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Abstract

Purpose The purpose of this study was to describe the medial and lateral posterior tibial slope (MPTS and LPTS) on 3D-CT
in a Caucasian population without osteoarthritis. It was hypothesised that standard TKA alignment techniques would not
reproduce the anatomy in a high percentage of native knees.

Methods CT scans of 301 knees [male:female =192:109; mean age 30.1 (£ 6.1)] were analysed retrospectively. Tibial slope
was measured medially and laterally in relation to the mechanical axis of the tibia. The proportion of MPTS and LPTS was
calculated, corresponding to the “standard PTS” of 3°-7°. The proportion of knees accurately reproduced with the recom-
mended PTS of 0°-3° for PS and 5°-7° for CR TKA were evaluated.

Results Interindividual mean values of MPTS and LPTS did not differ significantly (mean (range); MPTS: 7.2° (- 1.0°-19.0°)
vs. LPTS: 7.2° (—2.4°-17.8°), n.s.). The mean absolute intraindividual difference was 2.9° (0.0°-10.8°). In 40.5% the intrain-
dividual difference between MPTS and LPTS was > 3°. When the standard slope of 3°~7° medial and lateral was considered,
only 15% of the knees were covered. The tibial cut for a PS TKA or a CR TKA changes the combined PTS (MPTS +LPTS)
in 99.3% and 95.3% of cases, respectively.

Conclusion A high interindividual range of MPTS and LPTS as well as considerable intraindividual differences were shown.
When implementing the recommended slope values for PS and CR prostheses, changes in native slope must be accepted.
Further research is needed to evaluate the impact of altering a patient’s native slope on the clinical outcome.

Level of evidence IV.
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Introduction

The medial and lateral posterior tibial slopes (MPTS and
LPTS) are important features of the complex three-dimen-
sional (3D) anatomy of the proximal tibia [19]. Historically,
MPTS and LPTS have not been considered as two different
entities, mainly because the separate evaluation of MPTS and
LPTS on conventional radiographs is difficult and often does
not provide sufficient information for preoperative planning
[22]. Over the last decade, personalized computer-assisted 3D
planning for total knee arthroplasty (TKA) or tibial osteoto-
mies has been introduced with the goal of improving accu-
racy and reducing outliers and thereby improving patient
satisfaction [6, 12]. Instead of using a rather simplified sys-
tematic approach to TKA alignment, as implemented in cur-
rent standard techniques and instruments, the reconstruction
of an individual alignment has been proposed [9, 11]. This
would not only include the coronal alignment, but also restore
the patient’s native MPTS and LPTS. However, adjusting the
surgical approach as closely as possible to the patient’s anat-
omy requires precise knowledge of the anatomic variability
of the native knee. Although there are studies reporting on
PTS measured on 3D-CT in osteoarthritic (OA) knees [18],
there are limited data on MPTS and LPTS in non-OA knees in
the Caucasian population [22, 24]. Accordingly, it is unknown
how PTS changes over time. For OA patients, a high vari-
ability of PTS with differences in mean values of up to 5° and
interindividual ranges as high as 30° have been reported [20].
Since there is a trend in orthopedics to restore the original
anatomy in both joint-preserving therapy options as well as
joint-replacing alternatives (e.g., kinematic alignment), it is of
great importance to analyze the native anatomy in a first step.
The purpose of this study was to describe inter and intraindi-
vidual differences of MPTS and LPTS on 3D-CT in a Cau-
casian population without OA. The first hypothesis was that
a difference of more than + 3° between the MPTS and LPTS
exists in more than 25% of knees. The second hypothesis was
that the patients’ individual, native anatomy does not corre-
spond to the standard PTS chosen in sagittal TKA alignment
of 3°-7°, nor to the recommended PTS for posterior stabilized
(PS) or cruciate-retaining (CR) TKA in more than 50% of
knees [1, 22]. The purpose of the second hypothesis was to
show in which proportion of patients and to what extent the
native slope is altered when the tibial component is implanted
according to the conventional standard.

