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Background: Although the talar morphology has been well understood, studies on the corresponding tibial
plafond are still lacking. Based on computed tomography (CT) data, this quantitative study divided the tibial
plafond into anterior and posterior regions on five sagittal sections. The objectives of this study were (I) to
determine whether the sagittal curvatures of the tibial plafond can be quantitatively and accurately described
using the double-diameter method; (II) to compare the difference between the anterior and posterior
diameters on five sagittal sections.

Methods: In this study, CT data were collected from 100 adult ankles, and the three-dimensional (3D)
ankle joint model was reconstructed using CT images. An anatomical coordinate system of the 3D ankle
joint model was created to establish the standard coronal and sagittal planes. The measurement outcomes of
sagittal curvatures included: the anterior and posterior diameters, the distal tibial arc length (TiAL) and the
distal tibial mortise depth (TMD) on five sagittal sections (the most medial, medial 1/4, middle, lateral 1/4
and the most lateral section). Subgroup analysis was performed to compare the differences between males
and females.

Results: Analysis of the sagittal curvatures showed that the anterior diameter of tibial plafond was
significantly smaller than the posterior diameter on five sagittal sections with a mean difference ranging
from 3.9 to 6.8 mm (P<0.001). For the anterior diameters, the anteromedial curve had the smallest diameter
(35.3+5.3 mm), and the anterolateral curve had the largest diameter (38.0+5.8 mm). For the posterior
diameter, the posteromedial curve had the smallest diameter (39.2+6.4 mm), and the posterolateral 1/4
curve had the largest diameter (43.5£6.9 mm). One-way analysis of variance (ANOVA) revealed significant
differences in the anterior and posterior diameters among five groups (P<0.012). Subgroup analysis showed
that gender partly affected the results of sagittal curvature measurements.

Conclusions: The sagittal curvatures of the tibial plafond can be described quantitatively and accurately
using anterior and posterior diameters. Our study showed that there were significant differences between the
anterior and posterior diameters, and gender was an important factor influencing the sagittal curvatures of

the tibial plafond.
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Introduction

The ankle joint produces six degrees of freedom of
motion as a result of a complex interaction of ligamentous
constraints, bony and articular surfaces, and other adjacent
joints (1). However, the fundamental properties of the ankle
kinematics and biomechanics are mainly determined by the
anatomical morphology of the talus and tibial plafond (2,3).
To date, the detailed anatomical characteristics of the ankle
joint still need further studied.

In recent decades, considerable attention has been paid
to the sagittal geometry of the talus. Previous studies (1,4)
usually used a single-radius curve to describe the sagittal
geometry of the talar dome, and found that the medial
radius of the talar dome was significantly larger than the
lateral radius. More recently, Nozaki et 4/. (5) utilized a bi-
radial approach to evaluate the anterior and posterior radii
of the talar trochlea in fifty dry tali from Asian populations.
They showed that the shape of the talus was bilaterally
asymmetric, resulting in opposite axial rotations during
ankle plantarflexion and dorsiflexion. Although the talar
morphology has been well understood, studies of the
corresponding tibial plafond are still lacking.

Inman et a/. (6) firstly assessed the anatomical curvatures
of the distal tibia using saw cuts to obtain the sagittal plane
on cadaveric bones. Subsequently, Wiewiorski er al. (7)
utilized a single-radius method to evaluate the morphologic
changes of the tibial plafond in patients with end-stage
ankle osteoarthritis. In addition, numerous studies have
examined only the talar morphology without analyzing the
corresponding tibial morphology (1,5,8,9). Clinically, a
detailed and accurate description of sagittal parameters in
the radii, distal tibial arc length (TiAL) and the distal tibial
mortise depth (TMD) at the tibial plafond contributes to
optimize the fracture treatment, deformity correction and
implant design (2,5). Moreover, data on morphological
gender differences serve as critical references for the design
and sizing of gender-specific prosthesis between males
and females. However, few studies have measured the
sagittal curvatures of the tibial plafond using the double-
diameter method and compared the anatomical differences
in different genders. Therefore, we designed this study to
quantitatively evaluate the anatomical morphology of the
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tibial plafond based on computed tomography (CT) images.
In this study, we divided the tibial plafond into
anterior and posterior regions on five sagittal sections.
The objectives of the present study were (I) to determine
whether the sagittal curvatures of the tibial plafond can be
quantitatively and accurately described using the double-
diameter method; (II) to compare the difference between
the anterior and posterior diameters on five sagittal sections.
We present this article in accordance with the STROBE
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-23-1807/rc).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The Ethics
Committee of Lanzhou University Second Hospital
approved this study (No. 2022A-556), and the requirement
to obtain individual consent for this retrospective analysis

was waived.

