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Background: While current preoperative and postoperative assessment of the fractured and surgically
reconstructed calcaneus relies on computed tomography (CT)-imaging, there are no established methods
to quantify calcaneus morphology on CT-images. This study aims to develop a semi-automated method for
morphological measurements of the calcaneus on three-dimensional (3D) models derived from CT-imaging.
Methods: Using CT data, 3D models were created from healthy, fractured, and surgically reconstructed
calcanei. Bohler’s angle (BA) and Critical angle of Gissane (CAG) were measured on conventional lateral
radiographs and corresponding 3D CT reconstructions using a novel point-based method with semi-
automatic landmark placement by three observers. Intraobserver and interobserver reliability scores were
calculated using intra-class correlation coefficient (ICC). In addition, consensus among observers was
calculated for a maximal allowable discrepancy of 5 and 10 degrees for both methods.

Results: Imaging data from 119 feet were obtained (40 healthy, 39 fractured, 40 reconstructed). Semi-
automated measurements on 3D models of BA and CAG showed excellent reliability (ICC: 0.87-1.00). The
manual measurements on conventional radiographs had a poor-to-excellent reliability (ICC: 0.22-0.96). In
addition, the percentage of consensus among observers was much higher for the 3D method when compared
to conventional two-dimensional (2D) measurements.

Conclusions: The proposed method enables reliable and reproducible quantification of calcaneus

morphology in 3D models of healthy, fractured and reconstructed calcanei.

Keywords: Calcaneus; three-dimensional morphological measurements (3D morphological measurements);

computed tomography (CT); observer reliability
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Introduction

Calcaneal fractures are predominantly caused by high-
energy traumas, often resulting in complex fractures
that require complex reconstructive surgery. Surgical
treatment of calcaneus fractures and its sequelae such
as calcaneus malunion, cannot be performed without
proper preoperative, intraoperative, and postoperative
imaging techniques. Traditional measures used to describe
deformities of the fractured calcaneus and assess the quality
of surgical reconstruction including Bohler’s angle (BA) and
the Critical angle of Gissane (CAG).

BA is determined by first drawing a line from the highest
point of the posterior facet to the highest point of the
calcaneal tuberosity, and then another line from the anterior
process to the posterior facet, as illustrated in Figure 1.
Typically, this angle ranges from 20° to 40° in non-fractured
calcanei (1). Variations from this range can signal the degree
of depression, the displacement of the subtalar joint, and
the extent of deformity between the anterior and posterior
portions of the calcaneus. The CAG is determined by the
intersection of two lines within the calcaneal sulcus: one
initiating from the anterior process and the other extending
along the posterior facet (Figure I). The literature presents
a range of normal values for the CAG, with Anthony et 4. (2)
suggesting a range between 130° to 145°, while Keener
et al. (3) offer a slightly broader span of 120° to 145°.
Deviations from this range can reveal the extent of
depression, the displacement of the subtalar joint, and the
altered position of the posterior facet relative to the anterior
process (3).

These measurements, derived from two-dimensional
(2D) X-ray imaging (1,4), are easy to obtain and compute.
Yet, despite their ease, their reliability and accuracy are
often disputed due to significant inter- and intra-user
variability (5-10), especially considering the narrow ranges
these measurements typically fall into.

Computed tomography (CT) imaging has largely
replaced or at least complemented X-ray as a tool to
decide between non-operative and operative management,
and in the latter on the optimal surgical technique, due
to its superior three-dimensional (3D) information on
calcaneus morphology and joint congruency. While 2D
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CT slices and 3D CT reconstructions allow surgeons and
experienced radiologists to qualitatively assess the anatomy
and morphology of fractures and surgically reconstructed
calcanei, there are currently no established methods for the
objective quantification and classification of CT imaging
data of fractured and surgically reconstructed calcanei
(11-16). Qiang et al. (11) demonstrated that manual 3D
morphological measurements on 3D CT-imaging data
from healthy calcanei is reliable and repeatable. However,
the measurements were performed manually, which is
time-consuming and might be prone to human error
when performing the measurements on fractured and
surgically reconstructed calcanei models. Idram et /. (15)
introduced a method using Gaussian surface curvature for
3D measurements, but its accuracy depended heavily on the
quality of the 3D model reconstruction. The method may
be significantly influenced by inaccurate reconstructions,
sharp edges of fractures or the presence of metal hardware
in surgically reconstructed calcanei, which could greatly
influence the Gaussian curvature calculation.

