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Abstract

Purpose As the correct rotational and sagittal alignment of the tibial tray are of key importance for optimal total knee
arthroplasty (TKA) function, the objective of this study was to determine these individual variations in the proximal tibial
geometry in terms of posterior tibial slope (PTS) and tibial surface asymmetry by analysing a large dataset of computer
tomography (CT) information.

Methods A retrospective two-part review was performed on 15,807 datasets that were generated during the design phase for
a customized TKA implant. First, 15807 CAD (computer-aided-design) models derived from CT data were used to conduct
the analysis on the variation of the PTS. Second, the axial cut of each proximal tibia in a consecutively selected subset of
2202 datasets was used to measure the tibial asymmetry.

Results The majority (65.5%) of tibiae had a posterior slope between 5° and 10°, while 26.5% of knees had a slope > 10°.
The asymmetry measured as offset between the lateral and medial posterior boundaries was highly variable, with overall an
increasing proportion of patients with high asymmetry with increasing tibial ML width. Only 14% of tibiae exhibited sym-
metric (<2 mm offset) lateral and medial plateaus, and 22% had an offset > 5 mm.

Conclusion This study from an extraordinary large data base reveals that tibial posterior slope and asymmetry of the tibial
profile vary largely between patients receiving TKA with increasing tibial asymmetry with ML width. CT scans might help
to preoperatively better select the best fitting TKA, otherwise surgeons intraoperatively will often have to deal with com-
promises regarding fitting, sizing and rotational issues.

Level of evidence Retrospective case series, Level I'V.

Keywords Knee - Tibia - Anatomy - Geometry - Slope - Computed tomography - Knee arthroplasty - Horizontal offset -
Rotational alignment
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Introduction

Personalised medicine has been introduced into total knee
arthroplasty (TKA) [11] to overcome some of the limita-
tions associated with standard TKA including low patient
satisfaction of around 20% of the patients [4, 21]. The idea
of tailoring the surgical approach closely to the patient’s
anatomy implies that the specific anatomic variability is
closely appreciated during reconstruction [11]. To descrip-
tively address the anatomic complexity of different knee
joints, scientist have begun to phenotype native [20] and
osteoarthritic [10] knees morphologically and also func-
tionally according to their respective coronal femoral and
tibial alignment [12], which holds great promise for defin-
ing meaningful subgroups in future comparative outcome
studies on surgical treatments of knee osteoarthritis (OA).

Apart from the coronal alignment there are many
other topographical features that are of key importance
for favourable outcomes in TKA surgery. In a previous
study we investigated the extent of anatomic variability
of the distal femur in a large computed tomography (CT)
data base, with particular interest in the anterior—posterior
(AP) and mediolateral (ML) width, as well as the condy-
lar offsets and its implications for TKA [18, 20]. For the
tibial anatomy, coronal alignment has been also intensively
investigated in previous studies as outlined in a current
systematic review [10], while there is only limited data on
horizontal tibial offset, tibial AP and ML width, as well as
PTS in the context of TKA implant design [8]. However,
these issues are of key clinical importance, as outcome
depends strongly on proper placement of TKA compo-
nents, which includes optimal rotational alignment and
proper bony surface coverage [17]. Moreover, sizing issues
such as component overhang has been shown to cause soft
tissue irritation resulting in pain and is associated with a
decreased range of motion [3], while undercoverage may
lead to subsidence and loosening of the implant [5]. Mal-
rotated components can cause several problems such as
patella maltracking and instability [1]. In addition, PTS
plays a key role in knee kinematics because of its influence
on inter alia sagittal plane stability, tibial load transfer and
flexion ability [2, 9] and is mostly proposed in a fixed man-
ner (0°, 5° or 7°) according to the instrumentation manuals
of different TKA systems.

As there is no large-scale analysis of tibial asymmetry
and PTS in the context of TKA surgery in the literature to
date, it is hypothesised that by analysing an extraordinary
large dataset of CT information on proximal tibial geom-
etry, we are able to determine the individual variations in
in terms of tibial surface asymmetry, AP and ML width,
as well as PTS.
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Materials and methods
Study design and setting

A retrospective review was performed on 15,807 datasets
that were generated during the design phase for a custom-
ized, individually manufactured TKA implant from Decem-
ber 2013 to April 2016.