Subject selection

This study was a retrospective study based on CT images.
The protocol has been approved by our institutional review
board. CT data between January 2018 and December 2022
were obtained from our healthy ankle CT database. All
skeletally mature subjects with age from 18 to 60 years were
eligible for study participation. Individuals with a history
of ankle fracture, degenerative joint disease, tumor and
deformity around the ankle, and any surgery around the
ankle were excluded.

CT Imaging and three-dimensional (3D) bone model
reconstruction

Routine ankle CT scans were performed with a 64-detector-
row CT scanner (Siemens AG, Germany) in the supine
position. CT acquisition parameters included a gantry
rotation speed of 1.00 s/rotation, a CT pitch factor of 0.90, a
slice thickness of 0.625 mm, and a field of view of 25 to 30 cm.
CT images were imported into Mimics software (version
21.0, Materialise, Leuven, Belgium) to reconstruct 3D bone
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Figure 1 Establishment of the origin of the coordinate system
(Point O). The origin was defined as the center of the tibial
plafond. The method of best-fit circle was used to determine the
center of the tibial plafond using the anteromedial, posteromedial,

anterolateral, and posterolateral points.

Figure 2 Establishment of the ankle coordinate system.

models of the ankle joint. All the models were reconstructed
by an experienced orthopedic surgeon (Y. T.).

Ankle coordinate system

To obtain standard coronal and sagittal ankle planes, an
ankle coordinate system was established as described in
previous studies (10-12). First, the origin (Point O) of the
coordinate system was defined as the tibial plafond center
(Figure 1). Second, the medial-lateral axis of the tibia was
defined as the line passing Point O and parallel to the line
connecting anteromedial and anterolateral points of the
tibial plafond (12). The superior-inferior axis was defined as
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Figure 3 Quantitatively dividing the tibial plafond. The tibial
plafond was divided equally into four segments by five points
(medial point, medial 1/4 point, midpoint, lateral 1/4 point, lateral
point).

the line connecting Point O and midpoints of outer cortical
diameter at 10 cm proximal to the ankle joint. The coronal
plane was established using the medial-lateral and superior-
inferior axes. The sagittal plane was defined as a plane
perpendicular to the coronal plane. The transverse plane
was defined as a plane perpendicular to both the coronal
and sagittal planes. After establishing the anatomical
coordinate system, we used the resliced technique of 3D-
CT images to generate the standard coronal and sagittal
planes. All the measurements were performed with respect
to this coordinate system (Figure 2).

Sagittal curvature measurements of the tibial plafond

Based on the standard coronal and sagittal planes, the
anterior and posterior diameters of the tibial plafond in
ten regions were calculated according to the procedure
reported in previous studies (13,14). First, to quantitatively
divide the tibial plafond, a coronal plane passing through
the center of the tibial plafond region was determined. On
this plane, we identified a line connecting the most medial
and most lateral points of the tibial plafond. Second, this
line was divided equally into four segments by five points
(medial point, medial 1/4 point, midpoint, lateral 1/4 point,
lateral point) (Figure 3). Third, five sagittal sections were
determined passing the above five points. Lastly, on each
sagittal section, five points (Anterior point, Posterior point,
Top point, Anterior midpoint and Posterior midpoint) were
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Figure 4 Measurements of the anterior and posterior diameters of
the tibial plafond.
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Figure 5 Measurements of the TiAL and TMD. TiAL, distal tibial
arc length; TMD, distal tibial mortise depth.

determined. The anterior, posterior and top points were
defined as the most anterior, posterior and top points of
the sagittal arc of tibial plafond, respectively. The anterior
midpoint was defined as follows: (I) drawing the line
connecting the anterior point and top point; (II) drawing
a line perpendicular to this line and passing this midpoint
of this line; (III) determining the anterior midpoint as the
intersection point of this line and the sagittal arc line of
tibial plafond. The posterior midpoint was determined
as the similar steps (Figure 4). The diameter of the tibial
plafond was automatically calculated by Mimics software.
TiAL was measured by connecting the anterior and posterior
points of the arc of the sagittal sections of tibial plafond, and
TMD was measured as the perpendicular line from the top
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point of tibial arc to distal tibial arc line (Figure 5).

