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ABSTRACT

Objectives: The medial epicondyle of the humerus has been considered particularly relevant for investigating past activity-
related skeletal changes. Yet, the characterization of these skeletal changes on the humerus has been challenging. This study
introduces a semi-automated cropping protocol to standardize the analysis of this anatomical region and its entheseal surfaces.

Materials and Methods: A landmark-based cropping protocol was established in 3DSlicer to capture the region of interest,
identified based on anatomical literature. Before applying this protocol, mesh resolution and orientation were standardized.
Repeatability and reproducibility were assessed in 20 humeri through landmark placement precision and cropped model surface
area.

Results: The final cropped surface effectively encompassed the entire entheseal region. Mean landmark distances were mostly
below 1 mm for intra-observer comparisons and more variable (between < 1 and 4 mm) for inter-observer comparisons. Distance-
based Intraclass Correlation Coefficients (dICC) were all above 0.99. Mean percentage errors between surface areas were pre-
dominantly below 5%, with the highest value at 10.39%. Intraclass Correlation Coefficient and Lin's Correlation Coefficient
values all exceeded 0.94.

Discussion: The proposed protocol offers a holistic approach to studying entheseal changes at the medial epicondyle while
accommodating morphological variation. Despite some subjectivity in landmark placement, the statistical results for both land-
mark placement and surface area found the method's observer error to be among the lowest in comparable studies. This method
provides a valuable tool for examining entheseal surface changes and morphology, with the potential, pending experimental
validation, to support research on reconstructing physical activity, pathological conditions, and human evolutionary adaptation.

1 | Introduction Dutour's (1986) pioneeringwork, thisanatomical area hasbeen con-

sidered particularly relevant for investigating past activity-related

The medial epicondyle of the humerus serves as a key anatom-
ical structure, anchoring the origin of the common flexors,
pronator teres muscle, and medial collateral ligament (MCL)
(Figure 1). These structures are responsible for wrist and finger
flexion, forearm pronation, and maintaining elbow stability. Since

skeletal changes (Capasso et al. 2004; Dutour 2000; Kniisel 2011;
Polet et al. 2019; Varalli et al. 2020; Villotte et al. 2010). This in-
terest stems from extensive medical research, particularly in oc-
cupational and sports medicine (e.g., Bucknor et al. 2016; Patel
et al. 2014), which shows that the medial epicondyle is frequently
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Summary

« A semi-automated cropping protocol was developed
to standardize the analysis of the humeral medial epi-
condyle and its entheseal surfaces.

« Intra- and inter-observer tests showed high reliability
in landmark placement and cropped surface areas.

affected by activities involving overhead throwing movements.
Baseball, especially pitching, has been thoroughly studied in this
context (e.g., Daruwalla et al. 2017), but other sports such as golf,
tennis, and bowling may also contribute to medial epicondyle
strain (Vangsness and Jobe 1991). Beyond sport-related activities,
occupations requiring repetitive and forceful pronation, such as as-
sembly line packing or hammering in carpentry, may pose similar
risks (Ciccotti et al. 2004; Shiri and Viikari-Juntura 2011; Walker-
Bone et al. 2012). In prehistoric contexts, comparable mechanical
stresses may have resulted from activities such as slinging projec-
tiles or ax use (Villotte and Kniisel 2014). However, bioarcheolog-
ical studies encounter a significant methodological challenge: the
changes observed in the medial epicondyle, particularly at the at-
tachment of the MCL, take highly varied forms that are difficult
to characterize.

The humerus has long been a focal point in bioarchaeology and
biological anthropology for reconstructing past human activity. Its
morphological adaptations, shaped primarily by manual loading
rather than locomotion, can be analyzed through biomechanical
analyses to gain insights into functional adaptations of past human
populations (e.g., Scherf et al. 2016; Sladek, Ruff, et al. 2016;
Trinkaus et al. 1994). Cross-sectional geometry reveals patterns
of robusticity and bilateral asymmetry (e.g., Profico et al. 2021;
Rhodes and Kniisel 2005; Shaw et al. 2012; Shaw and Stock 2009;
Sladek, Hora, et al. 2016; Sparacello et al. 2017; Stirland 1993), while
studies on structural measurements such as torsion (Churchill and
Rhodes 2009; Rhodes and Churchill 2009) and internal structures

Anterior view

Medial view

such as trabecular bone organization (e.g., Perchalski et al. 2018;
Scherfet al. 2016) further contribute to understanding biomechan-
ical adaptations (Scherf et al. 2016; Sparacello et al. 2017; Trinkaus
et al. 1994). Additionally, mechanical stress can induce patholog-
ical changes, particularly at entheses (Villotte et al. 2010; Villotte
and Kniisel 2014).

Entheses, i.e., sites where muscles, tendons, and liga-
ments attach to bone, began to be systematically studied in
the late 20th century to reconstruct past activity patterns
(Dutour 1986; Hawkey and Merbs 1995; Kennedy 1983). Early
studies focused on the qualitative recording of entheseal
changes, classifying them into stages of increasing develop-
ment (e.g., Hawkey and Merbs 1995; Robb 1998), but often
neglected the underlying etiology. Later researchers proposed
more standardized recording protocols (e.g., al-Oumaoui
et al. 2004; Mariotti et al. 2004, 2007) and incorporated bio-
medical data in their approach (e.g., Villotte 2006). These ef-
forts culminated in the development of the Coimbra method
(Henderson 2013), which considers different types of changes,
such as porosity and bone formation, reflecting the complexity
of entheseal changes. While qualitative methods are straight-
forward and equipment-free, they are inherently subjective
(Davis et al. 2013; Weiss 2015).