Further complicating the matter is the inherent
unreliability of measurements performed directly on CT
slices due to slice-dependent variability. A measurement
performed on one slice may yield a result markedly different
from measurements obtained from another slice, leading to
inconsistencies and potential misinterpretations.

As the use of 3D CT imaging becomes increasingly
prevalent in modern medical practice, there is a pressing
need to develop reliable, efficient, and standardized
measurement techniques based on this modality. This
advancement could increase the accuracy and intraobserver
and interobserver reliability of descriptions for calcaneus
fractures and reconstructions, thus providing a more reliable
basis for surgical planning. The purpose of this study is to
equip surgeons and radiologists with a tool capable of semi-
automatically and accurately performing 3D morphological
measurements.

Therefore, the aim of this study was to develop and
evaluate a novel method for performing 3D, semi-
automated measurements of BA and the CAG on 3D
models obtained from CT imaging data of healthy,
fractured, and surgically reconstructed calcanei. We present
this article in accordance with the GRRAS reporting
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Figure 1 Selected landmarks to calculate Bohler’s angle (B, left) and Critical angle of Gissane (y, right) on conventional lateral radiographs. [0]

The most superior point of the anterior process; [1] the most inferior point of the posterior facet; [2] the most superior point of the posterior

facet; and [3] the most superior point of the calcaneal tuberosity.

checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-24-142/rc).

Methods

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
protocol was exempted by the local Medical Research Ethics
Committee (No. MEC-2021-0529). Given the nature and
design of the study, the committee granted a waiver for the
requirement of informed consent from participants.

Semi-automated measurement of BA and the CAG

A semi-automated algorithm was developed in Python (3.9)
to perform 3D measurements on 3D CT-based
calcaneus models. Anatomical landmarks to perform the
measurements were identified using constructed vectors
based on the anatomical planes. The four landmarks to
perform the measurements were: [0] the most superior
point of the anterior process; [1] the most inferior point
of the posterior facet; [2] the most superior point of the
posterior facet; and [3] the most superior point of the
calcaneal tuberosity (Figure I). The algorithm selected the
maximum value in the chosen bone surface region based
on the vectors. Additionally, a Graphical User Interface
(GUI) was developed in MevisLab™ to facilitate traditional
manual 2D measurements and the semi-automated 3D
measurements (Figure 2).
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Patients

"To test the algorithm, data from a single medical center were
used. This study utilized existing conventional radiographs
and CT scans of healthy, fractured (joint depression type)
and reconstructed calcanei acquired at the Erasmus MC
between January 1, 2006 and December 31, 2021. The
inclusion criteria were: (I) both conventional radiographs
and CT scans of the same foot were available, (IT) interval
between scans <6 months, (III) age >16 years. Patients
with extra-articular (including tongue type fractures) or
non-displaced fractures or patient that underwent subtalar
arthrodesis were excluded. Measurements of BA and the
CAG on 2D images and 3D models of the calcaneus were
performed by two experienced orthopedic trauma surgeons
and a senior resident in orthopedic trauma. All were well
experienced in foot and ankle surgery and had experience
in performing 2D morphological measurements on the
calcaneus. Before use, all data was anonymized.

Preparation of 3D models

3D models were created from the CT scans using standard
CT-segmentation methods such as a fixed bone threshold,
smart fill, filling holes and cavities and wrapping as available
in the Materialise Mimics software package, version 24.0
(Materialise, Leuven, Belgium).

Thereafter, the spatial orientation of the 3D models
was determined. First, an experienced, musculoskeletal
radiologist determined the sagittal, axial and coronal planes
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Figure 2 Screenshot of the developed Graphical User Interface to measure Bohler angle and the Critical angle of Gissane. (Left) two-
dimensional radiographs measurements on the calcaneus; (right) 3D measurements on 3D models of the calcaneus. The selected landmarks
by the observers are depicted with red, and the corrected landmarks by the algorithm with purple. [0] The most superior point of the
anterior process; [1] the most inferior point of the posterior facet; [2] the most superior point of the posterior facet; and [3] the most superior
point of the calcaneal tuberosity; [4] the most superior point of the anterior process corrected by the algorithm; [5] the most inferior point
of the posterior facet by the algorithm; [6] the most superior point of the posterior facet by the algorithm; [7] the most superior point of the
calcaneal tuberosity by the algorithm. 2D, two-dimensional; 3D, three-dimensional.

aligned using point-to-point Iterative Closest Point
(ICP) registration to a standard reference frame of the
calcaneus. Thereafter, the reference frame was non-rigidly
wrapped around each of the calcanei models to standardize
the topology across the 3D calcanei models. Principle
Component Analysis was then applied to the aligned models
to extract the mean shape model of the calcaneus. Next, the
3D models were aligned with the fixed mean shape models
of the calcaneus. This was performed using a rigid point-
to-point ICP registration, which minimizes the root mean
square distance between the points of the models (Figure 3).

