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Abstract

Purpose The aim of this study was to assess the kinemat-
ics of arthritic knees prior to TKA. The hypothesis was
that the arthritic knee follows distinct patterns with regard
to deformity in coronal plane as it flexes from extended
position.

Method Data from 585 consecutive arthritic knees that had
undergone TKA using two non-image-based navigation
systems were included in the study. Coronal plane align-
ment given by the femoro-tibial mechanical angle (FTMA)
was recorded in extension, 30°, 60°, 90° and maximum
flexion prior to making any bony cuts or ligamentous
releases.

Results Complete data were available for 512 (87.5 %) of
arthritic knees. It was found that pre-implant arthritic knees
behaved in different distinct patterns from full extension
to 90° flexion. These patterns in FTMA from extension
through to 90° of flexion were classified into 4 major types
(1, 2, 3, and 4) and 8 subgroups (1A, 1B, 2A, 2B, 3, 4A,
4B, 4C) for varus and valgus knees. Beyond 90° of flexion,
there were no distinct or consistent patterns. There were
differences between varus and valgus knee deformities not
only in overall numbers (73.8 % varus vs. 21.1 % valgus)
but also in kinematic behaviour. Only 14.1 % of total knees
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had a consistent deformity (Type 1A) which remained the
same throughout the range of flexion. 14.1 % knees actu-
ally become opposite deformity as the knee flexes; thus,
varus becomes valgus and valgus becomes varus as the
knee flexes (Type 3 and 4C).

Conclusion This study has observed and categorised
distinct patterns which arthritic knees follow in the coro-
nal plane as it flexes. This dynamic change during flexion
will have bearing on collateral releases that are tradition-
ally done based on deformity in extension or 90° flexion
mainly. This may be the underlying cause of flexion insta-
bility especially for Types 3 and 4C knees if collateral soft
tissue release is done based on deformity in extension. Full
significance of this remains unknown and will need further
investigation.

Level of evidence 1I1.

Keywords Knee - Kinematics - Classification - Dynamic -
Total knee replacement - Total knee arthroplasty -
Behaviour - Pattern - Alignment - Deformity - Mechanical
axis

Introduction

The evaluation of preoperative knee deformity remains fun-
damental in total knee arthroplasty (TKA); bone cuts and
soft tissue can be adjusted to produce optimum outcomes
as malalignment and instability are two of the most fre-
quent causes of TKA failure [3, 28]. Varus and valgus knee
deformity has been traditionally defined as coronal deform-
ity in extended position of the knee. Long-leg radiographs
including the hip, knee, and ankle (HKA radiographs) in
extension are still regularly used to measure preoperative
leg alignment [19]. Nevertheless, the inaccuracy of long-leg
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radiographs is well documented in the literature and is still
subject to controversy [4, 25, 32].

With the advent of computer-assisted surgery (CAS),
it has become possible to study knee alignment and kin-
ematics for each individual patient as they undergo knee
surgery. This technology allows for the real-time evalua-
tion of coronal alignment during the surgical procedure [2].
It also allows for the dynamic kinematic measurement of
coronal alignment through the full range of knee flexion
[12]. Siston et al. [29] showed that knees with valgus and
varus deformities had different behaviour during flexion.
Therefore, while radiographs evaluate the static alignment
of lower limbs in standing or supine position and label knee
alignment as neutral, varus, or valgus depending on the
deviation of leg in coronal plane in extension, CAS evalu-
ates dynamic FTMA (femoro-tibial mechanical alignment)
through the full range of movement from extension to flex-
ion (dynamic mechanical alignment).

During total knee arthroplasty, the release of soft tissues
may be performed according to radiographic and clinical
assessment: the medial anatomical structures for varus and
lateral structures for valgus deformities [22]. Other stud-
ies have shown that navigation helps improve soft tissue
management, tailoring soft tissue releases to the individual
patient following computer-assisted kinematic measure-
ments [10, 17, 24]. The ability to measure coronal align-
ment throughout the range of motion may offer the oppor-
tunity to further personalise the soft tissue management of
TKA patients. Indeed, the traditional approach to TKA sur-
gery is based on the assumption that the coronal deformity
remains the same throughout flexion as it is in extension.

