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The anatomical tibial axis
RELIABLE ROTATIONAL ORIENTATION IN KNEE REPLACEMENT

The rotational alignment of the tibia is an unresolved issue in knee replacement. A poor
functional outcome may be due to malrotation of the tibial component. Our aim was to find
a reliable method for positioning the tibial component in knee replacement.

CT scans of 19 knees were reconstructed in three dimensions and orientated vertically. An
axial plane was identified 20 mm below the tibial spines. The centre of each tibial condyle
was calculated from ten points taken round the condylar cortex. The tibial tubercle centre
was also generated as the centre of the circle which best fitted eight points on the outside
of the tubercle in an axial plane at the level of its most prominent point.

The derived points were identified by three observers with errors of 0.6 mm to 1 mm. The
medial and lateral tibial centres were constant features (radius 24 mm (sp 3), and 22 mm (sp 3),
respectively). An anatomical axis was created perpendicular to the line joining these two
points. The tubercle centre was found to be 20 mm (sD 7) lateral to the centre of the medial
tibial condyle. Compared with this axis, an axis perpendicular to the posterior condylar axis
was internally rotated by 6° (sD 3). An axis based on the tibial tubercle and the tibial spines
was also internally rotated by 5° (sp 10).

Alignment of the knee when based on this anatomical axis was more reliable than either
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the posterior surfaces or any axis involving the tubercle which was the least reliable

landmark in the region.

Numerous studies have shown that total knee
replacement is a successful procedure,'® but it
remains an operation with a considerable rate
of failure.” Discrepancies in reported results
may be related to differences in outcome mea-
surement. That noted, a substantial rate of dis-
satisfaction is observed if results are judged by
reliable scoring systems that differentiate
between successful and unsuccessful pro-
cedures.®” One of the reasons for dissatisfac-
tion or failure may be malpositioning of the
components of the knee replacement.'’

In order to communicate effectively about
alignment or positioning of components in knee
replacement, a shared vocabulary is essential. A
common frame of reference is required by inves-
tigators to describe accurately a bone or an ana-
tomical feature and its orientation. This should
have three axes and a point of origin. Without
such a frame of reference, accurate surgery is
difficult, since the surgeon cannot reliably
describe the ideal position of any feature or
component. In the hip, the anterior pelvic plane
is now accepted as the functional frame of refer-
ence in relation to which the acetabular position
can be described,'"!? although other reference

frames have also been described which may
have practical advantages.!> In the knee, the
rotational alignment of the distal femur remains
controversial, with Whiteside’s line being used
by some as a reference,'*! despite the fact that
it shows considerable variation even in normal
subjects.'* Others advocate the use of the epi-
condylar axis'® although the reliability of this as
a working frame of reference has been ques-
tioned.!”"? The posterior condylar axis is also
used based on a line joining the most posterior
surfaces of the femoral condyles. It is easily
identifiable and is derived from the measure-
ment of the most posterior surfaces of the fem-
oral condyles.'® However, in pathological
anatomy with a smaller than average lateral
femoral condyle, its use will give rotational
malalignment.?°

There has been no universally-accepted tib-
ial frame of reference. While there is agreement
regarding the definition of normal coronal
(varus/valgus) alignment and posterior tibial
slope,?! no consensus has been reached about
the normal rotational axis of the tibia. Thus all
studies relating knee function to the position or
alignment of a component may be compro-
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mised by a failure to identify the sagittal plane of the tibia
in a reliable way.

Rotational variation is a key determinant of function and
of predisposition to disease.?>** This is hard to measure
from plain radiographs, although from short-leg radio-
graphs of the knee alone, a standard 6° of valgus for the
femur has been reported as being acceptable for practical
purposes.?’ In a dry-bone study, the influence of undetected
rotation of the knee was shown to change the surgeon’s per-
ception of alignment substantially. A neutral transverse
tibial cut with a 10° posterior slope was reported as varying
from 5° varus to 3° of valgus with rotation of the tibia.?
Rotation is reliably measured using CT.?” Medial compart-
ment osteoarthritis has been linked to reduced tibial exter-
nal torsion, while patellofemoral osteoarthritis has been
related to increased tibial external torsion.??** In a study of
normal and osteoarthritic patients, the sagittal axis of the
tibia as defined by the tibial tubercle was found to vary by
over 40° in respect to both the ankle and the epicondylar
axis of the femur.?® In another study the angle between the
sagittal axis of the knee and the ankle was variable with a
range of over 16°.%°

Rotation of the tibial component has also been recognised
as an important factor in the outcome of knee replace-
ment.'% In a review of rotation of knee replacements based
on CT findings, there was a range of rotation of the tibial
components of 25° compared with 9° for rotation of the
femoral components.3 In another study of 109 knees, 50%
were found to have tibial malrotation of more than 5°.3!