Materials and methods

Approval was obtained from the local ethical commit-
tee (Ethikkommission Nordwest- und Zentralschweiz, ID
2018-00223). The hospital registry was searched for patients

younger than 45 years and older than 16 years, who received
a CT of the knee, according to the Imperial Knee Protocol
[7]. Each leg of these patients meeting the aforementioned
criteria was assessed separately for the following exclu-
sion criteria: hip, knee or ankle prosthesis, osteotomy (e.g.,
varus osteotomy), any radiological signs of osteoarthritis
or fractures, and reported injury of the collateral ligaments.
Finally, a total of 301 non-OA knees from 160 patients were
included in this study. SPECT/CT was obtained between
January 2011 and March 2017. All patients received a
99mTc-hydroxymethane diphosphonate (HDP) SPECT/CT
of the knee according to the Imperial Knee Protocol using a
Symbia T16 (Siemens, Erlangen, Germany). CT scans con-
sisted of 3-mm-thick low-dose slices of the femoral head
and the ankle and high-resolution 0.7-mm slices of the knee
[7]. Both legs from 141 patients and a single leg from 19
patients were included. SPECT/CT was conducted for the
following reasons: knee pain of unknown origin (e.g. ante-
rior knee pain without trauma) (n =22); osteochondritis
dissecans (n=13); persistent pain after treatment of sports
injury (n=_87) and idiopathic patellar pathology (n=36). In
15 patients both knees were affected by one of the aforemen-
tioned pathologies. The limb, which was the reason for the
imaging was labelled as “symptomatic” and the contralateral
leg as “asymptomatic”. This left a total of 143 asympto-
matic non-osteoarthritic knees and 158 symptomatic non-
osteoarthritic knees.

All measurements were performed by the same trained
engineer who has more than 10 years’ experience in this
field. A previously validated, commercially used planning
software (KneePLAN 3D, Symbios, Yverdon les Bains,
Switzerland) was used. This software creates a 3D model
based on the CT images obtained during the SPECT/CT. For
CE marking, the accuracy of measurements including inter-
and intra-observer reliability has been reported as excellent,
having measurement variability within 1° [5].

For measuring the MPTS and LPTS the mechanical axis
of the tibia was established using the tibial spine and the
ankle centre as reference. The individual slope was defined
as the line tangential to the most prominent aspects of the
anterior and posterior cortices of the respective compart-
ment [23]. The angle between the plane perpendicular to
the mechanical axis of the tibia and the individual slope was
measured and defined as the MPTS or LPTS [19] (Fig. 1).
Positive values correspond to a posterior tibial slope,
whereas negative values to an anterior tibial slope. A differ-
ence of + 3° between MPTS and LPTS was considered to
be physiological [18].

In conventional TKA the PTS is chosen between 3° and
7°. With varying knee implant designs, adaptions regarding
PTS are required due to varying knee kinematics. In PS TKA
a PTS of 0°-3° is recommended to provide tibial component
stability and avoid anterior post impingement [1]. In CR
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Fig. 1 The angle between the

plane perpendicular to the a
mechanical axis of the tibia (a)

and the individual slope (b) was
measured and defined as the

MPTS or LPTS. (¢) LPTS, (d)

MPTS

designs a PTS of 5°-7° is aimed to achieve adequate range of
motion (ROM) postoperatively, particularly in flexion [21].
The proportion of MPTS and LPTS corresponding to a
standard PTS as well as the proportion of knees accurately
reproduced by specifically recommended PTS for PS (0°-3°)
and CR (5°-7°) TKA were evaluated. Clinically accepted
deviations of + 1.5° were incorporated in the analysis.

Statistical analysis

Descriptive statistics, such as means, standard deviations
and ranges are presented. The distribution of MPTS and
LPTS are shown. T-tests for independent samples were used
to compare sex specific influences and for paired samples
to compare MPTS and LPTS. The relationship between the
two angles was tested with Pearson correlations. All data
were analysed by an independent statistician. The p values
were two-sided and considered statistically significant if
smaller than 0.05. Post hoc power analysis was conducted
two-sided (p <0.05) with the given n and a power of 80%
using G*Power 3.1.9. Gender-specific differences could be
found with a small to medium effect size d=0.34. Differ-
ences between MPTS and LPTS and correlations between
the angles could both be found with a small effect size
d=0.17 and rho=0.16, respectively.
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Mean values, ranges, and standard deviations of MPTS and
LPTS are listed in Table 1. There were 192 (63.8%) male
and 109 (36.2%) female patients [mean age + standard devia-
tion (SD) 30.1 +6.7 (range 16—44 years)]. MPTS and LPTS
differed less than 0.5° and not significantly between male
and female knees. Therefore, the influence of sex on PTS
is negligible.

Inter- and intraindividual analysis

A significant positive correlation between MPTS and LPTS
(r=0.44; p<0.001) was shown. Interindividual mean val-
ues did not differ significantly. However, high interindivid-
ual ranges of 20° were shown for MPTS as well as LPTS
(Table 1). The mean absolute intraindividual difference was
2.9° (0.0°-10.8°) (Table 1). In 40.5% of knees MPTS and
LPTS differed more than 3° from each other (Fig. 2), thus
confirming the first hypothesis. In approximately one-third
of patients either the MPTS or the LPTS corresponded to
the standard PTS of 3°-7°. Considering the entire PTS
(MPTS + LPTS) only 15% of knees corresponded to the
standard PTS (Table 2).