Study questions were as follows: (1) Do the arthritic knees
follow certain patterns in dynamic coronal alignment? (2) Are
certain patterns in kinematic behaviour more prevalent than
others? This study classifies the dynamic alignment patterns
of the arthritic knees as it moves from extension to flexion.

Materials and methods

The Golden Jubilee National Hospital research ethics
board was approached, and it was determined that ethical
approval was not required for this study. Therefore, the
study was carried out as an audit under the clinical gov-
ernance of our institution. A consecutive series of patients
undergoing TKA for knee arthritis were included. They
were under the care of three consultants who use com-
puter navigation routinely in their standard TKA practice.
There were no exclusion criteria for any of the patients who
underwent TKA with computer-assisted navigation.

A total of 585 arthritic knees (KD 227, FP 199, JB 159)
were included in the study. These included 326 (55.7 %)
females and 259 (44.3 %) males with a mean age of
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Fig. 1 Frames of reference of the femur and tibia; femoral coronal
plane projected on the femoral mechanical axis and distal femoral
rotation axis; tibial coronal plane projected on the tibial mechanical
axis and bimalleolar axis

68.9 years (range 42 to 92). The left knee was involved
in 296 (50.6 %) cases. Long-leg radiographs (HKA) were
measured pre-op using Moreland protocol [21].

Two different validated CE Marked CT-free navigation
systems were used, Orthopilot® (BBraun Aesculap, Tuttlin-
gen, Germany) and Stryker (Stryker, Mahwah, New Jersey
07430, USA). Both systems are based on similar principles of
hip, knee, and ankle centre acquisition via kinematic and ana-
tomical landmark registration processes. Both systems used
kinematic acquisition of the hip centre and anatomical acqui-
sition of the knee and ankle centres. The Orthopilot® system
in addition used kinematic acquisition of knee and ankle cen-
tres. From these data, the femoral and tibial mechanical axes
are defined. The knee rotation axis taken in computer-assisted
measurement is either the posterior condylar axis (PCA) for
Orthopilot® or the mean of AP and transepicondylar axis for
the Stryker system. Therefore, during knee flexion, the pro-
jected femoral mechanical axis onto the reference plane deter-
mines the varus and valgus angles (Fig. 1). The sagittal plane
is formed perpendicular to the computed coronal plane. Thus,
during knee flexion, the measurement of the FTMA in the cor-
onal plane can be displayed for every degree of flexion (Fig. 2).

In Figs. 3, 4,5, 6,7, 8, 9, 10, and 11, the Y-axis shows
the amount of flexion in the range of movement of knee at
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Extension ‘ 30 degrees 60 degrees 90 degrees

Fig. 2 Variation in the varus/valgus angles with respect to sagittal plane at 0°, 30°, 60°, and 90° of knee flexion

Fig. 3 Deformity example Analyze Varus/Valgus
taken from computer naviga-
tion screen: neutral: deformity
remains within 2° of the neutral

Analyze Final Alignment: Curve 1

Fig. 4 Deformity example Analysis of Varus-Valgus
taken from computer naviga-
tion screen: Type 1A: deformity
remains the same with flexion

Flexion Analysis of Initial Alignment: Curve 1

10° 5

126° o | | |
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Fig. 5 Deformity example
taken from computer naviga-
tion screen: Type 1B: deformity
increases with flexion

Fig. 6 Deformity example
taken from computer naviga-
tion screen: Type 2A: deformity
decreases with flexion but does
not reach neutral

Fig. 7 Deformity example
taken from computer naviga-
tion screen: Type 2B: deform-
ity decreases with flexion and
reaches neutral
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Analyze Initial Alignment: Curve 1

Analyze Varus/Valgus
Analyze Initial Alignment: Curve 1

Analyze Varus/Valgus
Analyze Initial Alignment: Curve 1
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Fig. 8 Deformity example
taken from computer naviga-
tion screen: Type 3: deformity
becomes opposite with flexion
(varus becomes valgus, valgus
becomes varus)

Fig. 9 Deformity example
taken from computer navigation
screen: Type 4A: deformity first
increases and then decreases
with flexion but does not reach
neutral

Fig. 10 Deformity example
taken from computer navigation
screen: Type 4B: deformity first
increases and then decreases
with flexion and reaches neutral,
shows pre- and post-knee
replacement kinematics

