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Abstract
Background: Prosthetic impingement due to poor

positioning can limit the range of motion of the hip after
total hip arthroplasty. In this study, a computer model
was used to determine the effects of the positions of the
acetabular and femoral components and of varying
head-neck ratios on impingement and range of motion.

Methods: A three-dimensional generic hip prosthe-
sis with a hemispherical cup, a neck diameter of 12.25
millimeters, and a head size ranging from twenty-two
to thirty-two millimeters was simulated on a computer.
The maximum range of motion of the hip was mea-
sured, before the neck impinged on the liner of the cup,
for acetabular abduction angles ranging from 35 to 55
degrees and acetabular and femoral anteversion rang-
ing from 0 to 30 degrees. Stability of the hip was esti-
mated as the maximum possible flexion coupled with 10
degrees of adduction and 10 degrees of internal rota-
tion and also as the maximum possible extension cou-
pled with 10 degrees of external rotation. The effects of
prosthetic orientation on activities of daily living were
analyzed as well.

Results: Acetabular abduction angles of less than
45 degrees decreased flexion and abduction of the hip,
whereas higher angles decreased adduction and rota-
tion. Femoral and acetabular anteversion increased
flexion but decreased extension. Acetabular abduction
angles of between 45 and 55 degrees permitted a better
overall range of motion and stability when combined
with appropriate acetabular and femoral anteversion.
Lower head-neck ratios decreased the range of motion
that was possible without prosthetic impingement. The
addition of a modular sleeve that increased the diame-
ter of the femoral neck by two millimeters decreased
the range of motion by 1.5 to 8.5 degrees, depending on
the direction of motion that was studied.

Conclusions: There is a complex interplay between
the angles of orientation of the femoral and acetabular
components. Acetabular abduction angles between 45
and 55 degrees, when combined with appropriate ace-
tabular and femoral anteversion, resulted in a maxi-
mum overall range of motion and stability with respect
to prosthetic impingement.

Clinical Relevance: During total hip arthroplasty,
acetabular abduction is often constrained by available
bone coverage, while femoral anteversion may be dic-
tated by the geometry of the femoral shaft. For each
combination of acetabular abduction and femoral ante-
version, there is an optimum range of acetabular ante-
version that allows the potential for a maximum range
of motion without prosthetic impingement after total
hip arthroplasty. These data can be used intraopera-
tively to determine optimum position.

The orientation of the prosthetic components in
terms of acetabular abduction and anteversion and
femoral anteversion is one of the major implant-related
factors limiting the range of motion after total hip ar-
throplasty. Implant-design variables, such as the head-
neck ratio1 and the presence of a modular head with an
extended sleeve, also have been implicated8,14. In the
current study, a three-dimensional computer simulation
was used to analyze the interactions between head-
neck ratios and prosthetic orientations in determining
the range of motion of the hip.

Materials and Methods
A three-dimensional model of a generic hip-replacement pros-

thesis (Fig. 1) was initially generated with use of Pro/ENGINEER
(Parametric Technology, Waltham, Massachusetts), a parametric
computer-assisted-design software program. The femoral head diam-
eter ranged from twenty-two to thirty-two millimeters. A diameter of
12.25 millimeters was arbitrarily chosen for the femoral neck. The
femoral component was modeled with a 135-degree neck angle and a
forty-four-millimeter head offset; offset was measured as the horizon-
tal distance between the center of the head and a vertical line through
the center of the distal portion of the stem. The acetabular compo-
nent was modeled as a pure hemisphere, with an outer diameter of
sixty millimeters and an inner diameter set to match each respective
head size. The depth of the socket was therefore the same as the ra-
dius of the head for each condition.

The axes around which motion was described were determined
according to recommendations made by the International Society of
Biomechanics15. The origin of the hip axis is located at the center of
the head. With the hip in the neutral position, the x axis points anteri-
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orly, the y axis points superiorly, and the z axis points to the patient’s
right side. Flexion of the hip is described around the pelvic z axis,
which is fixed to the pelvis; axial rotation of the hip, around the femo-
ral y axis, which is fixed to the femur; and adduction and abduction of
the hip, around a floating axis, which is mutually perpendicular to the
hip flexion axis and the hip rotation axis. Abduction of the acetabular
component is measured from the horizontal around the pelvic x axis,
and anteversion (true anteversion) of the acetabular component is
measured around the pelvic y axis (Fig. 1). The femoral component
was assumed to have been inserted in direct alignment with the me-
chanical axis that corresponds to the femoral y axis (0 degrees of me-
chanical femoral varus or valgus), and anteversion of the femoral
component was measured around the femoral y axis (Fig. 1).

The range of motion was measured by moving the femur in the
desired direction until the neck visually impinged on the liner of the
cup. Acetabular abduction angles of between 35 and 55 degrees were
studied in combination with acetabular and femoral anteversion an-
gles of between 0 and 30 degrees. Flexion, extension, abduction, ad-
duction, and axial rotation were measured for various combinations
of acetabular abduction, acetabular anteversion, and femoral ante-
version. This was done for head-neck ratios corresponding to a 12.25-
millimeter neck diameter associated with head diameters of twenty-
two, twenty-six, twenty-eight, and thirty-two millimeters (range of
head-neck ratios, 1.8 to 2.6). The range of motion associated with a
component that had a modular head with a sleeve extension that in-
creased the diameter of the neck by two millimeters (but did not
change the offset of forty-four millimeters) also was measured.