Quantitative methods offer a more objective way to study en-
theseal changes. Early efforts focused on 2D measurements
of entheseal size (Churchill and Morris 1998; Stirland 1993;
Wilczak 1998), but these have been criticized for captur-
ing limited spatial information (Henderson 2013; Nolte and
Wilczak 2013; Zumwalt 2005). Later approaches addressed
this by recording entheseal changes three-dimensionally.
Several studies have focused on recording entheseal profiles
(Feuerriegel 2016; Henderson 2013; Zumwalt 2005), but as 3D
techniques became more accessible, fully three-dimensional
approaches were embraced. This enabled the exploration of dif-
ferent aspects of entheses, such as 3D surface area as a measure
of entheseal size and surface topography (Bucchi et al. 2020;

Posterior view

FIGURE1 | Anatomical representation of the entheseal attachments at the medial epicondyle on a 3D model of a right humerus from the Scientific
and Educational Collection of PACEA, University of Bordeaux (TP 67) (after Buck et al. 2010; Fuss 1991; Ikezu et al. 2020; Labott et al. 2018;
Netter 2019). The indicated areas are (1) the articular cartilage, (2) the joint capsule, (3) the attachment site of the pronator teres muscle, (4) the attach-

ment site of the common flexor tendon (anterior aspect), (5) the attachment site of the medial collateral ligament (anterior bundle), (6) the attachment

site of the common flexor tendon (posterior aspect), (7) the attachment site of the medial collateral ligament (posterior bundle).
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Karakostis and Lorenzo 2016; Noldner and Edgar 2013; Nolte
and Wilczak 2013; Pany et al. 2008; Williams-Hatala et al. 2016),
entheseal shape (Abdel Fatah et al. 2012; Casado et al. 2019;
Karakostis et al. 2018), and topographical analyses to character-
ize surface changes (Karakostis 2025; Nikita et al. 2019; Wallace
et al. 2017).

However, these approaches also introduce new challenges. The
relationship between measurements and their biological signif-
icance is complex, and sensitivity to 3D resolution and tapho-
nomic damage—although the latter is also problematical for
qualitative methods—tends to pose great challenges to quanti-
tative approaches. Moreover, these approaches often contain a
level of subjectivity in delineating entheses, particularly in com-
plex regions like the humeral medial epicondyle. At this location,
multiple structures, including the origins of the common flexor
tendon, the pronator teres muscle, and MCL are situated adja-
cently, making it difficult to distinguish between them. Existing
methods generally focus on the common flexor origin (Hawkey
and Merbs 1995; Ieng et al. 2024; Robb 1998; Villotte 2006), and
less frequently on the pronator teres origin (Feuerriegel 2016),
with only Varalli et al. (2020) attempting to include the area of
the MCL.

This lack of comprehensive methods is particularly significant
because the medial epicondyle, and in particular the attach-
ment site of the MCL, has potential as an indicator of activity.
The region experiences significant stress when performing ac-
tivities involving overhead throwing movements (e.g., Bucknor
et al. 2016; Nakanishi et al. 1996; Patel et al. 2014), which can
lead to pathological surface alterations (Polet et al. 2019).
However, these alterations can take highly varied forms that are
difficult to characterize. The current study aims to address this
by proposing a standardized method for cropping the medial
epicondyle and its entheses. This will smooth the way for fu-
ture quantitative analyses of this region and ensure consistency
among studies.

2 | Materials and Methods
2.1 | Materials

The Scientific and Educational Collection of PACEA
(De la Préhistoire a 1'Actuel: Culture, Environnement,
et Anthropologie) Laboratory (UMR-5199, Université de
Bordeaux) served as the basis for constructing the protocol and
assessing its repeatability and reproducibility. Assembled in
the 1980s, this collection includes 102 human humeri, primar-
ily from post-medieval archeological sites in France's Gironde
region. A study sample of 20 humeri was selected based on a
previous study by Bourreau (2021), which aimed to capture a
broad range of morphological variation in the medial epicon-
dyle region. From the 102 humeri, specimens from physiolog-
ically mature adults with well-preserved medial epicondyles
were retained (N=438), followed by ranking the remaining hu-
meri based on the intensity of entheseal changes to select a rep-
resentative sample of 20. Within this selection, three humeri
with damaged trochleae were excluded and replaced with the
best-preserved alternatives. Although the sample aimed for an
equal distribution of right and left humeri, the final selection

included 11 left and 9 right specimens due to preservation con-
straints. Additional details about the study sample, including
laterality, degenerative changes, preservation, and size, are
available in S1.

All selected humeri were digitized using an Artec Space Spider
3D surface scanner with the accompanying Artec Studio 15
Professional software (Artec 3D Inc., Luxembourg). The scan-
ner was moved manually around each humerus, requiring four
to six scans at a speed of eight frames per second. After scan-
ning, the base of each model was manually removed using the
eraser tool, and the scans were automatically aligned. Global
registration was performed at a key-frame ratio of 0.1 mm,
while frames exceeding 0.1 mm error threshold were removed.
The next steps included outlier removal with a 3D resolution
of 0.1 mm, sharp fusion at the same resolution, small-object
filtering (“All except largest” option), and mesh simplification
using the “Shape deviation” option with a maximum deviation
of 0.01mm. The default settings were used when parameters
were not specified. The final 3D models were named “Model”
followed by a number from 1 to 20, and then exported in .obj
format.