Analyze Varus/Valgus

Analyze Trial Alignment: Curve 1

Analyze Varus/Valgus
Analyze Initial Alignment: Curve 1

Analysis of Varus-Valgus

Analysis of Initial Alignment: Curve 1

\

Analysis of Final Alignment: Curve 1
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Fig. 11 Deformity example Analysis of Varus-Valgus
taken from computer naviga-
tion screen: Type 4C: deform-
ity first increases and then
becomes opposite with flexion
(varus becomes valgus, valgus

becomes varus)

Analysis of Initial Alignment: Curve 1

Table 1 Classification of knee coronal plane deformity as it flexes from an extended position

Main group Class/type  Coronal deformity as the knee flexes from extension to 90° flexion
Neutral
Varus/Valgus
1 1A Deformity remains same
1B Deformity increases
2 2A Deformity decreases but does not reach neutral
2B Deformity decreases and reaches neutral
3 3 Deformity becomes opposite deformity (varus becomes valgus and valgus becomes varus)
4A Deformity first increases and then decreases but does not reach neutral
4B Deformity first increases and then decreases to reach neutral
4C Deformity first increases and then becomes opposite deformity (varus becomes valgus and valgus becomes varus)

that point of time which shows the varus valgus on X-axis.
X-axis shows the amount of varus or valgus in degrees at
different points of degrees of flexion noted on y-axis.

After knee exposure, dynamic reference bases (DRB)
with active tracker systems were fixed onto the femur
and tibia. Surgical exposure of the joint was performed
to allow the patient’s anatomy to be registered accord-
ing to standard procedure. Minimal soft tissue dissection
was carried out in order to collect appropriate kinematic
and anatomical data of the knee. Coronal plane alignment
given by the femoro-tibial mechanical angle (FTMA) was
recorded in extension, 30°, 60°, 90° and maximum flex-
ion before making any bony cuts or ligamentous releases.
Klein’s protocol [14, 16] was used to assess each knee.
One hand held the heel and the other was underneath the
thigh. The knee was then flexed passively from extension
to maximum flexion without influencing the knee’s natural
kinematic behaviour. No varus or valgus stress was applied
to record this part. The collected data were recorded and
stored on a computer navigation file. Data for all patients
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were extracted from these navigation files into Micro-
soft Excel 2003 (Microsoft Corp, Redmond, WA, USA)
and then used to assess the change in coronal alignment
throughout the range of motion.

Classification: definitions

The coronal deformity with CAS was investigated and clas-
sified according to the following criteria:

The lower limb alignment in extension was used to
decide whether the knee was in the neutral, varus, or val-
gus group. A deviation of more than 2° was taken to denote
a change in coronal alignment (as the navigation system’s
accuracy is within 1°). A knee would be classified as neu-
tral if it remained within £2° of 0° coronal alignment
throughout the range of flexion. Different patterns observed
were then classified (Table 1). Due to the possible effect of
the tourniquet during knee flexion and no specific patterns
observed in more than 90° flexion, measurements only up
to 90° of flexion were used in the classification.
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Table 2 Frequency of pattern of behaviour of the deformity in coro-
nal plane for arthritic and replaced knees

Type Arthritic knee pre-implant (n = 512) Total

Neutral Varus Valgus

26 (5.07 %) 378 (73.82 %) 108 (21.09 %) 512 (100 %)
1A 63 (16.67 %) 9 (8.33 %) 72 (14.06 %)
1B 77 (20.37 %) 11 (10.18 %) 88 (17.18 %)
2A 96 (2539 %) 24 (22.22 %) 120 (23.43 %)
2B 18 (4.76 %) 8 (7.40 %) 26 (5.07 %)
3 33 (8.73 %) 35(32.40 %) 68 (13.28 %)
4A 83 (21.95 %) 18 (16.67 %) 101 (19.72 %)
4B 5(1.32 %) 2 (1.85 %) 7 (1.36 %)
4C 3(0.79 %) 1(0.92 %) 4 (0.78 %)

Statistical analysis

Once the variation in behaviour had been identified and
classified, SPSS v 17.0 (IBM, Armonk, NY, USA) was
used for tabulations and descriptive statistics.

Results

The computer navigation data were available for 512
(87.5 %) knees.