All measurements were performed twice by one
orthopedic surgeon independently with an interval
of 8 weeks to assess the intraobserver measurement
reproducibility, and the average value was used for
statistical analysis. Another author (K.Z.) also performed
measurements to assess the interobserver reproducibility.
The intraobserver and interobserver reproducibility
of measurements was assessed by intraclass correlation
coefficients (ICCs): an ICC less than 0.40 indicated poor
reliability; an ICC between 0.40 and 0.75 indicated fair
to good reliability; an ICC greater than 0.75 indicated
excellent reliability. For the outcomes in our study, the
ICCs ranged from 0.81 to 0.94, indicating excellent
intraindividual and interobserver agreements.

Statistical analysis

The sample size for this study was calculated using the
software of G*Power 3.1.9 (Heinrich Heine University
Diisseldorf, Germany) based on preliminary data from
40 patients. The minimum number of patients was 90 to
achieve a power of 0.95 (effect size =0.7; 0=0.05), so we
included 100 ankles to ensure a sufficient sample size.
During data collection, we used unit standardization and
decimal place normalization in this study. The normal
distribution of data was examined by Kolmogorov-Smirnov
test. Mean values with standard deviations and median with
interquartile ranges were calculated for normally and non-
normally distributed variables, respectively. The paired #-test
was used to examine the differences between the anterior
and posterior diameters of the tibial plafond. To minimize
the effect of height on the results, the normalized data
through dividing the original data by height were compared
for the subgroup analysis between males and females. For
data with normal distribution, independent samples #-test
was used for a subgroup analysis. For data with non-normal
distribution, Mann-Whitney U Test was used as the non-
parametric analysis method. One-way analysis of variance
(ANOVA) was used to compare the differences among three
or more groups. All analyses were performed with SPSS
software (version 22.0, SPSS Inc., USA). P values less than
0.05 were considered statistically significant.

Results

This study included 100 healthy ankles from 100 individuals
(50 males and 50 females). The non-normally distributed
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variables included age, height and weight (P<0.05). The
mean age was 23.5£3.7 years; height was 166.6£13.5 cmy;

BMI was 22.0+3.7 kg/m’. Patient demographics are shown
in Tuble 1.

The outcomes of anterior and posterior diameters of tibial
plafond

The diameters of tibial plafond are summarized in 7able 2.
The non-normally distributed variables included the mid-
anterior and posterolateral 1/4 diameter of tibial plafond
(P<0.05). Analysis of the sagittal curvature on five sagittal
sections showed that the anterior diameter of tibial plafond
was significantly smaller than the posterior diameter with
a mean difference ranging from 3.9 to 6.8 mm (P<0.001).
For the outcomes of anterior diameters, the anteromedial
curvature had the smallest diameter (35.3+5.3 mm),
and the anterolateral curvature had the largest diameter

Table 1 Patient demographic data

Parameters Outcomes
Number 100
Side (right/left) 50/50
Sex (male/female) 50/50

Age (years) 23.0 (20.3-26.0)

Height (cm) 167.0 (160.3-173.8)
Weight (kg) 62.2+12.8
BMI (kg/m?) 21.2 (19.5-24.0)

Date are presented as n or mean + standard deviations or
median (interquartile ranges). BMI, body mass index.

Table 2 Outcomes of the sagittal curvature measurements of tibial plafond
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(38.0+£5.8 mm). ANOVA analysis revealed that there were
significant differences among five outcomes (F=3.25,
P<0.012). Significant differences were found between the
anteromedial and the anterolateral diameters (P<0.05),
but no differences were found in comparisons between the
other two groups.

For the outcomes of the posterior diameter, the
posteromedial curvature had the smallest diameter
(39.2+6.4 mm), and the posterolateral 1/4 curvature had
the largest diameter (median, 43.2 mm). ANOVA analysis
revealed significant differences among five groups (F=6.36,
P<0.001). Significant differences were found between the
posteromedial and the posterolateral diameter (P<0.05), but
there were no differences between other two groups.