Several authors have attempted to define a sagittal axis
which would identify rotation using anatomical landmarks.
Most proximally, the tibial sagittal plane has been derived
from the position of the patella.? This will be altered by anat-
omy unrelated to the tibia, the position of the joint, pathology
of the joint and biomechanics. It is therefore unreliable.

Using landmarks within the knee or close to it, various
sagittal planes have been described including a line from the
mid-point between the tibial spines, passing 1 mm medial
to the medial border of the tubercle, a line perpendicular
to the posterior joint surface passing through the medial
third of the tibial tubercle,>"** and a line passing through
the middle of the posterior cruciate ligament and perpen-
dicular to the projected femoral transepicondylar axis.3%3°

Distal to the knee, a sagittal axis has also been described
through the second metatarsal or through the middle of the
ankle.”

None of these methods has been universally adopted. To
do so, any sagittal axis has to fulfil two criteria. It must be
reliably identifiable and it must be an accurate and true rep-
resentation of the sagittal axis. Our aim, therefore, was to
identify local landmarks in the knee which could be used in
both health and disease to describe the sagittal axis of the
tibia to define its rotational alignment. The secondary ques-
tions which arose were related to the shape of the tibial
components. We attempted to ascertain if there was an
optimal way of orientating tibial components, whether
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asymmetrical and symmetrical tibial components should be
inserted in the same way and how the tibial components of
unicompartmental knees should be orientated.

Patients and Methods

We analysed the CT scans of 19 knees from 19 patients
(10 men and nine women) with a mean age of 54 years
(29 to 77). They had been obtained using the Imperial
protocol®® from patients who had given their consent for
use of the datasets in research. Of these patients 11 had
undergone unilateral knee surgery and therefore the con-
tralateral knees were studied. For each of the other eight
patients, only one knee was analysed. Customised software
was created and used for analysis of the CT datasets.
Identification of bony landmarks for the initial orientation.
Conventional bony landmarks used to identify the sagittal
plane at knee surgery were identified first. These included
the centre of the ankle, the centre of the proximal tibia and
the tibial tubercle (Fig. 1). The centre of the proximal tibia
was approximated using the coronal, sagittal and axial
sections at the level of the articular surface.

One data point was placed at the back of each tibial con-
dyle close to the surface of the joint to define the posterior
condylar points, and on the highest point of the medial and
lateral tibial spines. The femur was then subtracted. All the
data points were identified on the cortical bone. The tibia
was orientated by aligning the line joining the centre of the
talus and proximal tibial centre vertically and rotating 90°
along a horizontal axis to get a craniocaudal view of the
tibial plateau. This initial orientation allowed collection of
further data points in a standardised method from the entire
series of bones, despite their differing morphology (Fig. 2).
Secondary orientation using derived data points. Three derived
points were obtained based on data points taken from the sur-
face of the tibia as follows:

The tibial tubercle centre. More than six data points were
placed on the surface of the tubercle at the level of its most
anterior point. The centre of the best-fit circle formed using
these points was termed the tibial tubercle centre (Fig. 3).
The lateral condylar centre. More than ten data points were
placed around the edge of the cortex of the lateral condyle
at the level of the articular surface. This surface was in good
condition since the knees studied had medial compartment
osteoarthritis. The root-mean-square of the error for the
best-fit circle was calculated and the centre of that circle
was termed the lateral condylar centre (Fig. 3).

The medial condylar centre. The medial tibial plateau was
not as circular as the lateral plateau, but it became circular
within a few millimetres of the joint surface. More than ten
data points were taken 20 mm below the tip of the medial
tibial spine. The highest point on the medial tibial spine
could be easily identified radiologically and could also be
digitised using a digitising probe. The root-mean-square of
the error for the best-fit circle was calculated, and the
centre of that circle was termed the medial condylar centre
(Fig. 3).
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Fig. 1a

Fig. 1b
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Fig. 1c

Tri-planar and 3D reconstruction views from the CT scans showing a) the centre of the ankle, with the plafond above it, b) the approximate centre of

the proximal tibia, and c) the tip of the tibial tubercle.