To determine the effect of different combinations of prosthetic
positions on implant impingement, contour maps were generated for
a prosthesis with a twenty-eight-millimeter-diameter head and a
12.25-millimeter-diameter neck for three representative acetabular
abduction angles (35, 45, and 55 degrees). The range of motion of the
hip was mapped against femoral anteversion and acetabular antever-
sion on the x and y axes, respectively. Range-of-motion measure-
ments included flexion, extension, adduction, abduction, and internal
and external rotation, which were uncoupled from each other. Each
range of motion was classified according to three zones: excellent,
poor, and borderline (white, black, and gray, respectively, in Fig. 2).
The contour maps then were blended so that each displayed a zonal
classification (excellent, borderline, and poor) for the combined
range of motion in all directions (flexion-extension, adduction-
abduction, and rotation). All motions were recorded as the maximum
range before impingement.

To determine the effect of each combination on the stability of the
hip, two coupled ranges of motion were measured: the maximum flex-
ion possible with the hip in 10 degrees of adduction and 10 degrees of
internal rotation, and the maximum extension possible with the hip in
10 degrees of external rotation. These ranges of motion were chosen to
simulate one of the intraoperative stability tests performed during total
hip arthroplasty. Contour maps again were generated, as described, to
determine which combinations resulted in optimum stability (that is,
the maximum range of motion before impingement) (Fig. 3).

In addition, prosthetic orientations that permitted certain activi-

ties of daily living, such as tying a shoe with the foot on the ground
and stooping, were recorded. According to the positions described by
Johnston and Smidt6, a position of 129 degrees of flexion, 18 degrees
of abduction, and 13 degrees of external rotation was chosen for tying
a shoe and a position of 125 degrees of flexion, 25 degrees of abduc-
tion, and 15 degrees of external rotation was selected for stooping. 

Results

Overall, increasing acetabular abduction angles in-
creased hip flexion, extension, and abduction and de-
creased adduction and axial rotation (Figs. 4 through 8).
Increasing acetabular or femoral anteversion increased
hip flexion (Fig. 4) and decreased hip extension (Fig. 5),
but to varying degrees at different angles of acetabular
abduction. At 45 degrees of acetabular abduction, both
femoral and acetabular anteversion increased flexion to
the same degree. At acetabular abduction angles of
more than 45 degrees, acetabular anteversion increased
flexion more than femoral anteversion did; this effect
was reversed at acetabular abduction angles of less than
45 degrees. Combined femoral and acetabular antever-
sion had an additive effect on hip flexion. Acetabular
anteversion decreased hip abduction, whereas femoral
anteversion alone did not have much effect (Fig. 6). On

TABLE I

COMBINATIONS OF PROSTHETIC ORIENTATIONS

THAT PERMIT TYING A SHOE AND STOOPING6

Acetabular
Abduction
(degrees)

Femoral
Anteversion

(degrees)

Acetabular
Anteversion

(degrees)
35 0 No position

35 10 ≥10

35 20 All positions

35 30 ≥10

45 All positions All positions
55 All positions All positions

FIG. 1

Rendered image of computer simulation demonstrating the axes
around which the prosthetic orientation is described. The curved ar-
rows indicate the positive direction of rotation.
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the other hand, femoral anteversion decreased hip ad-
duction, whereas acetabular anteversion alone did not
have much effect (Fig. 7). Acetabular and femoral ante-
version were inversely related to external rotation of
the hip, with the decrease in external rotation equaling
the amount of acetabular or femoral anteversion (Fig.
8). Maximum internal rotation of the hip was always
greater than 45 degrees for all combinations and hence
was not included in the analysis, as prosthetic impinge-
ment does not seem to be a limiting factor for this
parameter.

Femoral Head Size

The size of the head was related to the range of mo-
tion of the hip, as expected, but this relationship was not
linear. An increase in head size of four millimeters, from
twenty-two to twenty-six millimeters, resulted in a larger
improvement in the range of motion than did a similar

increase from twenty-eight to thirty-two millimeters
(Figs. 4 through 8). Also, the position of the component
was related to the extent to which head size affected the
total range of motion. Higher acetabular abduction an-
gles magnified the changes in hip flexion, extension, and
external rotation due to changes in the head-neck ratios.
Femoral anteversion reduced the changes in flexion and
extension and increased the changes in adduction and
abduction due to changes in head size, but it had no such
effect on rotation.