The outcomes of TiAL and TMD

The mean values of TiAL varied from 23.4 to 26.3 mm, and
TMD varied from 3.4 to 4.2 mm. ANOVA analysis showed
that there were significant differences for TiAL and TMD
among five groups (F=34.79, P<0.001; F=24.16, P<0.001,
respectively) (1able 2).

Subgroup analysis of the gender

Subgroup analysis of the normalized data showed that
both the anterior diameters and posterior diameters were
significantly larger in males than in females (P<0.05) except
for the anteromedial (P=0.46), posteromedial (P=0.13),
anteromedial 1/4 (P=0.09) and anterolateral 1/4 (P=0.37)
diameters (Table 3). Moreover, gender also significantly
affected the outcomes of TiAL (Tuble 4) and TMD (Tuble 5).

Parameter Anterior diameter (mm)* Posterior diameter (mm)* MD or Z value® P value® TiAL (mm)* TMD (mm)*
The medial section 35.3+5.3 39.2+6.4 -3.9 <0.001 23.4+2.5 3.4+0.6
The medial 1/4 section 36.9+4.7 42.1+5.9 -5.1 <0.001 24.8+2.4 3.6+0.5
The middle section 35.9 (32.7-40.5) 42.9+6.9 -6.4 <0.001 25.5+2.8 3.9+0.5
The lateral 1/4 section 36.7+4.7 43.2 (38.5-47.0) -7.3 <0.001 26.5+2.6 4.2+0.6
The lateral section 38.0+£5.8 42.5+6.7 -4.5 <0.001 26.3+2.5 4.1+0.6

ANOVA analysis F=3.25, P<0.012

F=6.36, P<0.001

F=34.79, P<0.001 F=24.16, P<0.001

*, outcomes were presented as mean + standard deviations for normally distributed data, and median and interquartile ranges for non-
normally distributed data; *, outcomes from the comparison between anterior and posterior diameters; MD for the outcomes of the paired
t-test and Z value for Mann-Whitney U test. mm, millimeter; MD, mean difference; TiAL, distal tibial arc length; TMD, distal tibial mortise

depth; ANOVA, analysis of variance.
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Table 3 Subgroup analysis of the normalized data for the diameters of tibial plafond

Parameter Male (n=50) (mm)* Female (n=50) (mm)* Z value P value
The anteromedial diameter 20.9+3.3 21.1 (19, 23.1) -0.7 0.457
The posteromedial diameter 24.1+4.2 22.6 (20.2, 25) -1.5 0.133
The anteromedial 1/4 diameter 22.5+5.4 21.7 (19.7, 23.3) -1.7 0.085
The posteromedial 1/4 diameter 26.1+£3.0 23.9 (22.2, 25.7) -3.5 0.000
The mid-anterior diameter 22.9+3.5 21.1 (19.4, 23.2) -2.2 0.030
The mid-posterior diameter 26.8 (24.5, 28.2) 24.2 (22.2,26.2) -3.5 0.001
The anterolateral 1/4 diameter 22.3+4.2 21.8 (19.9, 23.5) -0.9 0.366
The posterolateral 1/4 diameter 26.5 (23.8, 28.8) 25 (22.3, 27.5) -1.8 0.007
The anterolateral diameter 23.1+5.6 22.3 (20, 23.2) -2.0 0.045
The posterolateral diameter 25.4+4.2 23.6 (22.4, 26.6) -2.2 0.025

*, outcomes were presented as mean + standard deviations for normally distributed data, and median and interquartile ranges for non-
normally distributed data. mm, millimeter.

Table 4 Subgroup analysis of the normalized data for TiAL

Parameter (TiAL) Male (n=50) (mm)* Female (n=50) (mm)* Z value P value
The medial section 14.3+1.2 13.9 (12.5, 14.6) -2.1 0.033
The medial 1/4 section 15.3£3.5 14.3 (13.7, 15.1) -4.1 0.000
The middle section 15.5+4.2 14.6 (13.9, 15.4) -4.5 0.000
The lateral 1/4 section 16.1+4.2 15.2 (14.4, 15.8) -4.7 0.000
The lateral section 16.2+1.1 15.2 (14.1, 16) -3.9 0.000

*, outcomes were presented as mean + standard deviations for normally distributed data, and median and interquartile ranges for non-
normally distributed data. TiAL, distal tibial arc length; mm, millimeter.