There was no statistical difference in MPTS or LPTS
between symptomatic and asymptomatic knees.
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Table 1 Descriptive statistics of

. ’ SRR MPTS LPTS p value Absolute intraindividual
inter and intraindividual MPTS differences MPTS-LPTS
and LPTS
Mean + SD 7.2°+3.3 7.2°+3.5 n.s 2.9°+2.1
Range —1.0° 19.0° —2.4°;17.8° 0.0; 10.8°
20 . - - - d e
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Fig. 2 Intraindividual differences between MPTS and LPTS. In 40.5% of cases, the MPTS differs more than + 3° from the LPTS

Hypothetical TKA (CR and PS) analysis

The tibial cut for a PS TKA changes the MPTS in 90.6%,
the LPTS in 91.7% and the combined PTS (MPTS + LPTS)
in 99.3% of cases (Fig. 3). The tibial cut for a CR TKA
changes the MPTS in 77.4%, the LTPS in 82.4% and the
combined PTS (MPTS +LPTYS) in 95.3% of cases (Fig. 4).
Even if clinically acceptable deviations of +1.5° (3.5°-8.5°)
in CR TKA are considered, the native anatomy is matched
in a total of only 29.6% of knees (Fig. 5), thus confirming
the second hypothesis.

Discussion

The most important finding of the present study is that in
more than 40% of knees there are relevant intraindividual
differences between MPTS and LPTS of more than 3°;
these differences are even up to 11°. The fact that the PTS
is highly variable has been shown before, but differences in
MPTS and LPTS might have been obscured by the analy-
sis of only mean values which, even in this cohort, do not

Table2 A combined (medial and lateral) standard tibial slope was
found in only 46 patients (15.3%)

LPTS Total
>17° 3°-7° <3°
MPTS
>7° n 106 42 12 160
% 352 14.0 4.0 532
3°-7° n 50 46 14 110
% 16.6 15.3 4.7 36.5
<3° n 10 16 5 31
% 33 53 1.7 10.3
Total n 166 104 31 301
% 55.1 34.6 10.3 100.0

In approximately one-third of patients either the medial or the lateral
PTS corresponded to a standard PTS of 3°-7°

differ at all. This implies that in this clinical setting—even if
the intraoperatively chosen slope corresponds to the native
slope of one compartment—in 40% of TKAs the anatomy
of the other compartment’s slope is changed more than 3°
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Fig.3 A PTS cut of 0°-3° for PS TKA only matches the native anatomy in 0.7% of knees. The native slope is changed in almost all knees
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Fig.4 A PTS cut of 5°-7° for CR TKA only matches the native anatomy in 4.7% of knees

thus leading to an altered flexion and/or extension gap in the
respective compartment.

The second most important finding is that 63.5% of MPTS
and 65.4% of LPTS do not correspond to the standard slope
of 3°-7° or the recommended PTS for PS and CR TKA.

@ Springer

Therefore, both hypotheses have been confirmed. It might
be particularly important that the intraindividual differences
between MPTS and LPTS are considered, as more recent
studies recommend reconstruction of the native slope. Sev-
eral authors are of the opinion that anatomical reconstruction
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Fig.5 Accepting clinical deviations of + 1.5° in CR (3.5°-8.5°) TKA covers the native anatomy in 29.6% of knees

has a positive influence on the outcome after TKA [3, 13,
14, 17, 27, 30]. However, up to date, the selection of slope
for TKA is still discussed controversially. With the goal of
reconstructing the native anatomy the question arises which
slope (MPTS/LPTS or mean) should be used as the reference
for the tibial cut. General recommendations do not exist.
There is, however, one study which recommends using the
LPTS as a reference [15]. These data show that a tibial cut
resembling the MPTS leads to a relevant bone loss of the
lateral plateau of more than 10 mm in thickness (= standard
tibial prosthetic component) in 24% of the evaluated knees.
When using the LPTS as a reference, excessive resection
occurred in only 2% of cases. However, this study analysed
a very selective cohort of mainly female Japanese, varus
misaligned knees with a mean MPTS of 9° and a mean LPTS
of 8°. Therefore, this cohort and their results differ from ours
and are probably not applicable to the broader Caucasian
population. However, regarding the reference slope for the
tibial cut Kuwano et al. [15] believe that the flatter slope
should be chosen to avoid excessive resection and instability.