Participants/study subjects

The dataset was drawn from a cross-section of European and
US-American patients.

Variables, outcome measures, data sources

Data analysis was done in two parts. The first included ana-
lysing 15807 CAD (computer-aided-design) models derived
from CT data for the proximal tibia that are used to design
the implants. These were used to conduct the analysis on
the variation of the posterior slope (PTS). The CT scans of
the lower limb included the centre of hip, a detailed scan
of the distal femur and proximal tibia and the ankle centre.
The ankle joint centre was used to determine the mechanical
axis of the tibia (Fig. 1). For determining the medial tibial
slope, first a plane was defined to be perpendicular to the
mechanical axis of the tibia. Then, a line was determined
as the tangent to the most prominent aspects of the anterior
and posterior cortices of the respective medial tibia. The
PTS was then defined as the angle between plane perpen-
dicular to the tibial mechanical axis and the line connecting
the anterior and posterior prominences of the proximal tibia
in the sagittal plane (Fig. 1).

The second aspect of the analysis was carried out on a
consecutively selected subset of 2202 datasets, where the
axial cut of each proximal tibia was used to measure the
tibial asymmetry. The rotational orientation of the tibial
profile in the axial plane was determined according to the
method of Cobb et al. [7] using best fit circles on the lat-
eral and medial tibial condyle (Fig. 2). The axis passing
through the centre of the medial and lateral circles was
used to determine the ML-axis of the tibial tray. The axis
perpendicular to this determines the anterior—posterior
(AP) direction. The medial and lateral AP widths were
determined via the anteriormost aspect of the patient spe-
cific profile measured to the posteriormost aspect of the
patient specific profile for each condylar area. The dif-
ference between the medial and lateral AP widths was
defined as the tibial asymmetry or horizontal tibial offset.
The tibial asymmetry data were first analysed as a whole
and then bucketed into 4 groups based on ML width (ML
tibial width <65 mm, 65-75, 75-85,> 85) and 6 groups
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Fig.1 Tibial slope in the sagittal plane is measured for the medial
compartment as the angle between the plane perpendicular to the
mechanical axis and the line connecting the anterior and posterior
prominences of the proximal tibia

based on the amount of asymmetry (< 1 mm, 2-3, 3-4,
4-5 and >5).

An implant fit analysis was conducted using ML and
tibia medial AP dimensions of the data set when compared
with modern symmetric (S) TKA (Attune® Knee System;
DePuy Synthes, Warshaw, IN, USA) and asymmetric (AS)
TKA sizes (Persona® Knee System, Zimmer Biomet Inc,
Warsaw, IN, USA). The sizes were determined from com-
pany data. For each TKA size, the implant medial AP and
ML measurements were recorded and plotted along with
the CT data of our patient population. The sizes of modern
S-TKA and AS-TKA that fell outside the FDA clearance of
our data base were excluded from the analysis.

Fig.2 Best fit circles are drawn on the medial and lateral compart-
ments of the tibia. The line perpendicular to the connector of the two
centres is used to define tibial rotation

Statistical analysis

Data analysis was performed using inbuilt and custom func-
tions in MS Excel (Redmond, WA-USA) and Minitab 17.1
(State College, PA-USA).

Results
Posterior tibial slope (PTS)

The average PTS for the whole population of 15,807 patients
was determined to be 7.4° (SD 3.47°). 65.5% of patients
had a posterior slope between 5° and 10°. Of the remaining
population 26.5% of patients exhibited a PTS > 10°, while
8% of patients exhibited a PTS of < 5°.