10
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FIGURE 2 | 3D model of a right humerus oriented in anatomical
position.
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2.2 | Pre-Processing of 3D Models

3D models were standardized in resolution and orientation to
ensure reproducibility and facilitate comparisons. Mesh resolu-
tion was set at 22 faces/mm?, balancing preservation of topology
and simplification. Retriangulation and simplification were per-
formed automatically using the open-source software MeshLab
(Cignoni et al. 2008). Anatomical alignment was automated
using 3DSlicer's FastModelAlign module (Fedorov et al. 2012),
with reference to an oriented humerus model (Figure 2), avail-
able in the MorphoSource 3D repository. Technical details of
these procedures, including their automation, are provided in
Supporting Information S2-S5.

2.3 | The Cropping Protocol

This study aimed to develop a standardized methodology for
cropping the entheseal surfaces on the medial epicondyle,
with a focus on the MCL. However, the common flexor origin
and the MCL share an intimate relationship, creating a single
complex of fibrocartilaginous entheses with indistinct boundar-
ies between them (Milz et al. 2004). This structure can be de-
scribed as a “multi-enthesis organ,” where adjacent tendons or
ligaments share an attachment site (Benjamin et al. 2006), which
helps dissipate stress over a broader area. Therefore, the entire
entheseal surface was taken into account. To define the region
of interest, a thorough review of the anatomical literature was
conducted (Buck et al. 2010; Fuss 1991; Ikezu et al. 2020; Labott
et al. 2018; Netter 2019), and the findings were illustrated on a
three-dimensional model (Figure 1).

Given that the area lacks distinct anatomical boundaries, a
landmark-based approach was proposed to effectively capture
the variability of the medial epicondyle and its associated enthe-
ses. Six landmarks were used to guide the cropping process, as
defined by Horbaly (2023) (following Tallman (2013)) and Vance
and Steyn (2013) (Figure 3 and Table 1). These landmarks were
selected for their anatomical relevance, as they represent key
points that define the boundaries of the entheseal region and re-
flect the natural contours of the medial epicondyle. Landmarks
1 to 3 were used to define a plane that separated the entire me-
dial epicondyle from the humerus. This initial crop was then
refined by removing the medial trochlear border, using land-
marks 2 through 6 placed along the primary curve of the border.
The curve was resampled to fully encompass the border, using a
buffer zone to exclude most of the trochlea.

The base size of the buffer zone was determined empirically, de-
fined as the diameter (d) of the circumscribed circle of Landmarks
4 to 6, divided by 6, to account for variations in individual hu-
merus size. Given that the semilunar area is larger anteriorly,
this measure was adjusted to d/4 for the curve segment between
Landmarks 4 and 5. The spacing between points for resampling
was set to a slightly smaller value than that of the buffer zone—
that is, d/8—to ensure sufficient border coverage. This process
yielded two parts: the remainder of the trochlea and the isolated
medial epicondyle, with the latter retained for further analysis.

A Python script was developed to automate the placement of
landmarks 4 to 6 based on the bounding box of the model and

to execute the entire protocol as a batch process. Technical de-
tails and scripts can be found in Supporting Information S2, S6,
and S7. The cropping script works on right-sided humeri only
due to orientation requirements; when applied to a left humerus,
the selection of the cropped model is reversed. Left humeri that
had been mirrored for alignment and cropping can be reverted
to their original anatomical orientation using the script pro-
vided (S4).

2.4 | Repeatability and Reproducibility

The semi-automatic protocol requires limited user input to
place the landmarks. This introduces a degree of subjectivity.
To address this, reliability was assessed on two levels: (1) the
precision of landmark placement, and (2) the consistency of the
resulting cropped surface areas. Landmark data were collected
from the sample for all landmarks specified in the proposed pro-
tocol (Table 1). Of these, only three (LM1-3, that is, the medial-
most point of the olecranon fossa and the anterior and posterior
extremes of the medial margin/ridge of the trochlea) required
manual placement and were therefore further analyzed for
reliability.

The first author (E.L.), experienced with humeral specimens
and the 3D Slicer software, collected data across five sessions,
each at least 5days apart to mitigate learning effects. A second
observer (F.R.), familiar with general landmarking methods but
inexperienced with both humeri and the software, conducted
a single data-collection session following written instructions.
Both observers were blinded to prior measurements to reduce
bias. Additionally, the sequence of models and landmark place-
ments were randomized to control for order effects, learning
biases, and fatigue. After pre-processing, the landmark coordi-
nates were transformed and exported as .fscv files, which per-
mitted visual inspection of the model and landmarks to identify
random errors, such as an incorrectly numbered landmark.
Such errors were manually corrected.