Range of Motion

With the cup in 35 degrees of abduction, a very nar-
row band of prosthetic orientations resulted in the po-
tential for an excellent range of motion (Fig. 2). The
femoral or the acetabular component, or both, had to
be anteverted more than 10 degrees to result in at least
a borderline range of motion. With the cup in 45 de-

FIG. 2

Combined contour maps for range of motion (for a prosthesis with a head diameter of twenty-eight millimeters). White zones correspond to
prosthetic orientations that allow an excellent range of motion (greater than 110 degrees of flexion, 30 degrees of extension, 45 degrees of
adduction-abduction, and 45 degrees of external rotation) in all directions; black zones correspond to those that result in a poor range of mo-
tion (less than 90 degrees of flexion, 15 degrees of extension, 30 degrees of adduction-abduction, and 30 degrees of external rotation) due to
prosthetic impingement in at least one direction; and gray zones correspond to those that allow at least a borderline range of motion (between
excellent and poor) in all directions.

FIG. 3

Combined contour maps for intraoperative stability (for a prosthesis with a head diameter of twenty-eight millimeters). White zones corre-
spond to prosthetic orientations that allow an excellent range of motion in all directions; black zones, to those that result in a poor range of mo-
tion due to prosthetic impingement in at least one direction; and gray zones, to those that allow at least a borderline range of motion in all
directions.
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grees of abduction, there was a wider margin for error.
Judicious combination of femoral and acetabular ante-
version could result in an excellent range of motion. For
example, if the femoral component was anteverted less
than 15 degrees, the acetabular component had to be
anteverted more than 15 degrees to make up for the loss
in the range of motion; on the other hand, if the femoral
component was anteverted more than 25 degrees, the
acetabular component had to be anteverted less than 20
degrees to stay in the excellent zone. With the cup in 55
degrees of abduction, the pattern was different; femoral
anteversion of less than 15 degrees resulted in an ex-
cellent range of motion, whereas a combination of high

anteversion of both the acetabular and the femoral
component (greater than 15 degrees for each) resulted
in a borderline or poor range of motion.

Stability

The combined contour maps for intraoperative sta-
bility (Fig. 3) demonstrated somewhat different results.
At 35 degrees of acetabular abduction, there were no
zones of excellent stability and femoral anteversion of
less than 10 degrees resulted in zones of poor stability.
At 45 degrees of acetabular abduction, there was a nar-
row zone of excellent stability. Less than 15 degrees of
anteversion of one component had to be compensated

FIG. 4

Graph showing the maximum hip flexion possible with different combinations of prosthetic orientation and different head sizes. FAV = femoral
anteversion, and AAV = acetabular anteversion.

FIG. 5

Graph showing the maximum hip extension possible with different combinations of prosthetic orientation and different head sizes. FAV =
femoral anteversion, and AAV = acetabular anteversion.
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for by anteversion of the other component to remain
outside a zone of poor stability. At 55 degrees of ace-
tabular abduction, the zone of excellent stability was
wider. Zones of poor and borderline stability were re-
stricted to either too little or too much anteversion of
both components.

Modular Sleeve Extension

The use of a modular head component with an ex-
tended sleeve that effectively increased the diameter of

the neck by two millimeters resulted in a 1.5 to 8.5-
degree decrease in the range of motion, depending on
the direction of motion that was tested.

Activities of Daily Living

Combinations resulting in a range of motion that
was sufficient to permit tying a shoe with the foot on
the ground and stooping were analyzed (Table I). For
example, at 35 degrees of acetabular abduction and 10
degrees of femoral anteversion, at least 10 degrees of

FIG. 6

Graph showing the maximum hip abduction possible with different combinations of prosthetic orientation and different head sizes. FAV =
femoral anteversion, and AAV = acetabular anteversion.

FIG. 7

Graph showing the maximum hip adduction possible with different combinations of prosthetic orientation and different head sizes. FAV =
femoral anteversion, and AAV = acetabular anteversion.
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acetabular anteversion was necessary to permit tying a
shoe or stooping.

Discussion

Prosthetic impingement determines the functional
end point of the stable range of motion after a hip ar-
throplasty. Additional factors, such as osseous impinge-
ment and soft-tissue tension, can only decrease this
range of motion. Therefore, optimum positioning of the
components is necessary to avoid a decrease in the sta-
ble range of motion due to prosthetic impingement.

The optimum orientation of hip components re-
mains controversial, with recommendations varying
widely. Coventry3 suggested that more than 40 degrees
of abduction and more than 15 degrees of anteversion
of the cup prevents posterior dislocation due to im-
pingement, Charnley2 recommended no anteversion,
Harris5 recommended acetabular abduction of 30 de-
grees and acetabular anteversion of 20 degrees, and
Lewinnek et al.9 recommended acetabular abduction
of between 30 and 50 degrees and acetabular antever-
sion of between 5 and 20 degrees. Seki et al.13, in a
computer-simulation study, recommended acetabular
abduction of between 30 and 50 degrees, acetabular
anteversion of between 10 and 30 degrees, and femo-
ral anteversion of 10 degrees; however, only one spe-
cific manufacturer’s design with a single head size
(twenty-six millimeters) was modeled, and only the
range of hip flexion and extension was studied. Robin-
son et al.12 reported the results of another computer-
simulation study in which the range of motion and the
contact area were measured. They suggested that, al-
though flexion of the hip increased with acetabular
abduction, acetabular anteversion, and femoral ante-

version (similar to the findings in the present study),
the contact area between the head and the liner de-
creased. Again, their range-of-motion analysis was
limited to one head size and one specific manufac-
turer’s design. Therefore, in the current study, an ob-
jective computer simulation of different combinations
of component positions was performed, without use of
any specific manufacturer’s design but with use of a
generic model with different head sizes (range of
head-neck ratios, 1.8 to 2.6).