Classification: groups

It was found that pre-implant knees behaved in different
distinct patterns from full extension to 90° flexion. Various
patterns in FTMA from extension through to 90° of flexion
were identified, giving a total of 4 types and 8 subtypes for
both varus and valgus knees (Table 1).

Classification: prevalence

According to our classification, 26 (5.1 %) knees were neu-
tral, 378 (73.8 %) knees were in varus, and 108 (21.1 %)
knees were in valgus in full extension (Table 2). A consist-
ent level of deformity (Type 1A) was present in only 72
(14.1 %) of knees, and the deformity became an opposite
deformity (varus becomes valgus and vice versa) through
flexion (Type 3 and Type 4C) in 72 (14.1 %) knees (Table 2;
Fig. 3). In 50 % knees, the deformity reduced from its orig-
inal extension deformity as the knee flexed. Frequency of
different patterns is detailed in Table 2.

No correlation was found between the long-leg radio-
graphic deformity type or severity to the pattern of knee
deformity in flexion. So it was unpredictable from the
radiographs as to what pattern the knee will follow when
flexed.

Discussion

The most important findings of the present study were as
follows: (1) the arthritic knees follow certain patterns in
dynamic coronal alignment; (2) certain patterns in kin-
ematic behaviour are more prevalent than others as shown
in (Table 2). This study classified the dynamic alignment
patterns of the arthritic knees as it moves from extension to
flexion (Table 1).

To the best of our knowledge, this is the largest series of
arthritic knee deformity dynamic assessment with a com-
prehensive analysis and classification. There are differences
between varus and valgus knee deformities not only in
overall numbers (73.8 % varus vs. 21.1 % valgus) but also
in kinematic behaviour; only 14.1 % of total knees have a
consistent deformity (Type 1A) which remains the same
throughout the range of flexion.

These distinct kinematic patterns may have an effect
on soft tissue management during surgery. The traditional
approach to TKA surgery is based on the assumption that
the coronal deformity in extension will remain the same
throughout flexion. This study confirms that this is the case
only in 14.1 % of our patients. However, numerous stud-
ies have shown for instance that tightness in extension in
a varus knee needs different management than tightness
in flexion [22, 23, 31]. Additionally, valgus knees deserve
distinct management depending on the reducibility of the
deformity [5]. In this study, the deformity in 49.5 % of
patients decreased while it reversed for 14.1 % of patients.
If traditional releases were carried out in these knees, kin-
ematics might have been made worse. This may be a fac-
tor responsible for flexion instability which is seen in some
knees post-TKA. This will especially be applicable to Type
3 knees which is mainly a consequence of dysplastic con-
dylar anatomy rather than soft tissue imbalance. Olcott
et al. [23] found that any one method based on bony land-
marks is responsible for at least 10 % of flexion asymmetry.
Whiteside as well as Mihalko et al. have shown that bal-
ancing ligaments after a posterior femoral cut may create
imbalance between flexion—extension [20, 31]. Colle et al.
[7] also found that the knee functional flexion axis changes
significantly in frontal plane, when they analysed extension
to 120 degree kinematics from extension to passive flex-
ion. Therefore, identifying knee kinematic patterns prior to
making bone cuts or soft tissue releases may be useful in
managing gaps in flexion and in extension during TKA.

Before considering the use of these data for any algo-
rithm in the management of soft tissue release, it is impor-
tant to understand the meaning of these dynamic coronal
plane mechanical angles. Indeed, it has been established
for many years that normal knee motion from extension to
flexion shows a posterior move of the knee’s instant centre
pathway. This move is related to rolling at the beginning
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of flexion and sliding at the end of femur to the tibial
plateau [15]. The coupled motion is called screw-home
mechanism combining motion in the sagittal plane (flex-
ion/extension) and automatic rotation during flexion [1].
Computer-assisted navigation allows for the measurement
of the femoral mechanical axis (between the centre of the
hip and the centre of the knee) and the tibial mechanical
axis (between the centre of the knee and the centre of the
ankle). Therefore, during knee flexion, the recorded leg
varus/valgus angles are a combination of the knee’s three-
dimensional movements projected onto the femoral refer-
ence plane.