Figure 3 Example of orientation of healthy calcanei models Measurements on 2D X-ray images and 3D models

(transparent) with the anatomical planes of the three-dimensional After a brief training on how to perform the measurements
mean shape model (opaque) of the calcaneus. in the GUI, all three participants determined BA and
the CAG on the lateral radiographs (Figure 1) and the
3D models (Figure 4) based on the previously mentioned
of a mean shape model of the left and right calcaneus. The landmarks. For the 3D measurements, participants first
mean shape models were constructed from 88 individual selected initial markers in the region of the landmarks,

3D calcanei models. Each calcaneus model was rigidly after which these markers were automatically replaced
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3782

Wakker et al. 3D calcaneus morphometry via CT imaging

Figure 4 Bohler’s angle in 3D (left) and the Critical angle of Gissane in 3D (right). [0] The most superior point of the anterior process; [1]

the most inferior point of the posterior facet; [2] the most superior point of the posterior facet; and [3] the most superior point of the

calcaneal tuberosity. 3D, three-dimensional.

by the most superior or inferior points on the given
structures (Figure 2). Lastly, the corrected landmarks were
orthogonally projected onto the sagittal plane to enable
the creation of planes between the selected landmarks
for calculation of BA and the CAG (Figure 4). All
measurements were repeated independently by the same
participants one week after the initial measurements to
assess the intraobserver variability. The time required to
perform both 2D and 3D measurements was comparable, as
the algorithm efficiently adjusted the selected landmarks in
under a second, making the difference in duration between
the two methods negligible.

Sample size calculation

The sample size needed to determine the intraobserver
and interobserver reliability was calculated using an online
intra-class correlation coefficient (ICC) hypothesis testing
calculator (17), which used a method developed by Walter
et al. (18). The minimum sample size for each population
was 37. The sample size was calculated assuming the
following variables: 3 observers, significance level (alpha)
of 0.05, power of 0.90 (beta 0.10), minimum acceptable
reliability of 0.65, expected reliability of 0.85, and potential
drop-out of 10%.

Comparison of the 2D and 3D measurement methods

To determine if the methods to perform the 2D and 3D
measurements agree sufficiently closely, the Bland-Altman
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approach was used (19). The mean difference between
the 2D and 3D measurements and standard deviation of
the difference were calculated. Additionally, the mean and
median 2D and 3D measurements of BA and the CAG were
calculated.

Icc

Data were analyzed using IBM SPSS Statistics for Windows,
version 25 (IBM Corp., Armonk, NY, USA). The reliability
of the morphological measurements was determined by
using the interobserver and intraobserver reliability. To
measure the reliability, the ICCs was calculated. The ICC
score for the interobserver and intraobserver reliability
was calculated assuming a two-way mixed model and an
one-way random model with measures of consistency and
a confidence interval of 95%, respectively (20,21). The
ICC is a value between 0 and 1, and can be interpreted
as follows: 0.00-0.50 poor reliability, 0.50-0.75 moderate
reliability, 0.75-0.90 good reliability, 0.90-1.00 excellent
reliability (22). Because the ICC does not show the exact
differences in measurements made by observers, the
percentage of measurements within acceptable error
margins was calculated for BA and the CAG. Acceptable
discrepancies were set at 5, 10, 20, 30, 50, and 70 degrees.