There is a complex interaction among abduction of
the acetabular component, anteversion of the acetabu-
lar component, and anteversion of the femoral compo-
nent in determining the maximum prosthetic range of
motion. The results of the present study suggest that,
for a twenty-eight-millimeter-diameter head with a 12.25-
millimeter-diameter neck, acetabular abduction angles
of between 45 and 55 degrees offer the widest excellent
zones in terms of maximizing the range of motion; they
also offer wider excellent zones in terms of stability
according to the criteria used in this study. However, a
previous computer-simulation study demonstrated a
decrease in the contact area with increasing abduction
of the cup, which may increase the potential for wear12.
The abduction angle of the cup may be constrained in-
traoperatively by osseous coverage. Femoral antever-
sion may be similarly dictated by the anatomy of the
femoral canal, especially when the implant is inserted
without cement. In the event that the chosen acetabular
abduction angle is not optimum, the potential for pros-
thetic impingement can be minimized by selecting the
appropriate degree of anteversion. Too little antever-
sion of either the femoral or the acetabular component
decreases flexion, while too much anteversion reduces

FIG. 8

Graph showing the maximum external rotation of the hip possible with different combinations of prosthetic orientation and different head
sizes. FAV = femoral anteversion, and AAV = acetabular anteversion.
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extension and adduction. Acetabular abduction angles
of less than 45 degrees tend to decrease flexion and
abduction; this can be countered by increasing acetabu-
lar or femoral anteversion, or both. Higher acetabular
abduction angles increase flexion and abduction but may
reduce extension, adduction, and external rotation, espe-
cially if combined with too much femoral or acetabular
anteversion, or both. Therefore, for each combination of
acetabular abduction and femoral anteversion, there is
an optimum range of acetabular anteversion that may
minimize impingement and thus give the patient the po-
tential for a maximum range of motion.

Head size is known to influence range of motion,
wear, and dislocation1,4,7,8. An increase in head size
increases the range of motion and stability but also in-
creases volumetric wear10,11. Neck extensions in modu-
lar components sometimes necessitate the addition of
a sleeve or flange to the head, effectively decreasing
the head-neck ratio as well as the range of motion.
This phenomenon was recently found to be associated

with increased radiographic wear14.
Surgeons face a complex decision in selecting the

appropriate design features. Knowledge of the effect of
these features, singly and in combination with other
factors, can lead to better selection of the implant, with
positive effects with regard to the postoperative range
of motion and decreased impingement, dislocation, and
wear.

The computer model of the hip that is presented in
this study is relatively easy to reproduce. Any combina-
tion of positions of the acetabular and femoral compo-
nents and head-neck ratios can be studied. Although
our model uses generic design features, specific design
parameters also can be implemented either with use of
data provided by the manufacturer or by digitizing the
surface of an actual prosthesis with a high-resolution
digitizing stylus. The effect of design features such as
polyethylene liner lips and offset thus can be investi-
gated, and the findings can be used to assist the surgeon
in choosing the appropriate implant.

References
1. Chandler, D. R.; Glousman, R.; Hull, D.; McGuire, P. J.; Kim, I. S.; Clarke, I. C.; and Sarmiento, A.: Prosthetic hip range of motion and im-

pingement. The effects of head and neck geometry. Clin. Orthop., 166: 284-291, 1982.
2. Charnley, J.: Total hip replacement by low-friction arthroplasty. Clin. Orthop., 72: 7-21, 1970.
3. Coventry, M. B.: Late dislocations in patients with Charnley total hip arthroplasty. J. Bone and Joint Surg., 67-A: 832-841, July 1985.
4. Elfick, A. P.; Hall, R. M.; Pinder, I. M.; and Unsworth, A.: Wear in retrieved acetabular components: effect of femoral head radius and pa-

tient parameters. J. Arthroplasty, 13: 291-295, 1998.
5. Harris, W. H.: Advances in surgical technique for total hip replacement: without and with osteotomy of the greater trochanter. Clin. Or-

thop., 146: 188-204, 1980.
6. Johnston, R. C., and Smidt, G. L.: Hip motion measurements for selected activities of daily living. Clin. Orthop., 72: 205-215, 1970.
7. Kelley, S. S.; Lachiewicz, P. F.; Hickman, J. M.; and Paterno, S. M.: Relationship of femoral head and acetabular size to the prevalence of

dislocation. Clin. Orthop., 355: 163-170, 1998.
8. Krushell, R. J.; Burke, D. W.; and Harris, W. H.: Range of motion in contemporary total hip arthroplasty. The impact of modular head-neck

components. J. Arthroplasty, 6: 97-101, 1991.
9. Lewinnek, G. E.; Lewis, J. L.; Tarr, R.; Compere, C. L.; and Zimmerman, J. R.: Dislocations after total hip-replacement arthroplasties.