Tibial width and asymmetry

Analysis of the tibial axial view revealed an average
medial AP length of 49.45 mm (SD 4.41), an average
lateral AP length of 45.74 mm (SD 4.27) and an aver-
age tibial asymmetry of 3.70 mm (SD 1.62). The average
tibial ML width was 74 mm (SD 6.0 mm). Only 14% of
tibiae were symmetric (<2 mm asymmetry) and 64% of
patients showed a tibial asymmetry between 2 and 5 mm.
22% of the tibiae were distinct asymmetric (>5 mm
asymmetry) (Table 1; left columns). To identify any cor-
relation between asymmetry and ML-widths of the tibia,
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Table 1 Distribution of tibial asymmetry in the analysed dataset
shows that a majority of patients exhibit asymmetry between the
2-5 mm range (left columns)

Tibial Overall Tibial population bucketed by ML width
asymme-  population (mm)

ry (mm) (%) <65 (%) 65-75(%) 75-85 (%) =85 (%)

<1 4 4 3 3 3
1-2 10 22 11

2-3 19 14 20 19 16
34 24 26 26 21 25
4-5 21 26 20 22 20
>5 22 8 19 27 27

Distribution of the tibial asymmetry based on tibial ML width shows
that there is a relationship between tibial ML width and asymmetry
(right columns)
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Implant fit analysis

In the S-TKA group, a potential mismatch between the
patient’s bony anatomy and the dimensions of the tibial com-
ponent was identified, with their tibial medial AP dimension
being smaller than that of the tibial S-TKA implant, expe-
cially for large ML diameter (> 70 mm) (Fig. 3) in many
cases. Conversely, in the AS-TKA group, the tibial medial
AP diameter was often times bigger than that of the tibial
AS-TKA implant, throughout the range of ML dimension
(Fig. 4).

Discussion

The key findings of our study were that using an extensive

40 45 50 55 60

Tibial medial AP Measurement (mm)

the dataset was separated into four groups of different
ML-widths: < 65 mm, 65-75 mm, 75-85 mm and 85 mm.
Each and every degree of asymmetry as defined above
was observed in every ML-group. With increasing ML-
widths, the proportion of symmetric tibiae (<2 mm asym-
metry) decreased from 26 to 9%, while the proportion of
asymmetric tibiae (5 mm asymmetry) increased from 8
to 27%. Accordingly, there was a trend in the amount of
asymmetry based on the overall ML width of the tibia,
with proportion of patients with high asymmetry increas-
ing with tibial ML-width (Table 1; right columns).

@ Springer

CT data base, the extent of variability of the PTS on the
one hand and tibial asymmetry on the other hand could be
described in a large gonarthrosis patient population to a
degree, that has not been recognized in the literature to date.

Firstly, our hypothesis that the range of variability of the
PTS could be clarified has been confirmed. Our data differs
to some extent to those of Ho et al. who found high vari-
ability of the PTS determined by CT scans of n =100 knees
of an Asian population with a mean of 11° (range 5°-17°)
[14]. Our data are in agreement with Meric et al. also found
very high variability of the PTS determined using CT scans
of n=13,546 knees of a population of mixed countries
(Europe, Asia, Middle East, Africa) with a mean of 7.2° with
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a reference range of —5° to 25° [19]. In contrast, our data
were generated from a cross section of the currently largest
population to our knowledge in the literature (n=15,807)
from Europe and North America, with a mean PTS of 7.4°
(range —9 to 26°). This is of interest, as manufacturers of
standard TKA systems such as PF.C.® Sigma® and Attune®
(both DePuy Synthes Johnson & Johnson) recommend using
0° of PTS (e.g. P.F.C.® PS) in cruciate substituting designs,
or 3° of PTS (P.F.C.® CR) or 5-7° of PTS (Attune®) for
cruciate retaining designs. Correlating the findings of the
present study to the recommendations in these surgical tech-
nique guides, revealed that the postoperative PTS would be
less than the patient’s native, preoperative PTS for a large
number of patients. Presently, there is no generally accepted
optimal angle of the PTS in TKA for ideal postoperative
knee function which is also strongly dependent on the TKA
implant design. An increase in PTS may affect the postop-
erative knee function in either a positive or a negative way:
with increasing PTS flexion angle increases while quadri-
ceps force for flexion decreases [2, 15, 22, 23]. On the other
hand, excessive increase of PTS may cause anterior sliding
and impingement of the tibial component, along with flexion
instability [22, 25].