Reliability assessments were performed using R (v4.3.2; R
Core Team 2023), RStudio (v2024.04.1.748; Posit team 2024)
and the packages “GUniFrac” (v1.8, Chen et al. 2023), “irr”
(v0.84.1, Gamer et al. 2012) and “DescTools” (v0.99.57,
Signorell 2024). Landmark placement precision was assessed
on a landmark-by-landmark basis to focus on individual pre-
cision rather than the entire configuration (Corner et al. 1992;
Hirst et al. 2018; Ross and Williams 2008; Von Cramon-
Taubadel et al. 2007). Given that the models were in a con-
stant frame of reference, direct comparisons were performed
by calculating Euclidean distances between corresponding
points. To accommodate the non-normal distribution of co-
ordinates and their non-monotonic relationships, a distance-
based Intraclass Correlation Coefficient (dICC) was used to
assess agreement within and between observers (Chen and
Zhang 2022). Standard error estimates were derived from
bootstrapping. Intraclass correlation coefficients (ICC) values
range from O to 1, with a value of 1 indicating complete agree-
ment. While there are no universal thresholds for acceptable
ICC values, Koo and Li (2016) provided general guidelines for
interpreting traditional ICC values: poor (<0.5), moderate
(0.5<x<0.75), good (0.75<x<0.9), and excellent reliability
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Anterior view

Medial view

Posterior view

N

FIGURE 3 | Illustration of the cropping protocol in anterior, medial, and posterior views. (A) Designation of landmarks. (B) The 3D model was
cropped using a plane defined by Landmarks 1-3. (C) Excision of the trochlear border based on Landmarks 2-6; the white line marks the boundary
between the two buffer zones. (D) Resulting crop of the medial epicondyle (highlighted in blue).

(>0.9). These guidelines, however, should be interpreted cau-
tiously in the context of dICC results.

The second part of the analysis assessed protocol reliabil-
ity by comparing the 3D surface areas of cropped models
(Schlager 2017). The cropping procedure used the collected
landmarks and followed the described script. Descriptive
statistics and percentage errors were calculated to compare

each pair of measurements. Percentage error (PE) was de-
fined as the absolute difference between two values, divided
by their mean, and then multiplied by 100. Correlation co-
efficients were used to analyze repeatability and reproduc-
ibility when normal distribution assumptions were met.
Agreement within and between observers was assessed using
the ICC (Gamer et al. 2012) as well as Lin's concordance cor-
relation coefficient (CCC) through pairwise comparisons
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(Lin 1989; Signorell 2024). The ICC, commonly used in simi-
lar studies, permits comparisons with the existing literature.
Lin's CCC complements the ICC by measuring precision and
accuracy, making it suitable for assessing agreement be-
tween continuous variables. As with the ICC, a value of 1 for
the CCC indicates complete agreement, whereas values can
range down to —1, representing systematic disagreement.
Although no universally accepted thresholds exist for CCC
interpretation, Altman (1999) recommended interpreting
values similarly to other correlation coefficients (e.g., val-
ues above 0.8 indicate excellent agreement, and those below
0.2 are considered poor). Some fields use more conservative
benchmarks, considering values below 0.9 as poor agreement
(McBride 2005).

TABLE1 | Overview of the landmarks selected for cropping.

Landmark Anatomical

number region Landmark definition
1 Olecranon Medial-most point of
fossa the olecranon fossa
2 Trochlea Viewed anteriorly:
proximomedial extreme
of the trochlea
3 Trochlea Viewed posteriorly:
proximomedial extreme
of the trochlea
4 Trochlea Distomedial extreme
of the trochlea
5 Trochlea Viewed medially: Anterior
extreme of the medial
margin/ridge of the trochlea
6 Trochlea Viewed medially: Posterior

extreme of the medial
margin/ridge of the trochlea

Note: Landmarks 2-4 were adapted from Horbaly (2023) (after Tallman (2013)),
whereas landmarks 1, 5, and 6 were loosely adapted from Vance and
Steyn (2013).

Anterior view

Medial view

3 | Results
3.1 | Assessment of the Cropped Model

The final cropped surface effectively encompassed the entire
entheseal region, as identified in the anatomical literature
(Figure 4, see S8 for the results of the full study sample). On the
anterior side, the boundaries of the cropped surface align closely
with the general contours of the region of interest, with an ad-
ditional margin of a few millimeters. On the posterior side, the
entheseal surface forms a right angle, resulting in a triangular
area as a cropping surplus beyond the entheseal surface. This
surplus reflected the geometric nature of the cropping process
and its interaction with the anatomical shape of the model.

3.2 | Reliability of Landmark Placement

Visual inspection of the collected landmarks revealed several
mislabeled points, which were subsequently corrected manually.
One data point from Observer 2 was excluded from the analysis
because of a significant error in placement, where Landmark
1 was placed anteriorly instead of posteriorly. The Euclidean
distance calculations for landmark placement are presented in
Figure 5, and further detailed in Supporting Information S9.

For Observer 1, the overall mean Euclidean distances across the
three landmarks remained consistently below 1 mm. Landmark
2 showed slightly larger distances, primarily influenced by the
higher distance values for models 6 and 9. These models also
demonstrated the largest distances for Landmarks 1 and 3.
Nonetheless, the remaining models had mean distances of less
than or approximately 1mm. When comparing the measure-
ments of Observer 1 to those of Observer 2, the mean distances
generally increased. For Landmark 1, most values remained at
or below 1 mm, while the majority of distances for Landmark 2
remained below the threshold of 1.5mm, with the higher dis-
tances again attributed to models 6 and 9. Landmark 3 showed
the greatest variability between the observers, with some mod-
els exceeding 3mm. Despite these elevated values, the low stan-
dard deviations (e.g., £0.2mm for many points) suggest that
differences in placement were systematic rather than random.

Posterior view

FIGURE4 | Visual comparison of the anatomical representation of entheseal attachments at the medial epicondyle (1) and the final 3D cropped

model (2), shown from anterior, medial, and posterior perspectives.
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The distance-based ICC analysis yielded values of 0.99 for both
intra- and inter-observer comparisons (Table 2, further detailed
in S9 Table S2.1), indicating excellent reliability. The confidence
intervals for the intra-observer tests (0.97-1.00) were slightly
narrower than those for the inter-observer tests (0.95-1.00), re-
flecting a higher consistency in repeated measures conducted
by Observer 1.