Results

Measurements were performed on a total of 119 lateral
foot radiographs and corresponding CT scans, consisting
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Table 1 Morphological parameters of 2D and 3D measurements of Béhler’s angle
2D Bohler’s angle 3D Bohler’s angle
Patient type
Mean (SD) Median (Ps—Ps) Min Max Mean (SD) Median (P,s—Ps) Min Max
Healthy 31.47 (5.84) 32.15 (27.40-35.81) 16.64 4410 29.94 (5.06) 30.58 (26.17-33.27) 18.10 42.72
Fractured 3.98 (18.35) 6.57 (-1.82-14.22) —-48.98 42.80 14.39 (14.70) 15.73 (10.92-22.58) -45.17 38.58
Reconstructed 24.19 (10.55) 25.61 (18.21-30.02) -8.58 62.08 25.54 (9.99) 25.29 (19.97-31.71) 2.36 51.92
2D, two-dimensional; 3D, three-dimensional; SD, standard deviation.
Table 2 Morphological parameters of 2D and 3D measurements of the Critical angle of Gissane
2D Gissane’s angle 3D Gissane’s angle
Patient type
Mean (SD) Median (P,s—P;s) Min Max Mean (SD) Median (P,s—Ps) Min Max
Healthy 123.33 (7.64) 122.56 (118.45-129.39) 102.49  147.25 128.15(6.15)  127.25 (124.45-132.76) 112.87  147.36
Fractured 125.11 (14.13) 125.79 (116.08-134.29)  78.62 165.07 117.59 (15.59)  119.77 (108.64-128.53) 72.53 144.05
Reconstructed 127.64 (9.99) 127.18 (122.22-133.11)  96.62 163.83 127.10 (12.17)  128.41 (118.50-136.13) 96.33 151.81
2D, two-dimensional; 3D, three-dimensional; SD, standard deviation.
Table 3 ICC for 2D Bohler’s angle measurements
Healthy calcaneus Fractured calcaneus Reconstructed calcaneus
ICC 2D Bohler’s angle
ICC (95% Cl) Agreement ICC (95% Cl) Agreement ICC (95% Cl) Agreement

Interobserver reliability

First measurement 0.79 (0.68-0.88) M-G 0.83 (0.73-0.90) M-G 0.83 (0.73-0.90) M-G

Second measurement 0.75 (0.63-0.85) M-G 0.84 (0.75-0.91) G-E 0.86 (0.78-0.92) G-E
Intraobserver reliability

Observer 1 0.92 (0.85-0.96) G-E 0.93 (0.88-0.96) G-E 0.90 (0.82-0.95) G-E

Observer 2 0.76 (0.59-0.86) M-G 0.70 (0.50-0.83) M-G 0.88 (0.79-0.93) G-E

Observer 3 0.83 (0.69-0.90) M-G 0.96 (0.77-0.93) G-E 0.89 (0.81-0.94) G-E

ICC, intra-class correlation coefficient; 2D, two-dimensional; G, good; M, moderate; E, excellent; Cl, confidence interval.

of 40 healthy, 39 fractured, and 40 reconstructed calcanei.
Tubles 1 and 2 display the mean and median 2D and 3D
measurements of BA and the CAG, respectively.

Comparison 2D and 3D measurement methods

In the non-fractured group, the mean differences between
the 2D and 3D measurements were 1.5 (SD: 3.5) and
-4.8 (SD: 7.1) degrees for the BA and CAG, respectively.
For the fractured group, the mean differences were -10.4
(SD: 13.3) and 7.5 (SD: 14.7) degrees for the BA and
CAG, respectively. In the surgically reconstructed group,
the differences between the two methods were -1.4

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

(SD: 9.9) and 0.5 (SD: 12.2) degrees for the BA and CAG,
respectively.

Reliability measurements of BA and CAG

ICC scores for 2D and 3D measurements varied across
different states of calcanei. For 2D measurements, BA
interobserver reliability ranged from 0.77-0.85, while
intraobserver reliability ranged from 0.84-0.89 (Table 3).
For 3D measurements, both interobserver and intraobserver
reliability showed excellent scores (0.93-1.00) (7able 4).

The CAG measurements in 2D showed an interobserver
reliability ranging from 0.44-0.61 and intraobserver

Quant Imaging Med Surg 2024;14(6):3778-3788 | https://dx.doi.org/10.21037/qims-24-142
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ICC 3D Bohler’s angle

Healthy calcaneus

Fractured calcaneus

Reconstructed calcaneus

ICC (95% Cl) Agreement ICC (95% Cl) Agreement ICC (95% Cl) Agreement

Interobserver reliability

First measurement 1.00 (0.99-1.00) E 0.99 (0.98-0.99) E 0.99 (0.99-1.00) E

Second measurement 1.00 (1.00-1.00) E 0.99 (0.98-0.99) E 0.98 (0.97-0.99) E
Intraobserver reliability

Observer 1 1.00 (1.00-1.00) E 0.99 (0.98-0.99) E 0.97 (0.95-0.99) E

Observer 2 1.00 (1.00-1.00) E 0.99 (0.93-0.99) E 0.99 (0.99-1.00) E

Observer 3 0.99 (0.99-1.00) E 0.98 (0.97-0.99) E 0.99 (0.99-1.00) E

ICC, intra-class correlation coefficient; 3D, three-dimensional; E, excellent; Cl, confidence interval.