Fig. 2

Three-dimensional CT reconstruction of six of the tibiae showing the differing morphology and the variable

position of the tibial tubercle relative to the tibial spines.

Sagittal axes. Three different sagittal axes were then cre-
ated as follows:

The posterior condylar axis (Apc). This was defined as the
perpendicular to the posterior condylar line at its mid-
point. The two points defining the posterior condylar axis
were the most prominent points posteriorly after the tibia
had been orientated in the standard way. The posterior cor-
tex of the tibia is used in several instrumentation systems in
total knee replacement as a reference for positioning the
tibial components. The sagittal axis is defined as being
orthogonal to the Ap.

The sagittal tubercle axis (Agr). A sagittal line was gener-
ated joining the lateral tibial spine and the tibial tubercle
centre. A sagittal axis passing through the mid-point of the
tibial attachment of the posterior cruciate ligament and the
medial third of the patella tendon has been described com-
monly in the literature.> We thought this axis was unreli-
able since the position of the patellar tendon deviated
depending on the position of the limb. We therefore chose
to use a sagittal axis which was lateral to this line with
clearly identifiable data points, the tip of the lateral tibial
spine and the tibial tubercle centre. We believe that the ori-
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Fig. 3

CT reconstruction showing the medial (MCC) and lateral (LCC) condylar
centres and the tibial tubercle centre (TTC).

entation of our line A¢p, was similar to the sagittal axis
using the medial third of the tendon since both the anterior
and posterior data points were based on similar landmarks.
The anatomical tibial axis (A7) This is the perpendicular at
the mid-point of the line joining the medial and the lateral
condylar centres. This axis is more independent of the rela-
tive change in size of the lateral condyle and of lateralisa-
tion of the tubercle (Fig. 4).

Variability and reliability. The anatomical and derived
points, the axes and the dimensions were collected in 19
knees. Intra-observer repeatability was measured by repeat-
ing the data collection after one week. Two independent
observers (WD, FI) repeated the entire process, from point
gathering to measurements of angles. The reproducibility
of this method was then calculated by using Bland-Altman
analysis for interobserver agreement.

Results

Reliability of identification of derived landmarks. The tibial
tubercle points fitted a circle with a mean root-mean-
squared error of 0.2 mm (SD 0.1). Points taken on the
medial condylar cortex fitted a circle with a mean root-
mean-squared error of 0.5 mm (SD 0.1). The lateral condy-
lar cortex points fitted a circle with a mean root-mean-
squared error of 0.6 mm (SD 0.1). These derived landmarks,
as centres of the circles, appeared to be reliably described
by this method.

Relationship between the sagittal axes. The Ap: was inter-
nally rotated in relation to the A, by a mean of 6° (SD 3),
reflecting the difference in radius of the two tibial condyles.
A smaller lateral tibial condyle had the effect of relatively
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Fig. 4

CT reconstruction showing the three sagittal axes on a single tibia. Ap¢,
posterior condylar axis (internally rotated 6° (SD 3); A7, anatomical tibial
axis; Agr, sagittal tubercle axis (internally rotated 5° (sD 10)).

internally rotating the Apc, because the posterior condylar
line internally rotates relative to the sagittal plane. This is
not expected to occur with the A, as the centre of the con-
dyle is not expected to change.

The A¢p was internally rotated on the A, by a mean of
5° (sD 10). The sD reflected the variability of the position of
the tubercle (Fig. 4).

Reliability of derived landmarks. The interobserver mea-
surements were made on the same datasets, and compari-
son was made between observers. The x-axis was
mediolateral, the y-axis superoinferior, and the z-axis
anteroposterior. Analysis of the variation between observ-
ers 1 and 2 showed that the lateral condylar centre was
slightly more reliably identified in the anteroposterior
dimension than the medial condylar centre (mean differ-
ence 0.6 mm vs 1.2 mm), while both were equally identified
in the mediolateral dimension (mean difference 1.3 mm for
both) (Fig. 5).

The tibial anatomical reference frame. Having established
the relationship amongst the sagittal axes, the Ap, as being
the most reliable of the three sagittal axes, the dimensions
of the knees were then measured and the relationship
between the different morphological features described.
Using the A, and the longitudinal anatomical axis of the
tibia to adjust rotation in the axial and sagittal planes,
respectively, a frame of reference could be defined with the
x-axis being mediolateral, the y-axis superoinferior, and the
z-axls anteroposterior.

