did not reach conventional significance (p = 0.060, n?y = =0.733). This indicates
that the species-related pattern in prediction error is preserved when accounting for the
non-independence of cusps within teeth, despite the small and unbalanced sample size at
the tooth level.
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Figure 7. Boxplots of the absolute prediction error of the ensemble model across species groups. The
y-axis shows the absolute error (| Original — Predicted |, in mm) for cusp-height reconstructions in the
independent test set, and the x-axis reports the four taxonomic groups (Contemporary Homo sapiens,
Fossil H. sapiens, Neanderthals, Recent H. sapiens). Points represent individual tooth—cusp estimates.

4. Discussion

The reconstruction of original cusp dimensions in worn molars remains a major
challenge at the intersection of dental medicine, evolutionary biology, and prosthetic
rehabilitation. In this study, we show that a standardized machine learning pipeline based
on morphometric analysis of the enamel-dentine junction (ED]J) and high-resolution micro-
CT data can provide accurate estimates of original cusp height even in the presence of
substantial occlusal wear. Although prediction accuracy declines as wear severity increases,
particularly for highly variable cusps, the models consistently achieve sub-millimetric
errors for most cusps and across different hominin groups. In this way, our approach
directly addresses the loss of morphological information due to wear, a limitation that has
long hindered taxonomic attribution, functional reconstruction, and comparative analyses,
especially in paleoanthropology. Beyond the proof of concept, this work establishes a
reproducible and user-friendly workflow that can be readily adopted by other researchers.
The pipeline includes pre-trained models for all five major cusps, automated prediction
scripts, standardized data templates, and step-by-step documentation. Because it relies
only on standard morphometric measurements at the EDJ (height, area, and volume), the
method can be implemented without advanced expertise in machine learning, lowering the
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barrier to applying sophisticated reconstruction techniques in both clinical and evolutionary
contexts. Moreover, by digitally simulating progressive wear stages (wornl and worn2) on
originally unworn teeth, we could isolate the effect of increasing occlusal wear on model
performance while holding individual morphology constant, rather than conflating wear
with inter-individual variation.

4.1. Interspecific Variation and Model Generalizability

Preliminary analyses on unworn molars showed that interspecific differences are most
pronounced in cusp height and, to a lesser extent, in cusp volume, whereas cusp areas
remain relatively stable across species (Table 2). This pattern suggests that height and
volume are more responsive to functional and adaptive pressures, reflecting their central
role in occlusal dynamics, while occlusal area may be more tightly constrained by shared
biomechanical requirements [47-49]. The fact that the largest differences occur in the main
load-bearing cusps is consistent with hypotheses of dietary adaptation, whereas the relative
uniformity of more accessory cusps fits their less critical role in mastication [50]. These
findings naturally raise the question of whether species should be explicitly included as a
predictor in the reconstruction models. We chose not to do so, for two main reasons: (i) the
sample is taxonomically unbalanced, so adding species as an explanatory variable would
increase the risk of overfitting; and (ii) in many realistic paleoanthropological scenarios,
taxonomic attribution is uncertain or debated. Pooling all specimens into a single Homo
framework therefore reflects the intended use case: a tool that can be applied to worn
teeth without requiring prior, confident species identification. The analysis of prediction
errors across taxa supports this choice. Although absolute errors differ among groups, the
ensemble model maintains sub-millimetric accuracy for most of them, indicating that the
pipeline can tolerate a substantial degree of interspecific and intra-specific variation without
collapsing. The learning-curve analyses and the stability of feature importance further
reinforce this impression: as the number of training teeth increases, errors tend to decrease
and stabilize, and the relative importance of key predictors (particularly cusp volume and
area) remains consistent across bootstrap resamplings. Taken together, these observations
suggest that the models are capturing robust morphometric signals that generalize across
the genus Homo, rather than idiosyncratic patterns driven by a few atypical individuals.
Although we did not explicitly fit models including species as a predictor in this proof-
of-concept study, our analyses of interspecific differences in the raw morphometrics and
of species-related variation in prediction error provide empirical support for a species-
agnostic modelling strategy. Future work with larger and more taxonomically balanced
samples will be needed to test explicitly whether adding species or population labels as
covariates yields stable and practically useful improvements in reconstruction accuracy.