Arthritic knee kinematics and deformity are a result
of a combination of bony anatomy, osteophytes, cartilage
degeneration, soft tissue changes, and adhesions. It is dif-
ficult to evaluate the accountability of each isolated com-
ponent in kinematic behaviour. Romero et al. [27] used a
similar frame of reference to assess varus and valgus laxity
using a loading apparatus displacing the tibia medially or
laterally. This experiment showed that in extension neither
external nor internal malrotation of the femoral component
up to 6° had any effect on ligamentous stability. On the
contrary, at 30° or 60° of knee flexion, a femoral compo-
nent set at 6° for both internal and external rotation had an
effect on varus/valgus laxity. Robkopf et al. [26] found they
had to flex the femoral component to approximately 3° to
balance the medial and lateral flexion and extension gaps.
Traditionally even when using gap balancing technique,
the soft tissue tension is measured in extension and 90° of
flexion but misses the range between these measurements
which may be of great significance in aetiology of the mid-
flexion instability. Measuring pre-implant knee kinematics
through the flexion may help improve our understanding of
individual knee behaviour in the future. Release of medial
or lateral collateral soft tissues, without an understand-
ing of how the deformity behaves in flexion, may lead to
worsening of kinematics. While this may correct the knee
deformity in extension, it may make knee unstable in flex-
ion. This will be especially applicable for Types 2, 3, and
4C knees where the deformity is reduced or reversed in
flexion. Ghosh et al. [9] found in their cadaveric study of
kinematic envelop of laxity there is a wide range of mid-
flexion excursion in the knee. They also recommended
evaluation of the knee kinematics to optimise the knee
replacement outcomes [9]. Venkatesan et al. [30] noted in a
critical analysis of computer navigation in TKR that it may
be of value in complex deformity, revision surgery, and
minimally invasive surgery.

This study used Klein’s assessment method to measure
lower limb alignment through the range of motion [14].
There are some limitations in this method such as the dif-
ficulty in assessing heavy legs, the effect of tourniquet, and
the degree of knee release as a result of exposure prior to
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measurements, although this was kept to a minimal and no
bony cuts or ligamentous releases were attempted before
recording. The computer-assisted technique is reliable and
repeatable for measuring FTMA in extension [6, 13]. In
flexion, FTMA was found to be less repeatable by Haus-
child et al. [11]. They observed an increased tendency of
intra-observer errors for those with less clinical experi-
ence. However, this study was carried out by experienced
surgeons [18]. This is an attempt at classification of differ-
ent patterns, which like any classification may have limita-
tions. This can be strengthened by independent assessment
from other institutions in the future. Another weakness may
be that there were 3 different surgeons and 2 navigation
systems. However, knee samples could vary between the
two systems and may slightly change the figures, but still
allowed the different patterns to be identified. This becomes
a strength as well, as the patterns observed were similar for
both the navigation systems and all the surgeons. Another
limitation in our study can be that complete data were not
available for all the patients (512/585). However, more than
500 patients had complete data sets available for all the
parameters observed so this is a large and hopefully repre-
sentative data set.

Clinical relevance of the study is in the assessment of
the dynamic behaviour before making collateral soft tis-
sue release. In Types 2, 3, and 4C knees, over release may
lead to flexion instabilities. So one needs to be careful and
do the collateral release in a controlled manner assessing
its effect at each stage of release. While using gap balanc-
ing technique, the soft tissue tension is traditionally meas-
ured in extension and 90° of flexion but misses the flexion
range between these measurements, which may be of sig-
nificance in aetiology of the midfiexion instability or post-
operative satisfaction. Also the equality of tension/laxity on
medial and lateral soft tissue/ligamentous structures in nor-
mal knees has recently been questioned as collateral lax-
ity maybe different on medial and lateral sides [8]. Thus,
rather than just assessing the gaps, the dynamic behaviour
should also be assessed through the range of flexion. It is
open to discussion if surgeons should be doing differen-
tial collateral releases in TKA surgery to address only part
of the range of movement where it is needed, rather than
doing medial or lateral collateral release as a whole, which
may be unnecessary or make the kinematics worse. This
will need further clinical evaluation.

Conclusion

This study has observed, defined, and classified definite
patterns which arthritic knees follow in the coronal plane.
The full significance of this is still unexplored, and more
questions have been raised which need further evaluation.
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