3.3 | Reliability of Resulting Cropped Model

When examining the cropped surface areas, the majority of the
mean PE results were below 5%, with nearly all values falling
under 10% for both the intra- and inter-observer comparisons
(Table 3, further detailed in S10 Tables S2.1 and S2.2). Overall,
the mean PE was 3.31% (+2.50%) for intra-observer comparisons

Euclidean distance (mm)

and 4.82% (+3.45%) for inter-observer comparisons. These re-
sults indicate that the measurements tended to be slightly more
consistent when taken by the same observer than when taken
by different observers. Most models exhibited standard devia-
tions below 4%, reflecting consistent error measurements. The
highest intra-observer variability was observed in Model 9, with
a mean PE of 6.24%. However, specific comparisons between
measurement series for this model showed even greater variabil-
ity, with some values reaching up to 11.98%. For inter-observer
comparisons, the greatest variability was found in Model 11,
with a mean PE of 10.39% and a peak value of 13.51%.

As the Shapiro-Wilk test did not show evidence of non-
normality (p>0.05) (see S10 Table S3.1), correlation coeffi-
cients were calculated. All values exceeded 0.94, supporting
the agreement between measurement series. The ICC value for

Comparison

E Intra-observer

. Inter-observer

2 3

Landmark

FIGURE 5 | Summary boxplots of Euclidean distances between landmarks. Intra-observer distances represent the distances between all combi-
nations of corresponding points across five sets placed by the same observer (N=10). Inter-observer distances compare the distances between the
points placed by Observer 2 and each of the corresponding points in the five sets placed by Observer 1 (N=5). The detailed results are available in

S9 Tables S1.1 and S1.2.

TABLE 2 | Distance-based intraclass correlation coefficient (dICC) results.

Distance-based intraclass

95% Confidence interval

correlation coefficient Systematic error Lower bound Upper bound

Intra-observer

Landmark 1 0.999 0.014 0.971 1.000

Landmark 2 0.998 0.012 0.972 1.000

Landmark 3 0.999 0.010 0.979 1.000
Inter-observer

Landmark 1 0.999 0.024 0.953 1.000

Landmark 2 0.998 0.019 0.960 1.000

Landmark 3 0.992 0.019 0.955 1.000

Note: The ICC was calculated with 100,000 bootstrap iterations. The intra-observer results included all five observation sets from Observer 1. Inter-observer results
compare the average of Observer's sets with the single set from Observer 2. Comparisons between each set of Observer 1 and Observer 2 are detailed in S9 Table S2.1.
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TABLE 3 | Summary of the percentage of error (PE) for 3D surface
area (mm?).

Intra-observer Inter-observer

Standard Standard
deviation deviation
of the of the
Mean mean Mean mean
Name PE (%) PE (%) PE (%) PE (%)
Model 1 3.48 2.01 4.36 2.80
Model 2 1.80 1.44 1.56 1.48
Model 3 4.18 2.98 5.51 3.57
Model 4 1.81 1.31 1.29 1.53
Model 5 2.24 1.51 5.53 1.88
Model 6 2.82 1.70 7.83 2.29
Model 7 2.14 1.32 1.92 1.75
Model 8 4.25 2.77 7.57 3.53
Model 9 6.24 3.49 8.05 4.99
Model 10 1.98 1.16 3.75 1.60
Model 11 4.13 2.79 10.39 3.46
Model 12 4.12 2.42 5.15 3.33
Model 13 4.83 3.13 5.29 4.01
Model 14 4.23 2.32 3.76 2.76
Model 15 1.96 1.23 2.29 1.61
Model 16 2.47 1.96 4.97 2.19
Model 17 2.03 1.13 3.94 1.62
Model 18 4.77 3.04 4.89 3.87
Model 19 4.92 2.89 3.60 1.86
Model 20 1.83 1.19 — —
All models 3.31 2.50 4.82 3.45

Note: Intra-observer results represent the errors between all combinations of
corresponding measurements (N =10) across all sets placed by Observer 1 (Sets
1A to 1E). The inter-observer results show the PE between the measurements by
Observer 2 (Set 2A) and each of the corresponding datasets of Observer 1 (N=15).
The detailed results are available in S10 Tables S2.1 and S2.2.

the intra-observer test was 0.98, while for the inter-observer
tests they ranged between 0.95 and 0.98 (Table 4). Similarly,
Lin's CCC values ranged from 0.96 to 0.99 for the intra-
observer assessments, while the inter-observer assessments
showed slightly more variation, ranging from 0.95 to 0.98
(Figure 6, further detailed in S10 Table S3.2 and Figures S3.1
and S3.2).

4 | Discussion

A cropping protocol was established to extract the area of in-
terest, yielding generally positive results. The final cropped
surface encompassed the entire entheseal region of the medial
epicondyle, including an additional margin. The presence of a

margin can be considered an advantage, as the boundaries of
the entheseal surface are not always easy to delineate. It is im-
portant to note that, due to inherent anatomical variability and
the lack of direct soft tissue data, especially in archeological
samples, our protocol captures a generalized entheseal region
based on anatomical literature, rather than the exact individ-
ual tendon footprints. Other studies have addressed this chal-
lenge using different approaches. For instance, the Validated
Entheses-based Reconstruction of Activity (V.E.R.A.) method
delineates entheses based on the surface elevation using im-
aging filters (Karakostis and Harvati 2021; Karakostis and
Lorenzo 2016). Consequently, the traced area does not align
precisely with the footprints of the entheses, nor is it intended
to. Ieng et al. (2024) applied this protocol to the medial epi-
condyle of the humerus. When compared to the anatomical
literature (e.g., Figure 1), their approach primarily captures
the common flexor origin while also including parts of the
pronator teres muscle and MCL area, leaving some parts of
the entheseal surface unaccounted for. In contrast, our proto-
col aims to encompass the full entheseal surface of the medial
epicondyle, providing a more comprehensive representation
for further analysis.