4.2. Effects of Occlusal Wear on Predictive Performance

At the cusp level, model performance clearly depended on both cusp identity and the
degree of wear. Under moderate wear (wornl), the ensemble models reached normalized
errors on the order of 11-17% of mean cusp height, corresponding to sub-millimetric
deviations for most cusps, with particularly good performance for the metaconid. This
level of accuracy is well within the range required for most evolutionary and clinical
applications. When the same models were tested under more advanced wear (worn2),
predictive accuracy declined systematically for the majority of cusps. Errors increased
and, in several cases, explained variance (R?) dropped towards zero or even negative
values, indicating that once a substantial portion of the crown is removed the residual
EDJ morphology becomes less informative for height reconstruction. The deterioration
was most pronounced in structurally variable cusps such as the hypoconid and entoconid,
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which combine complex geometry with greater sensitivity to wear. The hypoconulid
represented a partial exception, but its behavior must be interpreted with caution given
the small number of available teeth and its highly idiosyncratic morphology. Overall,
these patterns highlight a practical boundary condition of the method: reconstruction from
EDJ morphometrics remains feasible and accurate under moderate wear, but reliability
decreases as occlusal wear becomes severe, especially for morphologically complex or
sparsely represented cusps. This has direct implications for specimen selection and for the
level of confidence that should be assigned to reconstructions from heavily worn crowns in
both paleoanthropological and clinical contexts.

4.3. Model Architecture, Validation Strategies, and Cusp-Specific Calibration

Random Forests and multiple linear regression exhibited complementary strengths.
Random Forests were particularly effective at capturing non-linear relationships and in-
teractions, which are likely more relevant for cusps characterized by greater geometric
variability or complex EDJ topography. Linear models, by contrast, performed very well
for more regular cusps (such as the metaconid) and offered a transparent, coefficient-based
view of how height relates to area and volume. By combining the two in a simple ensemble,
defined as the mean of Random Forest and linear predictions, we systematically reduced
prediction variance and, for most cusps, obtained the lowest errors. This illustrates the
benefit of integrating algorithms with different bias—variance profiles even in a moderately
sized dataset. A central methodological aspect of this work is the explicit, cusp-specific eval-
uation of model behavior across wear stages under a strict tooth-level validation scheme.
All models were trained on unworn EDJ morphometrics and tested only on independent
teeth, in both wornl and worn2 conditions. This design allowed us to track how reconstruc-
tion accuracy changes as occlusal wear progresses, without ever mixing data from the same
tooth between training and testing or inflating performance by pooling correlated mea-
surements. Within this framework, clear cusp-specific patterns emerge. Some cusps, such
as the protoconid and metaconid, remain reliably reconstructable even under moderate
wear, whereas more morphologically complex or sparsely represented cusps, such as the
hypoconid and hypoconulid, are intrinsically more challenging. The detailed tooth-level
breakdown of predictions and the visual comparison between observed and predicted
heights show that ensemble estimates closely follow original values across the independent
test teeth, supporting the robustness and interpretability of the proposed pipeline. These
observations are further reinforced by the learning-curve and bootstrap analyses. As the
number of training teeth increases, prediction errors decrease and stabilize, and the relative
importance of key predictors, particularly cusp volume and area, remains consistent across
resamplings. Together, these findings indicate that the ensemble architecture is not only
accurate, but also grounded in stable and biologically plausible relationships between ED]
morphometrics and reconstructed cusp height, rather than being driven by sampling noise
or a few atypical individuals.

4.4. Evolutionary and Clinical Implications

From an evolutionary perspective, the ability to reconstruct original cusp height from
EDJ morphometrics has substantial implications for the study of dental evolution, phy-
logeny, and functional adaptation. By partially decoupling taxonomically and functionally
informative features from the confounding effects of wear, the method allows worn fossil
teeth to be reintegrated into comparative datasets [14—17]. This increases statistical power,
reduces sampling bias toward unworn or only mildly worn teeth, and enables more com-
prehensive reconstructions of dental evolution within Homo and across hominin lineages.
From a clinical perspective, the EDJ represents the structural template for the unworn outer

https:/ /doi.org/10.3390/app16031280


https://doi.org/10.3390/app16031280

Appl. Sci. 2026, 16, 1280

20 of 24

enamel surface [27]. Accurate estimation of original cusp height from EDJ morphology
therefore lays the groundwork for future prediction of complete coronal anatomy. In
prosthetic and restorative dentistry, such reconstructions could support more conserva-
tive, anatomically faithful occlusal designs that respect the patient’s original functional
morphology and occlusal scheme.