Table 5 ICC for 2D Critical angle of Gissane measurements

ICC 2D Ciritical angle of
Gissane

Healthy calcaneus

Fractured calcaneus

Reconstructed calcaneus

ICC (95% Cl) Agreement ICC (95% Cl) Agreement ICC (95% Cl) Agreement

Interobserver reliability

First measurement 0.59 (0.41-0.74) P-M 0.41 (0.22-0.60) P-M 0.52 (0.33-0.68) P-M

Second measurement 0.62 (0.45-0.76) P-G 0.46 (0.26-0.64) P-M 0.52 (0.33-0.68) P-M
Intraobserver reliability

Observer 1 0.75 (0.58-0.86) M-G 0.88 (0.79-0.94) G-E 0.62 (0.39-0.78) P-G

Observer 2 0.81 (0.66-0.89) M-G 0.22 (0.00-0.50) P-M 0.54 (0.28-0.73) P-M

Observer 3 0.79 (0.64-0.89) M-G 0.47 (0.19-0.68) P-M 0.38 (0.08-0.62) P-M

ICC, intra-class correlation coefficient; 2D, two-dimensional; P, poor; M, moderate; G, good; E, excellent; Cl, confidence interval.

reliability from 0.51-0.78 (Zable 5). In contrast, measurements
in 3D demonstrated good-to-excellent interobserver and
intraobserver reliability (0.76-0.98) (1able 6).

At a 5-degree discrepancy, 2D BA measurements
achieved consensus rates of 75% for healthy, 36% for
fractured, and 44% for reconstructed calcanei. For 2D CAG
measurements this was 31%, 14% and 21%, respectively.
These rates improved with a 10-degree discrepancy to 94%,
71%, and 77% for BA, and 70%, 41%, and 53% for CAG
(Figure 5A,5B). Meanwhile, 3D measurements maintained
high consensus rates at both 5-degree (BA: 100% healthy,
87% fractured, 97% reconstructed; CAG: 89%, 81%, and
73%) (Figure 64) and 10-degree discrepancies (BA: 100%
for healthy and fractured, 99% reconstructed; CAG: 100%,
81%, and 95%) (Figure 6B).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Discussion

In this study, conventional 2D radiograph BA and CAG
measurements on healthy, fractured, and surgically
reconstructed calcanei were compared to 3D measurements
acquired using a newly developed semi-automated method
based on CT imaging data.

The results showed that there is moderate-to-excellent
and poor-to-good interobserver and intraobserver reliability
for the 2D BA and CAG measurements, respectively.
Especially for the fractured calcanei, reliability was generally
poor. The semi-automatic method to perform the 3D
morphological measurements performed excellent for both
healthy, fractured, and surgically reconstructed calcanei.

It is important to note that the 2D and 3D measurements
were taken from the same individuals, allowing for a direct
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Table 6 ICC for 3D Ciritical angle of Gissane measurements
ICC 3D Critical angle of Healthy calcaneus Fractured calcaneus Reconstructed calcaneus
Gissane ICC (95% ClI) Agreement ICC (95% ClI) Agreement ICC (95% ClI) Agreement
Interobserver reliability
First measurement 0.94 (0.91-0.97) E 0.96 (0.93-0.98) E 0.95 (0.91-0.97) E
Second measurement 0.92 (0.87-0.96) G-E 0.89 (0.82-0.94) G-E 0.95 (0.91-0.97) E
Intraobserver reliability
Observer 1 0.94 (0.88-0.97) G-E 0.87 (0.77-0.93) G-E 0.92 (0.85-0.96) G-E
Observer 2 0.95 (0.91-0.97) E 0.87 (0.76-0.93) G-E 0.94 (0.89-0.97) G-E
Observer 3 0.91 (0.83-0.95) G-E 0.95 (0.91-0.97) E 0.96 (0.93-0.98) E
ICC, intra-class correlation coefficient; 3D, three-dimensional; E, excellent; G, good; Cl, confidence interval.
A Bohler’s angle 2D B Critical angle of Gissane 2D
1.0 4 Py 1.0 A
1] 2]
? 3
S 0.8 1 5 0.8 1
2 2
8 0.6 | 8 0.6
kS kS ,
% 0.4 —e— Non-fractured calcanei 3 0.4 —&— Non-fractured calcanei
C c
g —e— Fractured calcanei 3 —e— Fractured calcanei
=3 0.2 4 . g 0.2 -
i —&— Reconstructed calcanei x —o— Reconstructed calcanei
0.0 T T T 1 0.0 T T T 1
0 20 40 60 80 0 20 40 60 80