Considering different knee implants with varying PTS
recommendations, changes to the patient’s native anatomy,
even higher than shown by our data, have to be expected.
The clinical consequences of these findings are not fully
known and warrant further research. A flat slope reduces
the tibiofemoral rollback and causes posterior tibiofemo-
ral impingement [30]. The maximum force on the quadri-
ceps and the patellofemoral contact stress decrease with
increased PTS [14]. Moreover, the maximal flexion achieved

postoperatively is affected by PTS. An increment of 1° in the
tibial slope results in an improvement of 1.7°-2.6° in flexion
[2, 17, 25], reaching a plateau effect at 6° [4]. On the other
hand, an excessive slope compromises the insertion point of
the posterior cruciate ligament (PCL), possibly causing sag-
ittal and (small) coronal instability. This becomes especially
important in situations where the anterior cruciate ligament
(ACL) is no longer present or has been resected and the only
passive restraint to an anterior tibial translation is provided
by the posterior lip of the tibial insert. Higher stresses on the
posterior lip of the insert lead to eventual polyethylene wear
[29] and flexion instability [26].

Interestingly, compared to the results of the non-OA
knees, other studies evaluating the MPTS and LPTS in
OA knees using preoperative images [23] show a tendency
towards a flatter MPTS in varus knees and a higher LPTS in
valgus knees. In valgus knees, the natural roll-back mecha-
nism combined with tibial internal rotation could lead to
posterior bone loss in the lateral compartment leading to an
increased LPTS. Vice versa, the internal rotation in varus
knees could lead to anteriorly located bone loss in the more
constrained medial compartment leading to a decreased
MPTS. Unfortunately, longitudinal data are still missing
and therefore the exact natural course and the mechanisms
leading to changes of PTS in OA knees are not known.

Our findings provide insight into the diversity of anatomy
and morphology of the non-OA knee joint. Using current
standard techniques, PTS cuts are mainly dependent on the
surgeon’s philosophy and on the implant design. So far, the
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patient’s individual anatomy has been considered second-
ary. Recently published studies showed a wide variation of
knee phenotypes regarding the coronal alignment [8]. The
results of the current study justify the assumption that the
anatomical diversity of the knee joint is even greater and
more complex when the sagittal plane is also considered.
Due to the high intraindividual differences, hypothetically,
the reconstruction of two different slopes by using two uni-
condylar knee arthroplasties or a tibial insert with two dif-
ferent designs of sagittal curvature might be an option to
prevent PTS alterations. However, the influence of certain
specific anatomic factors will have to be considered. These
factors include the curvature of the distal femoral condyle
in the sagittal view (different radius/radii of curvature and
centre), the “soft tissue” slope (cartilage and menisci) as
well as the joint line of both compartments in the frontal and
sagittal plane. Until now there is no TKA system providing
the option of implementing two different slopes. Our data
will serve as input for future studies and represent another
piece of the “puzzle” on the way to a more individualized
medicine, which will certainly need further investigation.

This study has several limitations. First, the measure-
ments are only based on Caucasian non-OA knees and the
clinical consequences are of a presumptive nature and can-
not be transferred directly to OA knees or other ethnicities.
Second, the measurements were done on 3D-reconstructed
CT images. However, a recent study analyzing MPTS and
LPTS on 3D-CT images in the central weight-bearing zone
of the tibial plateau presented comparable results [10].
Third, only the bony tibial slope was measured. Changes in
the slope can be expected by including the tibial cartilage
and menisci (“tibial soft tissue slope”). MRI analyses of the
tibial soft tissue slope showed that the tibial slope is more
horizontal in the lateral compartment than in the medial
compartment. Due to the steeper posterior angulation medi-
ally, even greater differences between the compartments can
be expected [16]. Fourth, inter and intra-reader reliability
were not assessed. However, inter-reader reliability has been
reported to be excellent for PTS measurement on CT scans
[28], and thus, differences were assumed to be minimal.

The clinical importance of this study is that it highlights
the variability of PTS and especially the intraindividual dif-
ferences of the medial and lateral compartment. This might
be important for the clinical work-up as well as preoperative
planning and intraoperative decisions.

Conclusion
A high interindividual range of MPTS and LPTS as well

as considerable intraindividual differences were shown in
native knees. When implementing the recommended slope
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values for PS and CR prostheses, changes in native slope
are to be expected.

Further research is needed to evaluate the impact on the
clinical outcome of altering a patient’s native slope.
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