J. Bone and Joint Surg., 60-A: 217-220, March 1978.
10. Livermore, J.; Ilstrup, D.; and Morrey, B.: Effect of femoral head size on wear of the polyethylene acetabular component. J. Bone and Joint

Surg., 72-A: 518-528, April 1990.
11. Maxian, T. A.; Brown, T. D.; Pedersen, D. R.; and Callaghan, J. J.: Adaptive finite element modeling of long-term polyethylene wear in to-

tal hip arthroplasty. J. Orthop. Res., 14: 668-675, 1996.
12. Robinson, R. P.; Simonian, P. T.; Gradisar, I. M.; and Ching, R. P.: Joint motion and surface contact area related to component position in

total hip arthroplasty. J. Bone and Joint Surg., 79-B(1): 140-146, 1997.
13. Seki, M.; Yuasa, N.; and Ohkuni, K.: Analysis of optimal range of socket orientations in total hip arthroplasty with use of computer-aided

design simulation. J. Orthop. Res., 16: 513-517, 1998.
14. Urquhart, A. G.; D’Lima, D. D.; Venn-Watson, E.; Colwell, C. W., Jr.; and Walker, R. H.: Polyethylene wear after total hip arthroplasty: the

effect of a modular femoral head with an extended flange-reinforced neck. J. Bone and Joint Surg., 80-A: 1641-1647, Nov. 1998.
15. Wu, G., and Cavanagh, P. R.: ISB recommendations for standardization in the reporting of kinematic data. J. Biomech., 28: 1257-1261, 1995.















VOL. 90-B, No. 9, SEPTEMBER 2008 1121

REVIEW ARTICLE

Alignment in total knee replacement

J. M. Sikorski

From the University 
of Notre Dâme, 
Fremantle, Western 
Australia

J. M. Sikorski, BSc, MD, 
FRACS, Adjunct Professor
Hollywood Specialist Medical 
Centre, 8/95 Monash Avenue, 
Nedlands, Western Australia 
6009, Australia.

Correspondence should be sent 
to Professor J. M. Sikorski; 
e-mail: jsikorski@iinet.net.au

©2008 British Editorial Society 
of Bone and Joint Surgery
doi:10.1302/0301-620X.90B9. 
20793 $2.00 

J Bone Joint Surg [Br] 
2008;90-B:1121-7.

The advent of computer-assisted knee replacement surgery has focused interest on the 
alignment of the components. However, there is confusion at times between the alignment 
of the limb as a whole and that of the components. The interaction between them is 
discussed in this article. Alignment is expressed relative to some reference axis or plane and 
measurements will vary depending on what is selected as the reference. The validity of 
different reference axes is discussed. Varying prosthetic alignment has direct implications 
for surrounding soft-tissue tension. In this context the interaction between alignment and 
soft-tissue balance is explored and the current knowledge of the relationship between 
alignment and outcome is summarised.

Three challenges must be met to produce an
acceptable result from a knee replacement,
namely perfect alignment of the components,
good soft-tissue balance and compatibility
between the femorotibial articulation and the
quadriceps mechanism. The surgeon seeks to
produce a replacement which is ideally aligned
in the coronal, sagittal and axial planes, with
the femoral component matched to the tibial in
rotation, with a joint line at the appropriate
level, with the soft tissues balanced in flexion
and extension and tensioned sufficiently to
produce stability, but without limiting the
range of movement or producing excessive
compression on the polyethylene, and with the
patella tracking in the correct plane. This is a
daunting task. All the variables listed interact
so that a small error in one parameter can pro-
duce considerable changes in the others. There
is a paucity of information on the quantitative
aspects of any of them and we are only just
beginning to develop surgical techniques
which can control them with accuracy. To
date, we have made progress by using an
intuitive approach and this has paid consider-
able dividends. We have refined total knee
replacement (TKR) to the stage at which it pro-
duces good, but not perfect, relief from pain
and reasonable, but not outstanding, function.
The current standards will not suffice in the
future because the expectations of our patients
and the mechanical demands on knee prosthe-
ses are increasing.

The recent concentration on alignment and
the development of computer-assistance

technologies have opened a new pathway to
progress. We now have accurate and quantita-
tively defined control over several of the
important parameters of a replacement. We
can set up outcome studies using this informa-
tion. Now that we have control of some of the
variables we can begin to manage the others in
a similar fashion. This article attempts to sum-
marise our current knowledge of the require-
ments for alignment in TKR and explores how
alignment interacts with some of the other
variables which must be considered.

Parameters of alignment
Alignment is relative. The position of a pros-
thetic component is adjusted relative to another
component or to a defined but theoretical con-
struct, an axis or a plane. In TKR there are two
separate concepts of alignment, that of the limb
as a whole and that of the component. We ref-
erence alignment to either theoretical constructs
or anatomical landmarks. The theoretical axes
are the mechanical axes of the limb and that of
the femur and the tibia. The mechanical axis of
the limb (Fig. 1) represents the entire limb from
the hip to the ankle and is a straight line drawn
from the centre of the femoral head to the centre
of the ankle. It can be measured with appropri-
ate software very accurately (to within 1°).1

From the perspective of the knee its path is
determined by intra-articular and extra-articu-
lar factors. The most common demonstration of
the mechanical axis of the limb is the standing
Maquet view.2 The mechanical axis of the
femur is a straight line from the centre of the
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femoral head to the middle of the intercondylar region. The
mechanical axis of the tibia is a straight line from the centre
of the tibial plateau to the middle of the ankle (Fig. 1). In a
mechanically-neutral limb the mechanical axes of the femur
and tibia lie along that of the limb. These axes are applicable
in the coronal and sagittal planes.