Secondly, our hypothesis that we were able to describe a
variation for the tibial asymmetry has also been confirmed
(Table 1; Figs. 3 and 4). This corresponds to the work of
Dai et al. who also found a high variability of tibial sur-
face geometry determined using CT scans and 3D models
of n=347 knees of a population of mixed ethnicities (Cau-
casian, Japanese, Indian) using a multifaceted approach to
quantify morphology [8]. Interestingly, they found for each

ethnic group, males had higher values than females for all
dimensional and area measurements, and among ethnicities
Caucasians had larger values than Indians for all dimen-
sional and area metrics, and larger values than Japanese [8].
Concerning asymmetry Indians females had less AP asym-
metry than Caucasian females; Indian males had less AP
asymmetry than Japanese and Caucasian males [8]. In con-
trast to this work, we were not able to differentiate between
gender and ethnicity; however, we were able to extract an
increasing tendency towards asymmetry with increasing ML
diameter (Table 1) due to the use of the Cobb-method on a
large-scale data set (n=2202). Another interesting finding
of the present study was also that all ML-groups exhibited
different degrees of asymmetry within each group, and that
overall only 14% of tibiae were symmetric (<2 mm asym-
metry) (Tab. 1). Considering this small amount together with
the fact, that a lot of TKA designs still have symmetric tibial
trays renders the task of rebuilding the tibia in its natural
shape to be a challenging one.

The variation in the AP and ML dimensions of the proxi-
mal tibia are demonstrated in Figs. 3 and 4, showing possible
mismatches between a symmetric implant and the patient’s
bony surface (Fig. 3) and between an asymmetric standard
implant and the patient’s bony surface (Fig. 4). The chal-
lenge with using either symmetric or asymmetric implants
having a fixed geometry lies in maintaining proper rotation
while providing maximum coverage. Therefore, surgeons
often are required to downsize the tibial implants to maintain
proper axial rotation, while avoiding overhang of the tibial
components. Increased sizing options and the availability
of asymmetric tibial implants do alleviate some of these
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issues, but may not be able to address the varying geom-
etry in the population of patients. Martin et al. [17] in their
study utilized 30 CT reconstructions of tibial specimens to
determine the effect of malrotation and sizing of two sym-
metric and two asymmetric implant designs. They reported
that when tibiae are placed to maximize orientation, 70% of
all tibiae were on average 9° internally rotated [17]. Asym-
metric tibiae had a lower occurrence of malrotation than
symmetric tibia’s, but 28% and 52% of asymmetric tibiae
exhibited malrotation. Schroeder et al. [24] investigated the
occurrence of tibial misfit in 44 patients undergoing TKA,
using 3 implants with symmetric designs and 1 implant
with a customized design. Implants were sized to minimize
overhang, while maintaining proper rotation. They found
that 18% of the symmetric implants exhibited tibial implant
overhang >3 mm, and none of the customized implants
exhibited overhang [24]. Component underhang was seen in
37% of the symmetric tibial implants and 18% of customized
TKA [24]. Rotational analysis conducted in the same paper
showed that when the tibiae were sized to maximize cover-
age, 45% of symmetric tibiae exhibited > 5° of rotational
mismatch [24]. Asymmetric designs do reduce the occur-
rence of sizing and rotational mismatches when compared to
symmetric tibial implants, however, they have a fixed asym-
metry between 5 and 7 mm as in the Persona® Knee System
(Zimmer Biomet Inc., Warsaw, IN, USA). In contrast, our
data showed that the majority of patients exhibit an asymme-
try between 2 and 5 mm (average of 3.7 mm; SD 1.62 mm),
which complies with values from the following literature:
Yoshioka et al. [26] examined the articular geometry of the
tibia on 31 cadaveric lower legs. Their mean medial AP
width was 48 mm (SD 5.0) and their mean lateral AP width
was 42 mm (SD 3.7), resulting in a mean asymmetry of the
tibial plateau of 6 mm. Kwak et al. [16] did measurements
of the cut surface of 200 tibiae of 100 Korean cadavers. As
was done in the present study, they evaluated the degree of
asymmetry by the difference between medial and lateral AP
width and obtained 3.8 mm (SD 2.8) as mean of asymmetry.
Cheng et al. [6] did a morphometric analysis of 172 knees
of Chinese patients. They found that the medial AP width
was larger than the lateral AP width by an average of 5.4 mm
(SD 2.8). Hitt et al. [13] collected morphologic data of the
proximal tibia from 337 knees during total knee arthroplasty.
They reported that the medial AP width was larger than the
lateral AP width by a mean of 5.2 mm (SD 3.1) for men and
by 4.3 mm (SD 3.1) for women. The present study represents
the largest CT dataset investigating AP and ML dimensions
and also PTS of the proximal tibia so far in a representative
European and North-American cross-section of patients.
Therefore, possible mismatches between the implant and
the patient’s bony surface resulting from the variability and
potentially impairing the functional outcome of TKA could
be evaluated.
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The study had a number of limitations that need to be
considered. Firstly, we measured the PTS on CAD models
of the proximal tibia derived from CT data. Therefore, soft
tissue information, including the cartilage thickness and
menisci were not included in the model. Though this might
present a limitation in interpreting the results of our study,
the large dataset analysed here, provided the readers with an
accurate idea on the variation of the PTS in patients receiv-
ing TKA.