Table 5 Subgroup analysis of the normalized data for TMD

Parameter (TMD) Male (n=50) (mm)* Female (n=50) (mm)* Z value P value
The medial section 2.1+0.3 1.9(1.7,2.1) -1.9 0.055
The medial 1/4 section 2.2+0.5 2.2(2.0,2.3) -1.8 0.067
The middle section 2.5+0.3 2.2(2.0,2.4) -3.3 0.001
The lateral 1/4 section 2.6 (2.4,2.9) 2.4 (2.2,2.6) -3.0 0.002
The lateral section 2.5+0.4 2.4(2.2,2.6) -1.7 0.099

*, outcomes were presented as mean =+ standard deviations for normally distributed data, and median and interquartile ranges for non-
normally distributed data. TMD, distal tibial mortise depth; mm, millimeter.

Discussion most lateral sagittal section were significantly larger than
those on the most medial sagittal section. However, the
The principal findings were that the anterior diameter of trend of change of the anterior diameter was not consistent
tibial plafond was significantly smaller than the posterior with the posterior diameter from the medial to lateral tibial

diameter, and the anterior and posterior diameters on the plafond. In addition, we found that gender was an important
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factor influencing the sagittal curvatures. Our study
provides valuable insights into the sagittal curvatures of the
tibial plafond and may serve as an important reference for
prosthesis design and sizing.

Most studies usually use cadavers to investigate the
ankle morphology (15-17). However, it is difficult to
obtain a sufficient sample size for cadavers (18). Compared
with cadavers, CT images are a reliable alternative that
provide more detailed 3D information on the bony
morphometry with a high resolution (4,14,19). To date,
several studies have used CT images to investigate the
morphology of the ankle joint (2,3,14,18,20). However,
most studies define the ankle geometry as a single circle on
the sagittal plane (3,14,18). Recently, a bi-radial technique
has been introduced to assess the geometry of the ankle
joint. Clinically, detailed and comprehensive anatomical
descriptions are essential to improve biomechanical
understanding and implant design. Therefore, this study was
designed to provide a more accurate characterization of the
sagittal curvatures of the tibial plafond by dividing it into
anterior and posterior regions on multiple sagittal planes.

Previous studies showed that the sagittal geometry of
the distal tibia can be regarded as a simple truncated cone
(1,6,9). However, our study revealed that the anterior
diameter of tibial plafond was significantly smaller than the
posterior diameter, and the mean difference ranged from
3.9 to 6.8 mm. This implies that the shape of the tibial
plafond might be composed of two irregular cones with
different apex on the anterior and posterior cones. From
the view of the functional morphology concept, the smaller
anterior diameter would produce the anterior and posterior
translation during the ankle motion (12). Additionally, we
found that the anteromedial curvature had the smallest
diameter, and the posterolateral 1/4 curvature had the
largest diameter. The complex structure of the tibial plafond
would induce irregular six-freedom slipping during ankle
dorsiflexion and plantarflexion (12,13). Our results are in
agreement with Anderle ez 4/. (13). They defined the sagittal
geometry of the distal tibia using a bi-radial approach,
and found that the anterior radius of the distal tibia was
smaller than the posterior radius on the lateral side, but no
difference was found on the medial side. Our finding was
very essential for better understanding the motion of the
joint. However, we could not present the motion regularity
of the ankle joint from this anatomical study. More future
studies are needed to investigate the effect of the tibial
plafond anatomy on the ankle kinematics.