There are many anatomically-based reference lines and
planes which are used in TKR. For alignment of the femoral
component these include the distal one-third of the medul-
lary canal of the femur, the anterior cortex of the femur, the
intercondylar groove of the femur and the plane of the pos-
terior parts of the femoral condyles. For alignment of the tib-
ial component there are the upper two-thirds of the
medullary canal of the tibia, the anterior cortex of the tibial
flare and lines connecting the posterior cruciate ligament
variable parts of the tibial tuberosity. Unfortunately, all the
anatomical reference systems show a wide degree of incon-
sistency, with the exception of Whiteside’s line.3

The transepicondylar axis of the femur is unique in being
both the mechanical axis around which knee flexion occurs
and being clearly defined by anatomical landmarks. It there-
fore falls into both the mechanical and anatomical groups.

The third reference system is soft-tissue tension. It is used
by some to position the femoral component. This is a hybrid
approach in which the position of the tibial component is

determined by reference to the mechanical axis of the tibia
and the femoral component is placed according to the posi-
tion which the femur assumes when soft tissues are stretched.
It is the basis of the Oxford (Biomet UK Ltd, Swindon,
United Kingdom) and LCS (DePuy Mitek Inc., Raynham,
Massachusetts) Knees.

Reviews of the literature have shown a wide variability in
the reference systems used both during TKR and in the sub-
sequent analysis of alignment. Any report which deals with
alignment needs to be interpreted with regard to the refer-
ence axes which have been used. Thus, reporting the sagittal
alignments of the femoral component will produce different
results depending on whether the reference axis is the
mechanical axis of the femur, the medullary canal or the
anterior cortex of the femoral shaft.

The mechanical constructs provide more rational, repro-
ducible and consistent references than the anatomical align-
ments. There is debate about the relative accuracy of the soft-
tissue reference system relative to the other two. Direct com-
parisons suggest that it is not as reliable as using mechanical
reference axes,3 although this view has not been tested by a
well-controlled clinical trial. The surgical technique on
which it relies provides reasonable results, but the resultant
longevity of the implant is no better than that achieved by
using the mechanical constructs as reference axes.4

Fig. 1

Diagrams of the impact of varus deformity of the lower femur on the mechanical axes of the knee in the coronal plane showing a) a
varus deformity in the supracondylar region of the femur, b) the medial displacement of the mechanical axis of the limb (MAL) which
results and c) the mechanical axis of the femur (MAF) and mechanical axis of the tibia (MAT). Lines drawn at right angles to the MAF
and the MAT show the resulting opening of the lateral side of the joint.
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Dimensions
A knee replacement should have technical success in six
dimensions. The first three are the coronal, sagittal and
axial planes and static alignment needs to be correct in all
of them. The fourth dimension is the proximodistal posi-
tioning of the implant. In addition, these positions have to
reflect the appropriate kinematics, both weight-bearing and
non-weight-bearing, and the whole construct needs to be
stable in time which is expressed as longevity.

The alignment of each component has to be controlled in
three planes (coronal, sagittal and axial). There is universal
agreement that in the coronal plane both the femoral and
the tibial components should lie along the mechanical axis
of the bones. If this is achieved, and if there is no extra-
articular deformity, this will produce a mechanical axis of

the limb which runs through the centre of the component.
In the sagittal plane the mechanical axes of the femur and
tibia are also the appropriate reference axes. In the axial
plane the transepicondylar axis of the femur is used to
assess rotation of the femoral component because it is the
functional axis of flexion.5 The alternative is to use the
intercondylar groove of the femur which is at right angles
to the transepicondylar axis of the femur. This is the antero-
posterior axis. There is good, but not perfect,6 agreement
between the two. The posterior condylar axis should not be
used since it is too variable.7,8 For the tibia, finding a suit-
able axis of reference for the axial plane is difficult since
none of those proposed has been shown to be reliable.9 This
has resulted in the widely-held view that the position of the
tibial component in rotation should be that which best

Table I. Summary of the impact of variations in, and by implication the bone cuts of components
on the alignment and the gaps produced (+, indicates an increase in gap, -, a decrease and 0, no
change)

Joint space change

Plane Component Displacement Medial Lateral Flexion Extension

Coronal Femoral or tibial Varus angulation + - 0 0
Valgus angulation - + 0 0

Sagittal Femoral Anterior 0 0 + 0
Posterior 0 0 - 0
Proximal 0 0 0 +
Distal 0 0 0 -

Tibial Post slope increase 0 0 + -

Axial Femoral Internal rotation 0 + + 0
External rotation + 0 + 0

Fig. 2

Photograph showing the impact of a valgus femoral cut on the joint
gaps. Lateral laxity results if the tibial cut remains in neutral.