4.5. Limitations, and Future Directions

Despite the promising results, several limitations must be acknowledged.

First, the sample size is modest (n = 40) and taxonomic/cusp representation is uneven,
especially for the hypoconulid, which calls for caution when interpreting species-level
differences. At the same time, the learning-curve analysis shows a monotonic reduction
and stabilization of RMSE as training size increases, and the bootstrap analysis indicates
stable rankings of feature importance across resamplings (Supplementary Figure S1). To-
gether, these diagnostics suggest that the observed performance is not driven solely by
a small subset of unusual individuals, although broader and more balanced sampling
will be required to confirm interspecific patterns. Second, we used a hold-out validation
scheme specifically designed to mimic realistic scenarios in which models trained on a
reference set of unworn teeth must predict original dimensions in different individuals
and wear stages. Although this approach is conceptually appropriate and avoids data
leakage at the tooth level, future work should integrate stratified cross-validation and
more extensive hyperparameter optimization (where appropriate) and repeated/stratified
cross-validation to better quantify predictive uncertainty. Third, the current models rely
on a restricted set of morphometric predictors (area, volume, and worn height), whereas
a wealth of additional information resides in three-dimensional shape descriptors and
geometric morphometric landmarks. The choice of Random Forest (RF) and Multiple
Linear Regression (MLR) involves specific trade-offs: MLR offers high interpretability and
stable behavior in small samples but is limited to capturing linear relationships; conversely,
RF can flexibly model non-linear interactions without a priori functional assumptions [51],
but it is more prone to overfitting in small samples and its “black-box” nature can obscure
the underlying anatomical logic. Our ensemble approach aims to combine the robustness
and interpretability of MLR with the non-linear capacity of RF, at the cost of additional
complexity and without guaranteeing consistent gains across all wear stages or cusps.
Integrating richer descriptors, as well as curvature-based or topological features of the ED]J,
may substantially increase predictive accuracy, especially in highly worn crowns. In addi-
tion, the present implementation uses a simplified planar occlusal reduction to simulate
wear, which provides a controlled and reproducible framework but does not capture the
full complexity of physiological wear facets. The models are therefore validated under an
idealized wear configuration. Future work will need to incorporate sensitivity analyses to
different wear-plane orientations and more realistic, facet-based wear patterns in order to
better approximate clinical and archeological conditions. In the broader context of cusp re-
construction, our EDJ-based machine-learning approach complements, rather than replaces,
existing methods. Classic geometric or interpolation-based techniques typically operate on
the external enamel surface and are most effective when a substantial portion of the crown
is preserved. These methods are computationally simple and conceptually intuitive, but
they become less reliable when the outer enamel is heavily worn or damaged, even if the
underlying ED]J is intact. By contrast, the present framework is explicitly centered on ED]
morphometry (area, volume, and worn height), which can often be segmented accurately
from micro-CT scans even in severely worn molars. This makes it particularly suitable for
fossil specimens and for clinical cases in which external crown morphology is compromised.
Deep-learning and generative approaches, such as autoencoders or GAN-based models,