A morphometric analysis of the proximal tibia was then
performed. The mean medial tibial condyle radius was
24 mm (SD 3) and the mean lateral tibial condyle radius
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Fig. 5

CT scan showing the variability in identification of the condylar
centres expressed as the size of the mean difference between
observers 1 and 2.

22 mm (SD 3). The mean distance between the medial and
lateral condylar centres was 26 mm (SD 6). The mean ante-
rior distance from the line joining the two condylar cen-
tres to the tibial tubercle centre was 23 mm (SD 5). The
tibial tubercle centre was located 20 mm (SD 7) lateral to
the medial condylar centre. The y-axis scale was defined
by the perpendicular distance from the lateral condylar
centre to the tibial tubercle centre at 24 mm (sD 8) (Fig. 6).
The position of the tibial tubercle centre had the largest
variation amongst the knees studied. This suggests that it
is not an ideal feature on which to base a frame of refer-
ence.

Intra- and inter-observer investigations. All of the inter-
observer repeated observations were within a range of
3.2°. The comparison of measurements of the posterior
condylar line were within 1°. The intraclass correlation
coefficient was 0.94 suggesting good agreement. The
intra-observer repeatability after a delay of one week
revealed a mean difference in all the projected angles of
less than 0.5°.

Discussion

Our study had limitations. First, the number of knees stud-
ied was small. This may have been the reason behind the
variations across the sample. This small sample may not be
representative of the population. Another limitation was
that the knees were arthritic rather than normal. However,
the areas where the landmark points were chosen were
disease-free. The method appeared to be reasonably reli-
able showing that we could establish a rotational axis of the
tibia. The reliability and repeatability studies confirmed
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Medial radiu§
; 24 mm (sp 3)

CT reconstruction showing the relative sizes of the different components
of the tibial plateau.

this since the A, generated by each of the three observers
was within 3°.

Low-dose CT scans have a radiation dose equivalent to
long-leg radiographs. It is possible to obtain 3-D data with-
out excessive ionising radiation. CT does incur extra finan-
cial cost and it is more time-consuming to scan the knee and
analyse the data, but it does provide valuable information
especially if complex procedures are being considered.

This method allowed us to identify landmarks in the
knee and to describe their relationships to each other. The
geometrical centre of the medial compartment was the most
constant landmark in these knees. The lateral compartment
had a geometrical centre which could also be derived from
points on the cortex. It was equally constant in the medio-
lateral dimension, but varied more than that in the antero-
posterior dimension. The tibial tubercle centre was also
reliably derived by this method with small interobserver
errors. However, the tubercle varied in position more than
any other point in the mediolateral plane. Thus, any axis
defined by the tubercle would also vary substantially.

The A, sagittal axis varied depending on the differing
dimensions of the medial and lateral condyles and was
independent of the position of the tubercle. As the size of
the lateral condyle increased the axis internally rotated.
This variation was substantially less than that seen when
the posterior condylar axis was used. The posterior condy-
lar axis varied in its rotational alignment by approximately
twice the A, axis.

The tibial tubercle was the landmark which varied more
than any other in the proximal tibia. While it is closely
related to the position and morphology of the patello-
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Table I. The impact of the sagittal axis chosen for alignment of different tibial components

Posterior condylar axis (Apc)

Sagittal tubercle axis (Agy) Anatomical tibial axis (Aq,)

Total knee replacement

Symmetrical Internal rotation of component
with asymmetrical tibia
External rotation of component
with symmetrical tibia

Asymmetrical

Unicompartmental knee
replacement
Medial Not practical

Lateral Not practical

Excessive external rotation with Rotation appropriate to the

lateral tubercle individual
Excessive internal rotation with Rotation appropriate to the
medial tubercle individual

Variably externally rotated Rotation appropriate to the

component causing impingement  individual
Variably internally rotated Rotation appropriate to the
component causing impingement  individual

femoral joint,>” when the tibial sagittal axis was based on
its position, there was substantial variation in alignment in
relation to the articular surfaces.