Another limitation of the study is that the mapping of
the tibial offset data and its correlation to tibial widths was
conducted on a subset of patients from the larger popula-
tion since analysis of the profile for the larger dataset was
not possible. The consecutive selection of the subset does
limit the chance of selection bias, but does not eliminate the
possibility of it. However, the resultant subset is still large
enough (n=2202), and we believe this subset analysis is
still an important finding of the study that demonstrated the
variation in tibial AP offset between the medial and lateral
compartments seen in patients requiring TKA.

Furthermore, as the dataset generated for this paper
includes implant dimensions that are generated from the
design process of a customized TKA, it does not include
patient demographic information, and this study cannot
apply equally to men and women or different groups of
ethnicities. Of course, the conclusions drawn are limited
to cases that fall into the range of sizes supported by the
collected data. Accordingly, the conclusion drawn apply to
patients having knees with dimensions falling into the FDA
clearance range of customized TKA. The study does not
apply to small knees with dimensions that do not fall in the
clearance range, therefore probably representing parts of an
Asian population. However, to our best knowledge, this is
the largest dataset evaluated so far depicting a representative
cross-section of European and US-American patients and
highlighting that surgeons intraoperatively have to deal with
individual anatomic geometries.

Not only the geometry of the tibia, but also of the femur
shows a high degree of variability [18]. Since said study
highlights the variability in femoral geometry only, while the
present study highlights variability in tibial geometry only,
both studies do not address the full complexity which results
from interaction between tibia, femur and patella along with
its interconnecting soft tissues. In the end, only considering
both the variability in geometry of the femur as well as of the
tibia and the effects resulting from interaction between femur
and tibia may allow a reliable conclusion. This is beyond
the topic of the paper which, however, highlights important
differences to be addressed pre- as well as intraoperatively.

Lastly, all measurements were based on three-dimen-
sional models of the knee joint and may therefore not be
directly transferrable into the situation surgeons face intra-
operatively. However, the data presented in this paper does
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provide important information on the variations of the tibial
geometry that will help surgeons better plan sizing and cor-
rect placement of the tibial component. To the authors best
knowledge, this is the greatest CT dataset evaluated of tibial
morphology so far.

Conclusion

The study demonstrated that tibial posterior slope and asym-
metry of the tibial plateau vary widely between patients
receiving TKA. CT scans might help to preoperatively better
select the best fitting TKA, otherwise surgeons intraopera-
tively will often have to deal with compromises regarding
fitting, sizing and rotational issues.
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