Moreover, multiple studies applying the V.E.R.A. method
excluded individuals with osteophytic or osteolytic lesions,
generally larger than 1mm, from their samples (Bousquié
et al. 2022; Karakostis and Harvati 2021; Karakostis and
Hotz 2024; Karakostis and Lorenzo 2016). This criterion,
based on Benjamin et al. (2000), was intended to eliminate
entheses affected by degenerative, inflammatory, or metabolic
factors, ensuring a stronger link to mechanical loading in the
remaining sample. While this approach helps control for po-
tential pathological influences on entheseal morphology, it
also limits the range of surface variations considered. In con-
trast, the cropping method presented here did not systemati-
cally exclude individuals based on lesion size but allows for a
certain degree of variation. This suggests that, up to a certain
threshold, the protocol remains reliable in terms of measure-
ment repeatability and reproducibility, even in the presence of
entheseal alterations. Depending on their research question,
researchers may choose to exclude specimens with indications
of pathology, as done in previous studies, or include them to
assess their impact on measurements and on the inferred ac-
tivity reconstructions. Although experimental validation is
necessary to determine if incorporation of these variations
provides meaningful insights in entheseal-based reconstruc-
tions of physical activity, this cropping method offers a frame-
work to explore the relationship between physical activity
and entheseal changes. Other studies (e.g., Castro et al. 2022;
Turcotte et al. 2022) have shown reliable links between en-
theseal morphology and activity under controlled conditions.
While not validated here, the current protocol could be tested
similarly in future research.

Overall, the approach presented in this article offers a more
holistic perspective to the study of entheses at the medial epi-
condyle, as it captures all relevant entheseal surfaces, effectively
representing the complete “enthesis organ”.

A notable strength of the protocol is its flexibility to account
for individual morphological variation through the use of
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TABLE 4 | Results of the intraclass correlation coefficient (ICC) calculation for the 3D surface area using the single-rating, absolute agreement,

2-way random-effects model.

95% Confidence interval

F test with true value 0

Observer and observation sets ICC Lower bound Upper bound Value dfi df2 Sig.
Intra-observer (N =20)
1A,1B,1C, 1D & 1E 0.977 0.957 0.990 230.390 19 74 <0.0001
Inter-observer (N=19)
1&2A 0.966 0.713 0.991 115.469 18 4 <0.0001
1A & 2A 0.951 0.753 0.985 64.345 18 5 <0.0001
1B & 2A 0.951 0.501 0.987 90.593 18 3 0.002
1C & 2A 0.979 0.926 0.993 126.370 18 9 <0.0001
1D & 2A 0.951 0.811 0.983 55.645 18 8 <0.0001
1E & 2A 0.958 0.703 0.988 87.539 18 4 <0.0001

Note: For the intra-observer comparisons, which use the observation sets of Observer 1 (Sets 1A to 1E), the sample size is N=20. For the inter-observer comparisons,
which involve the observation sets of Observer 1, their average (Set 1) and Observer 2 (Set 2A), the sample size is N=19.

1A

1B

ic

1D

1E

2A

Observer 1

Coefficient

1.00
I 0.99
0.98

0.97
0.96
0.95

0.948 Observer 2

1A iB ic

1E 2A

FIGURE 6 | Overview matrix of Lin's Concordance Correlation Coefficients (CCC). This matrix displays pairwise comparisons of CCC values for

3D surface area measurements of the cropped models. Intra-observer coefficients were calculated using data from 20 individuals across all sets of

Observer 1 (1A to 1E), while the inter-observer analysis involved 19 individuals, comparing Observer 2's results (2A) with each measurement series

from Observer 1. The detailed results are available in S10 Table S3.2.

landmarks and measurements. However, similar to other 3D
methods for assessing entheses, the cropping protocol retains
a degree of subjectivity. Overall, intra-observer variability was
low, with most Euclidean distances below 1 mm, indicating
high precision in repeated measurements by a single observer.
The inter-observer results, while generally exhibiting larger

distances, still suggest reasonable consistency, particularly for
Landmarks 1 and 2. Outliers identified within and between
observers highlight cases where landmark placement might
be inherently more challenging. Upon closer inspection of
the relevant models, the highest values for Landmark 1 cor-
responded to individuals with a less pronounced transition
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between the olecranon fossa and medial epicondyle, making
it more difficult to place the landmark accurately. Even with
this variability, the distances for this landmark are generally
low (0.90 +0.59 mm), and landmark placement can be consid-
ered stable. Regarding Landmarks 2 and 3, the highest values
corresponded mostly with individuals in whom the interpreta-
tion of the “trochlear border” could be considered ambiguous.
In these cases, there was a distortion of the articular margin,
expressed as a raised and/or thickened rim, or the rim did not
correspond to the articular margin. For Landmark 3, the re-
sults indicate higher distances in inter-observer comparisons
(2.12+1.27mm), but in many instances, the standard devia-
tions remain low (< 0.30 mm). This suggests that Observer 2's
measurements consistently deviated from the stable measure-
ments of Observer 1. This discrepancy could be interpreted as
the result of the difference in experience level between the ob-
servers. Potential strategies to mitigate this variability include
training observers to become more familiar with the biologi-
cal landmarks and the variability in their expressions prior to
performing the formal cropping, as demonstrated in several
studies (e.g., Shearer et al. 2017). Additionally, including the
model texture and/or improving the lighting to observe the
bone surface more clearly could improve precision.