Fig. 3

Photograph showing the effect of varying the sagittal tibial cut on the
flexion and extension gaps. Increased posterior slope increases the flex-
ion space and decreases the extension space. The opposite occurs with
a greater anterior slope.
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aligns with the femoral component or femoral land-
marks.6,10,11

The interaction of alignment and soft-tissue balance
It is important to achieve correct tension of the peri-
articular soft tissues for optimum function of a knee
replacement. It must be adequate to prevent the joint from
subluxing or dislocating, but high tensions may cause
excessive wear of polyethylene or even limit movement.
Currently, we do not know the tensions which should be
achieved in the various soft tissues around the knee. It is
widely assumed that there should be a uniform tension
around the circumference of the knee which should be
maintained in both flexion and extension. This is the con-
cept of soft-tissue ‘balance’. There is very little direct evi-
dence to support this view. Certainly, tensions are not
uniform in the normal knee or after resection of the ante-
rior cruciate ligament.12 Furthermore, symmetrical gaps
will only cause symmetrical tensions when a femoral com-
ponent of a single radius is implanted. Irrespective of
whether ‘ligament balance’ is fact or fiction it is important
to realise that the placement of the components affects the
tensions in the soft tissues. The complexity of the interac-
tions is summarised in Table I.

In the coronal plane a valgus femoral or tibial cut will
increase the laxity of the lateral compartment (Fig. 2). If both
cuts are valgus or varus the laxity will be greater being the
sum of the two errors. If one is valgus and the other is varus
the laxity will be symmetrical, but there will be a sloping
joint line.

In the sagittal plane the slope of the tibial component affects
the balance between flexion and extension gaps (Fig. 3).
Increasing the posterior slope reduces the extension and
increases the flexion gaps. Decreasing or reversing the slope
produces tight flexion and lax extension. In the flexed knee,
moving the centre of rotation of the femoral component by
either displacing the prosthesis in the anteroposterior plane
or by changing its size, will affect the flexion but not the
extension gap (Fig. 4). Movement of the femoral component
proximally will increase the extension gap without changing
the flexion gap.

Femoral axial misalignment affects not only the patello-
femoral relationships but also the coronal laxity in flexion.
Internal rotation of the femoral component will result in
lateral condylar lift-off at 90° of flexion (Fig. 5). However,
this is not easy to detect at surgery because the dislocation or
retraction of the patella tightens up the lateral side in a non-
representative manner. External rotation of the femur will
cause medial condylar lift-off and varus coronal laxity in
flexion.

If soft tissue releases are indicated and performed in the
well-aligned knee, and no structures of functional impor-
tance are destroyed, the effect will probably be beneficial.
However, restoration of the balance in a knee which is mal-
aligned, especially if important structures such as the medial
collateral ligament and the iliotibial tract are destroyed, may
be unsatisfactory. It is also important to remember that the
anatomical relationship of the components may change after
soft tissue release. This is especially true of rotational align-
ment and therefore it is wise not to finalise the rotational

Fig. 4

Photograph showing the impact of moving the femoral component in an
anteroposterior plane on the flexion gap. Anterior displacement pro-
duces an increase in the flexion space. The same effect is produced by
using a smaller femoral component placed in the same position. Poste-
rior displacement or a larger femoral component tightens the flexion
space without affecting the extension. Moving the femoral component
proximally by cutting more off the femur increases the extension gap
without affecting the flexion space.

Fig. 5

Photograph showing the effect of femoral rotation in flexion. Internal
rotation of the femoral component increases the lateral gap while exter-
nal rotation increases the medial gap.
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position of the tibial component until all the soft tissue
releases have been performed.

The interaction of intra- and extra-articular 
deformity
Established and advanced intra-articular deformities seem
to predispose to secondary extra-articular deformities,
although the extent and nature of the associations have not
been fully elucidated. Correction of intra-articular defor-
mity does not affect any extra-articular parameter, at least
in the short term. When extra-articular deformity is a con-
siderable contributor to overall malalignment it is possible
to restore a neutral mechanical axis of the limb by intra-
articular techniques. These involve altering the alignment
of the component and/or performing soft-tissue release. It is
not clear to what extent such techniques should be used.
Severe extra-articular deformities should probably be cor-
rected at the site of the deformity in order not to compro-
mise the TKR.

The interaction of extra-articular deformity and 
soft-tissue imbalance
If there is considerable extra-articular deformity, correct
placement of the components will result in soft-tissue imbal-
ance. This is most obvious in the coronal plane (Fig. 1). If
the extra-articular deformity is varus, placement of the fem-
oral component along the mechanical axis of the femur and
of the tibial component along the mechanical axis of the
tibia will result in a mechanical axis of the limb which
passes medially to the joint and produces a relative lateral
laxity. Theoretically, this can be corrected by performing a
medial release, the extent of which is proportional to the
extent of the initial extra-articular deformity. The release
involves the cutting of normal tissue and then the insertion
of a thick tibial plateau. For valgus deformities the releases
should be on the lateral side.