The data are also essential for the implant design as the
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most prostheses of ankle arthroplasty are designed with a
single radius (21). The rationale for the single-radius design
of total ankle arthroplasty systems is based on the general
hypothesis that the shape of the distal tibia can be similarly
described as a simple cylinder with a single diameter (21,22).
Wiewiorski et al. (7) applied a best-fit method with a single
radius circle to examine the talar radii. They found no
differences between the medial, midsagittal and lateral side,
thus indicating that a cylindrical talar dome. However, our
study found significant differences between the anterior and
posterior diameters. In addition, no symmetry was found
between the medial and lateral diameters, but an increasing
trend was found from medial to lateral on sagittal sections.
This result could be mirrored in the design of the tibial
component, in order to restore the natural kinematics of
ankle joint. Moreover, understanding the differences in
medial and lateral radii can enable the prosthesis to more
accurately match the natural anatomy, which can also
minimize wear and friction (18,21). This is important for
the longevity of the ankle joint prostheses. Our findings
align with the design philosophy of the trabecular metal
total ankle instrument system (Zimmer Biomet, USA),
which made its lateral sagittal radius larger than the medial
radius. Therefore, the future design of ankle arthroplasty
systems may focus on the differences between the anterior
and posterior diameters in the medial or lateral sagittal
geometry, in order to better match the anatomical
differences and achieve improved kinematics.

In the subgroup analysis of gender, we utilized a
normalization method by dividing the original data by
height to minimize the influence of height on the outcomes.
Our subgroup analysis revealed that many outcomes of the
normalized data indicated that males had larger values for
both the anterior and posterior diameters of the sagittal
curvatures. However, this trend was not observed in terms
of the anteromedial, posteromedial, anteromedial 1/4 and
anterolateral 1/4 diameters. The possible explanation for
these findings is that gender is not the sole determinant
that influences the outcomes, and height or other factors
might also play a significant role in the sagittal curvatures of
tibial plafond. In addition, the subgroup analysis of gender
also showed that gender was an essential factor affecting
the outcomes of TiAL and TMD. Awareness of the gender
differences in the anatomical morphology contributes
to improve the implant designs for ankle arthroplasty.
Clinically, if the prosthesis is oversized, the overhang may
lead to painful impingement. In contrast, if the prosthesis
is too small, more bone will be cut, which interrupts
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the blood supply to the talus and leads to talar avascular
necrosis. Currently, many studies have shown gender-
related differences in the knee joints, and manufacturers
have designed the gender-specific implants for total knee
arthroplasty to achieve an optimal anatomical fit (23,24).
However, few studies have introduced the gender-specific
prosthesis for the joint ankle. Our data provide important
information for prosthesis design for different genders, but
the clinical benefits of gender-specific prosthesis still need
to be verified.

Strengtbs and limitations

The strengths of this study included, first, we used an
anatomical coordinate system based on previous studies
(10-12), which ensured the standard measurements for
sagittal curvatures of the ankle joint (10,11,14,15). Second,
to the best of our knowledge, this is the first study to
investigate the detailed anatomical morphology of the
tibial plafond on five sagittal sections. A more accurate and
complete description of the anatomy contributes to a better
understanding the kinematics and biomechanics of the ankle
joint. Third, our study had a sufficient included population
and an equal number of males and females compared
with previous studies (1,3-5,13,15). These was essential to
minimize the bias from sample size and gender.

Several limitations should also be addressed in this
study. First, we only included the Chinese population,
which may not be representative of other races globally.
Future investigations should include other populations
to establish a general data of different races. Second, all
3D models of the ankle joint were based on CT images,
which did not show the cartilage layer. Previous studies
showed that the thickness of articular cartilage between
the anterior and posterior regions of the talar trochlea
was less than 0.6 mm, which had little effect on the main
results of our study (12,25). Third, this study only included
the healthy ankle joint, and further studies may focus on
the anatomical differences between the abnormal and the
healthy ankle joint. Fourth, although gender differences
were found in sagittal curvatures of tibial plafond, more
studies are needed to explore the necessity of different
implant designs for women and men in similar sizes. Lastly,
this was an anatomical study based on CT images, which
limited us to perform a more in-depth analysis for the effect
of different sagittal curvatures on the ankle functionality.
Therefore, further studies are needed to explore the impact
of differences between the anterior and posterior radius on
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the ankle biomechanics and kinematics.

Conclusions

Based on our findings, the sagittal curvatures of the
tibial plafond can be described quantitatively using the
anterior and posterior diameters on five sagittal sections.
Significant differences were found between the anterior
and posterior diameters, and gender was an important
factor influencing the sagittal curvatures of the tibial
plafond. The results of this study provide valuable insight
into the sagittal curvatures of the tibial plafond and may
serve as an important reference for prosthesis design and
sizing. Further biomechanical studies are needed for better
understanding the importance of the sagittal curvatures on
the ankle joint.
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