The findings of this study appear to be consistent with existing
literature evaluating 3D landmark placement precision through
Euclidean distance. For example, Olszewski et al. (2008) re-
ported mean intra-observer distances of less than 1.5mm and
inter-observer distances of <2mm for cranial landmarks placed
on surface renderings derived from CT scans. Similarly, Corron
et al. (2022) examined agreement and error rates in 3D virtual
non-adult crania and found that landmark placement variation
was generally within a 5mm range. For dental landmarks, pre-
cision tended to be higher, with most permanent and deciduous
cervical landmarks placed within a 2mm range for both ob-
servers. This is likely due to the smaller, more clearly defined
surfaces of the teeth, which permit clearer identification of land-
marks. No similar studies for the humerus were identified in
the current literature. While the results in this study align with
prior research, establishing an appropriate threshold for preci-
sion remains challenging (cf. Hirst et al. 2018). Such thresholds
depend not only on the scale of the study object (e.g., cranium
vs. teeth) and the nature of the selected landmarks but also on
the required level of measurement precision for a specific study.

The distance-based ICC provides an additional perspective on
landmark placement. When interpreted similarly to traditional
ICC metrics, these results indicate a high level of agreement in
landmark placement (dICC>0.99), both within and between
observers. However, the acceptable level of variation ultimately
depends on the intended application and the potential impact of
this variability on the study results, which in this study is the
cropping of the medial epicondyle.

Differences between the cropped models were assessed by com-
paring their 3D surface areas. The percentages of error predom-
inantly fell below 5%, and almost all fell under 10%. As for the
landmarks, inter-observer comparisons generally had higher
mean values, though this was not consistent across all models.
Notably, the models identified as having outliers in landmark

placements did not always correspond to those with high per-
centage errors in surface areas. This suggests that other fac-
tors, such as morphological variation among models, could also
influence the results. Overall, variation within and between
observers appears limited, a conclusion supported by the cor-
relation coefficients (all above 0.94). Following the guidelines
of Koo and Li (2016) for ICC interpretation, excellent reliability
was observed for both intra- and inter-observer tests. Lin's CCC
results mirrored these findings, further reinforcing the idea that
any systematic bias present is likely minimal. Although inter-
pretation guidelines for this coefficient vary, even the more con-
servative standards suggest a substantial strength of agreement
across all observation sets.

Several studies have explored the 3D analysis of entheses. Nolte
and Wilczak (2013) proposed a method delineating entheses on
dry bone, followed by scanning and measurement, reporting
mean intra-observer error ranging from 12.58% to 16.65% for a
sample of 25 radii. Noldner and Edgar (2013) applied a similar
method to seven entheses on upper limb elements, finding intra-
observer error rates between 10% and 15% (N=12), compara-
ble to those reported by Nolte and Wilczak (2013). In contrast,
Williams-Hatala et al. (2016) performed delineation directly on
3D models of metacarpals (N=5), with mean intra- and inter-
observer errors of 2.6% and 4.0%, respectively. Using the V.E.R.A.
method, Ieng et al. (2024) reported mean intra-observer errors
ranging from 1.83% to 3.23% for four entheses/entheseal groups
on the humerus (N=23), including the common flexor origin,
although their calculation method differed slightly. Other stud-
ies employing the V.E.R.A. protocol to analyze hand entheses in
humans and hominids have reported intra-observer percentage
errors from 0.09% to 4.80% (N=5 or 6), albeit also calculated
with slight methodological differences (Kunze et al. 2024, 2022).
In this context, the mean intra- and inter-observer errors in the
present study (3.31% and 4.82%, respectively) fall within the
lower range of observer errors.

Previous research utilizing the V.E.R.A. protocol has also re-
ported Lin's CCC values for entheseal surfaces, with intra-
observer values ranging from 0.88 to 0.99 for human and
hominin hand entheses (N=>5 or 6) (Bousquié et al. 2022; Kunze
et al. 2024). For the humerus, Ieng et al. (2024) reported intra-
observer Lin's CCC values between 0.94 and 0.97 (N=23) and
inter-observer values between 0.87 and 0.99 (N=5 or 7). Among
these studies, only Ieng et al. (2024) calculated ICC values,
which were between 0.97 and 0.99 for the inter-observer com-
parisons. It is worth noting that the limited sample size of some
of the mentioned studies (N=5-7) may have influenced the cor-
relation coefficient, potentially reducing the ability to accurately
detect true agreement levels and resulting in broader confidence
intervals, which were not provided in the studies. Nonetheless,
numerous studies on the V.E.R.A. protocol, including the orig-
inal larger-sample study by Karakostis and Lorenzo (2016)
(N=50), have consistently demonstrated high measurement
repeatability across different observers from diverse institu-
tions, species (primate and laboratory), long bones, and enthe-
ses (Bousquié et al. 2022; Castro et al. 2022; Kunze et al. 2022,
2024). When comparing these findings with those of the pres-
ent study (intra-observer: Lin's CCC 0.96-0.99, ICC 0.98; inter-
observer: 0.95-0.98 for both Lin's CCC and ICC), the results