https:/ /doi.org/10.3390/app16031280


https://doi.org/10.3390/app16031280

Appl. Sci. 2026, 16, 1280

21 of 24

offer a powerful alternative for modelling high-dimensional, complex morphology [52,53]
and may ultimately capture more subtle shape variation. However, these architectures
generally require substantially larger and more homogeneous datasets than are currently
available for EDJ-based analyses and can be less straightforward to interpret in anatomical
terms. Given the small and taxonomically heterogeneous sample analyzed here, and our
focus on heavily worn crowns, we therefore opted for relatively simple, data-efficient
models (Random Forest and multiple linear regression) as an appropriate proof of concept,
and we identify formal quantitative comparisons with geometric and deep-generative
approaches as a key objective for future work. Finally, the present implementation focuses
on isolated molars; extending the pipeline to multiple teeth and to the full dental arcade
will be essential to capture occlusal relationships and arch-level functional constraints.
Addressing this limitation naturally motivates several methodological developments, in-
cluding (i) expansion of training sets across populations and taxonomic groups, aiming for
larger and more balanced datasets (e.g., >100 teeth) to enable robust population-level infer-
ence and finer taxonomic calibration; (ii) integration of advanced three-dimensional shape
analysis and deep-learning-based feature extraction; and (iii) development of integrated
software solutions, such as plugins for micro-CT platforms and web-based interfaces, to
facilitate use in clinical, museum, and field settings. Together, these developments would
further enhance the practical advantages of the present workflow, which already provides
a time-efficient and cost-effective alternative to more complex geometric reconstructions.
Notably, our approach relies on a free, open-source computational framework that requires
limited specialized expertise and no commercial software licenses, making it readily ac-
cessible for routine research and clinical applications. In this context, deep architectures
based on non-linear factorization and attention mechanisms [54,55], as well as multi-scale
descriptors such as wavelet-based representations of cusp contours, represent particularly
promising avenues. While such models could capture more subtle and spatially localized
EDJ features and help maintain predictive accuracy under severe wear conditions, their
reliable implementation will require substantially larger and more homogeneous training
datasets than are currently available. Together, these developments will be essential for
translating the present proof of concept into a routine tool for both research and practice.
Although the current study should still be regarded as exploratory, it already provides a
practical and user-friendly framework that can be applied to new samples to investigate
predictive reconstructions, while anticipating future methodological and software advances
that will further improve performance and integration into standard research and clinical
workflows. Potential applications include digital planning of full-coverage restorations,
reconstruction of worn dentitions, and customization of occlusal schemes in complex
rehabilitations, ultimately aiming to improve function, comfort, and treatment longevity.

5. Conclusions

By establishing and validating a robust pipeline for predicting original cusp height
from ED] morphometrics using machine learning, this study provides a new framework
for linking dental evolutionary research and clinical practice. Our results show that,
under moderate wear, ensemble models achieve high accuracy and sub-millimetric errors
across multiple cusps and species, while maintaining acceptable performance even at more
advanced wear stages for many structures. This capability enables the systematic inclusion
of worn teeth in quantitative morphometric and phylogenetic analyses, mitigating one
of the main barriers in paleoanthropological research. At the same time, the method
offers a principled foundation for reconstructing patient-specific occlusal morphology in
restorative and prosthetic dentistry, with the potential to improve functional outcomes and
anatomical fidelity. By making the workflow reproducible and accessible, and by explicitly
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addressing model generalizability across taxa, cusp types, and wear stages, this work
moves the field closer to a fully integrated, data-driven approach to dental reconstruction,
one that connects evolutionary history, biological form, and clinical function within a single
methodological framework.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/app16031280/s1. Table S1: Results of statistical tests on interspecific
differences in morphometric variables of lower molar cusps (original M1 + M2); Table S2: Results of
the Dunn’s test for multiple comparisons between species groups for the analyzed variable; Table S3:
Observed and predicted cusp height values for each tooth and analyzed cusp. Table S4: Learning
curve summary (ensemble RMSE and SD across increasing training sample sizes for Protoconid
and Hypoconid). Table S5: Bootstrap summary of Random Forest feature importance (mean + SD
of increase in node purity for cusp area, volume, and worn height in Protoconid and Hypoconid).
Figure S1. Model robustness: learning curves and feature stability. (A) Learning curves for the
ensemble model predicting original (unworn) cusp height for Protoconid and Hypoconid. Mean
RMSE (mm) on the independent test set is plotted against the number of training teeth; shaded
bands indicate +1 SD across 30 tooth-level resampling runs at each training size. (B) Random Forest
feature-importance stability assessed by bootstrapping (100 tooth-level resamplings). Violin/boxplots
show the distribution of increase in node purity for the three predictors (worn cusp height, cusp area,
and cusp volume), separately for Protoconid and Hypoconid, indicating a stable ranking of predictor
importance across resamples.
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