This way of looking at the proximal tibia may be used to
help to optimise the orientation of an arthroplasty in a knee
with abnormally orientated landmarks. The practical appli-
cation is when using a device with a posterior slope and our
recommendation is that the axis be estimated from the rel-
ative size of the medial and lateral compartments before the
cut. The condylar centre can be found by halving the
anteroposterior dimension in each compartment. This can
be fine-tuned after the bony section. We performed the
analysis on virtual cuts at a depth of about 8 mm below the
joint line and found that the cross-section of the condyles
was more circular at that level than at the articular surface
where the extension facet of the medial compartment was
not spherical. When using surgical navigation, the algo-
rithm could be best used to help to define rotational orien-
tation during the bone morphing stage. This method is
clearly ideal for use with a CT-based pre-operative planning
system, but currently very few surgeons have access to such
technology. Detailed pre-operative planning continues to
have proponents. If there is a method for identifying the
rotational alignment with greater confidence, there may be
more demand for it.

Our morphological study cannot directly answer the
important question as to whether there is an optimal orien-
tation of the tibial component of a total or partial knee
replacement. It does, however, provide a reproducible way
of orientating the tibia and a basis from which to plan sur-
gery. With it, both investigators and surgeons will be able to
plan surgery and report on the functional outcome after-
wards. They will also be able to measure and report the
rotation of any inserted component in a reliable way. With-
out it, there is a risk that any report of a series of operations
will be confounded by surgical bias or errors, both of which
go unrecognised. Surgeons who prefer to orientate the tibial
component to optimise patellar tracking may compromise
tibiofemoral articulation. Their method of orientation
based on the tubercle has attractions in terms of tracking,
but risks malorientation in either internal or external rota-
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tion since the tubercle is an independent variable with a
substantial range. By basing tibial orientation on the poste-
rior tibial condyles, surgeons will risk malorientation
which will be greatest when the difference in size of the con-
dyles is greatest. There is as yet no method of dissociating
the patellofemoral joint from the tibiofemoral joint in total
knee replacement.

When inserting specific tibial components, there are
implications for the knee replacement surgeon which are
summarised in Table 1.

The use of an axis which is based on the relative sizes of
each tibial compartment will influence the orientation of
the tibial component in symmetrical total knee replace-
ments. When the condyles are roughly the same size, the
posterior condylar axis provides a more reliable method of
orientation than any tubercle-based method. As the differ-
ence in the size of the condyles increases, the use of a sym-
metrical component becomes more problematic. The use of
the posterior condylar axis will rotate a component rela-
tively internally leading to prominence of the component
on the lateral side. By downsizing the tibial component in
these circumstances, the component will then be relatively
undersized on the medial side.

The use of asymmetrical tibial components produces the
opposite problem. A knee with nearly symmetrical con-
dyles orientated using the posterior condylar axis will
rotate the tibial component externally while extremes of
asymmetry will lead to internal rotation of the component.

Medial unicompartmental knee replacements with a
mobile bearing have a sagittal axis which is an important
part of their function. Malalignment in this axis will predis-
pose to maltracking and can contribute to bearing disloca-
tion. The use of the anatomical tibial axis as part of pre-
operative planning will minimise this, while basing align-
ment on the tibial tubercle will in some cases lead to the tib-
ial component being considerably externally rotated,
leading to meniscal bearing impingement in flexion.

Lateral unicompartmental knee replacement is not in
common use, with difficulty in orientation of the tibial
component often cited as one of the reasons for failure of
the device. The use of any axis based on the tibial tubercle
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for all patients will cause a variation in the degree of exter-
nal rotation of the tibial component. A sagittal axis based
on the patient’s own anatomy may be a safer method of
avoiding excessive internal rotation causing posterior
impingement or external rotation resulting in anterior
impingement.

In summary, tibial geometry has long been a problem for
all surgeons aspiring to undertake accurate surgery. Our
study has provided a means for allowing the surgeon to
describe the tibial plateau and to orientate the surgery in a
reliable way. Only when components are orientated accu-
rately will it be possible to ascertain how successful any one
device is. Until then, we may simply be documenting the
extent to which a particular device or patient is forgiving of
variation in rotational alignment.

Supplementary Material

Xl A table showing the geometrical results for the prox-
imal tibia, measured by the three observers is avail-
able with the electronic version of this article on our
website at www.jbjs.org.uk

We would like to thank Dr R. Richards for his support with the software.
No benefits in any form have been received or will be received from a com-
mercial party related directly or indirectly to the subject of this article.
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