10 of 15

American Journal of Biological Anthropology, 2025

85UB01 SUOWILIOD SAERID |qedl|dde auy Ag pauench a1 Sapie YO ‘2SN JO S9N 10} ARG BUIIUO 4811 UO (SUORIPUOD-PUB-SWLBILIOD" A3 1M ARe1q 1 pU1UO//SARY) SUORIPUOD PUe SWB L 33 885 *[G202/TT/ZT] uo Ariqriauliuo Aojim * AIOSIH BINEN JO WIesniy [UOHEN - 830]1IA Uensedps Aq 00T0L ed le/Z00T 0T/10p/w00" A 1w AReiq 1pulUO//SARY Woiy popeo|umod ‘v ‘G202 ‘T69.269C



appear broadly similar, although the larger sample size may lend
additional robustness to the findings of the current study.

4.1 | Limitations

This technique is not without limitations. The time and cost of
3D data acquisition may restrict its accessibility. Nevertheless,
the ability to reuse 3D data and preserve osteological collections
offers valuable opportunities for long-term research and data
sharing. The protocol emphasizes accessibility by using open-
source software for data processing, and with automated scripts
and some familiarity with these tools, the processing time can
be reduced to less than a minute per model. This efficiency
makes it more feasible for broader research use despite initial
time investments.

The subjectivity in the placement of landmarks remains a con-
cern as it can affect the consistency of results. Yet, observer tests
indicate that variation in landmark placement generally falls
within acceptable ranges, with 3D surface area variation falling
within the lower range in comparable studies. Targeted training
could further minimize variability, as has been demonstrated in
other studies (e.g., Shearer et al. 2017).

Pathological lesions may introduce additional variability. While
lesions on the medial epicondyle itself generally do not affect the
cropping process, severe changes in the distal articular surface
could complicate manual landmark placement. Specifically,
marginal lipping or loss of morphology in the distal articular
surface could make the anatomical landmarks less distinct,
thus reducing the accuracy of placement. However, our study
included humeri with minor degenerative changes, and these
did not correspond to the models with the lowest landmark re-
liability. That said, the extent of variability in more severe cases
remains to be fully explored.

The condition of the cortical bone surface, which can degrade
post-mortem, presents another challenge. Limited preservation
of skeletal elements, especially the trochlear border that serves
as a reference point, can pose difficulties. This issue could be
addressed through reconstruction techniques, such as scaling
other well-preserved medial epicondyles to create a reference
model or using software for reconstructing missing elements,
thus maintaining study integrity (e.g., Gunz et al. 2009; Jani
et al. 2020; Lautenschlager 2016).

Lastly, the method includes a margin around the entheseal sur-
face, which makes it unsuitable for using it directly as the 3D
entheseal surface area. Notably, the larger margin on the pos-
terior side of the crop remains a concern, as it was not possible
to objectively decrease this margin at this stage. Nevertheless,
given the typically minimal changes in this region, this is con-
sidered a minor shortcoming. Despite this, the approach does
ensure that the entire medial epicondyle is included, even in
cases where entheseal margins may be hard to distinguish. At
the same time, the increased complexity of the analyzed sur-
face poses challenges in interpreting the relationships between
observed changes and underlying biomechanical processes.
Future research could refine the approach to enable more de-
tailed analyses of the individual entheseal surfaces, although a

more comprehensive understanding of the footprint of the dif-
ferent entheses is needed.

5 | Conclusions

This study presents a semi-automated method for acquiring
surface models of the medial epicondyle of the human humerus
that is both repeatable and reproducible. By capturing the en-
tire entheseal surface, the technique offers a new approach
for characterizing the highly varied surface alterations in this
area, which has been challenging to date. The inclusion of the
entire entheseal surface enables a detailed analysis of surface
changes and morphology, providing a foundation for more ad-
vanced quantitative studies such as 3D topographical analysis.
Consistent identification of the region of interest is ensured by
the protocol’s use of anatomical landmarks to guide cropping,
with observer testing showing low error rates. This makes it one
of the more repeatable and reproducible approaches among com-
parable studies. Further improvement may be possible through
targeted observer training or user-guided automated landmark-
ing methods (e.g., Porto et al. 2021). Moreover, the method could
be improved by reducing the posterior margin of the cropped
area and by applying the proposed strategies to deal with tapho-
nomically damaged surfaces.

Despite these limitations, the proposed cropping method can be
considered a valuable tool for analyzing the complex entheseal
surface of the humeral medial epicondyle. It paves the way for
future analyses of this region and guarantees consistency be-
tween studies. While this method holds promise for exploring
the relationship between entheses, pathology, and physical ac-
tivity, as well as placing these findings within a broader con-
text, such as the biomechanics of the elbow and upper limb (e.g.,
Ibafiez-Gimeno et al. 2013), its potential applications in activity
reconstruction remain contingent on experimental validation
under controlled conditions. Future research could also focus
on adapting the method to other complex anatomical regions,
such as the lateral epicondyle of the humerus, as well as testing
its applicability to other primate species. As such, this method
can serve as a stepping-stone to a wider range of research ap-
plications, from investigating palaeopathological conditions
affecting entheses to making broad comparisons of this ana-
tomical region in living and fossil primates, and thereby con-
tribute to our understanding of human adaptation, variability,
and evolution.
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