Maximum discrepancy (degrees)

Maximum discrepancy (degrees)

Figure 5 The frequency of Consensus given an allowable discrepancy for the two-dimensional measurements of Bohler’s angle (A) and the

Critical angle of Gissane (B) between the observers. 2D, two-dimensional.
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Figure 6 The frequency of Consensus given an allowable discrepancy for the three-dimensional measurements of Bohler’s angle (A) and the

Critical angle of Gissane (B) between the observers. 3D, three-dimensional.
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comparison at an individual level. There were minor
differences between the 2D and 3D measurements in the
non-fractured group, suggesting a generally good agreement
between these methods. In contrast, the fractured group
showed a large mean difference and large standard
deviation, suggesting potential bias and high variability.
Although the surgically reconstructed group had small mean
difference, the standard deviation was large. This disparity
in standard deviation suggests significant variability between
individual outcomes. Such individual variations imply that
directly comparing 2D and 3D measurements may not be
sufficient for the fractured and surgically reconstructed
population. A separate evaluation of the 2D and 3D
measurements suggested that 3D measurements, derived
from 3D models, yield more accurate and consistent results,
likely due to the superior intraobserver and interobserver
reliability associated with the 3D measurements.

Prior studies have reported the reliability and
reproducibility of morphologic measurements in 2D
radiographs of the calcaneus (5-10). Where reasonably
good results regarding the interobserver and intraobserver
reliability can be obtained in non-fractured calcanei, this
is much less the case for fractured and reconstructed
calcanei. For instance, Otero er /. (10) reported that
lateral radiographs have inherent limitations in their
interpretation when measured on fractured calcanei. They
found comparable results to our study for measuring BA,
but a lower score for the CAG, with a mean interobserver
ICC of 0.80 vs. 0.83 for BA and 0.19 vs. 0.43 for the CAG
in fractured calcanei.

The presented method, although not fully automated,
enhances the intraobserver and interobserver reliability of
BA and CAG measurements by minimizing human error
in landmark placements. Techniques like the one presented
could be part of an automatic radiological reporting system.
(Semi-)automatic radiological reporting can accelerate
the image analysis process and minimize the need for
manual intervention, thus reducing both error and time
while increasing consistency and therefore quality. This
would enhance the precision of the measurements and
their reproducibility, providing a more consistent basis for
diagnosis, treatment planning, and patient outcomes.

It is also essential to introduce new terminology that
accurately reflects CT-based findings, since the existing
measurements like BA and CAG were conceived from 2D
imaging. Furthermore, beyond the constraints of 2D, we
suggest investigating quantifiable 3D parameters for a more
accurate representation of the calcaneus morphology, such
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as posterior talocalcaneal joint- and calcaneocuboid joint-
incongruity, and varus/valgus angulation. These parameters
can offer a more comprehensive understanding of the
calcaneus’ complex 3D shape, and could potentially provide
a better basis for understanding its biomechanical behavior,
pathology, and response to treatment.

Limitations of this study include the relatively small
sample size. Furthermore, while the semi-automated
algorithm can improve the reliability and reproducibility of
the measurements, it still relies on the initial placement of
landmarks by the observer, which might still introduce some
variability. In addition, the segmentation and orientation
were not fully automated, which might influence the
reproducibility due to human variation. Lastly, clinical
significance of the improved intraobserver and interobserver
reliability of the 3D measurements has not been established
and would require further investigation in prospective
evaluations.

We hypothesize that the methodology presented in this
paper can be easily adapted to quantify the morphology
of other bony structures such as the femur, tibia, radius,
ulna, etc. For example, this algorithm could be utilized
to measure femoral neck-shaft angle, radial volar/dorsal
angulation, radial shift, and ulnar variance. By integrating
these additional measurements, the algorithm’s applications
can be expanded to assess and analyze a wider range of
skeletal structures and their associated clinical implications.

Conclusions

In conclusion, the current study presents a semi-
automated method which reliably performs morphological
measurements on CT-based 3D models of the calcaneus.
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