The interaction of alignment and prosthetic design
The technical goals of TKR need to be viewed in the context
of the design of the implant. While most current designs
share a fundamentally common approach, there are varia-
tions which need to be accommodated intellectually and in
the surgical technique used. The most important design vari-
able is the degree of inbuilt restraint in order to produce
extra stability and thus prevent subluxation or dislocation.
However, the restraining interface is almost invariably poly-
ethylene, which will be exposed to high forces that can cause
it to fail. These implants vary from the heavily-restrained
hinge designs with only one degree of freedom to the poste-
rior stabilised and deep-dished variants. Mobile-bearing
designs aim to reduce restraint in rotation and therefore
produce less wear of polyethylene and delay loosening. At
present it is unclear how critical prosthetic alignment is in
these variants or whether different designs require adjust-
ment of the alignment of components.

The relationship between femorotibial and 
patellofemoral articulations
The positioning of the femorotibial articulation in relation
to the patellofemoral has three determining parameters; the
rotary (axial) position of the femorotibial complex, the rel-
ative balance of the actions of muscles and the tightness of
ligaments acting across the patella and the position of the
joint line. This defines the relative positions of the joint line
and the patella. The position of the joint line is virtually
uncontrolled in TKR.

The relationship between technical success and 
outcome
The impact of coronal alignment has been frequently
described. To date, controlled studies have failed to show
that an improvement in the coronal alignment of the com-
ponents is associated with any short-term clinical benefit.
However, most of the studies quoted have been seriously
underpowered.13,14 It is widely accepted that a deviation of
the mechanical axis of the limb of more than 3° from the
neutral is associated with reduced longevity of the implant.
However, there is very little direct evidence to support this
view. It was first reported in 19912 in the context of a very
unusual knee design, but has been supported by finite
model analysis,15 in laboratory studies using a knee simula-
tor,16 in cadaver studies17,18 and in a limited number of out-
come studies.19 However, 3° is an arbitrary figure and there
is no reason to believe that it represents a definitive value
for the acceptability of alignment. It is more likely that any
deviation from neutral will reduce longevity by an amount
which is proportional to the malalignment.

It is more difficult to achieve good sagittal than coronal
alignment20,21 yet the impact of sagittal malalignment has
been studied relatively little. However, sagittal instability
does occur22 and has been associated with an excessive tib-
ial slope.23 Since variations in tibial slope produce recipro-
cal alterations in the flexion and extension gaps, the

Table II Mean (SD) angular deviations of 23 failed total knee replace-
ments in degrees, expressed in absolute terms, from the ideal values

Alignment deviation

Parameter*
Early failure < 10 
years (n = 16)

Late failure ≥ 10 
years (n = 7) p-value†

Femoral coronal 2.81 (1.56) 1.29 (1.38) 0.0367
Femoral sagittal 2.06 (1.84) 1.57 (1.81) 0.5610
Femoral axial 1.88 (1.86) 1.86 (2.04) 0.9837
Tibial coronal 1.75 (1.48) 1.14 (1.35) 0.3644
Tibial sagittal 2.94 (2.43) 2.57 (1.81) 0.7260
Femorotibial 
mismatch

6.38 (5.30) 1.14 (1.21) 0.0017

* for tibial sagittal the ideal is taken as the manufacturer’s recom-
mended value for that particular prosthesis. For all other parameters the
ideal value is taken as zero. The reference axes are mechanical axis of
the femur for femoral coronal and femoral, sagittal, transepicondylar
axis of the femur for femoral axial, and mechanical axis of the tibia for
tibial coronal
† Students’ t-test
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complications of sagittal malalignment are probably the
consequences of flexion-extension mismatch.

Rotary alignment
Excessive internal rotation of the femoral component is
associated with undue lateral laxity in flexion and clinically
gives rise to femorotibial instability,24 while excessive inter-
nal rotation of the tibiofemoral joint is associated with
patellar maltracking and patellofemoral complications
including subluxation and dislocation.25

It is the practice in my unit for TKRs which come to revi-
sion to have the alignment of the failed components deter-
mined using the Perth CT Protocol.20 It has been shown
that when the failures were subdivided into premature,
with mechanical failure in less than ten years, and expected,
with mechanical failure after ten years or more, there were
only two alignment parameters which differed significantly
in the two groups, the most marked being mismatch of the
femoral and tibial components in rotation (Table II).

Soft-tissue balance
Re-tensioning of soft tissues which occurs during TKR
improves proprioception.26 It is generally considered that
knees which are unduly lax in any one direction fare badly.
Instability is thought to be a result of combined errors in
alignment and soft-tissue balance.27 Flexion instability is
sometimes blamed on unequal gaps in flexion and exten-
sion,22 but no controlled studies have confirmed this. There
is little evidence to show that there is a quantitative rela-
tionship between soft-tissue balance and outcome, partly
because evaluation of ‘balance’ is totally subjective.

Joint line
As the joint line is moved distally relative to the patella,
producing a patella alta, the patellofemoral contact forces
increase by 3% per millimetre of displacement.28 Patella
infera, a raised joint line, is a cause of a reduced range of
movement.29 Errors in location of the joint line increase
with each revision.30,31 However, control of the position
of the joint line is difficult since the only useful reference
is the transepicondylar axis of the femur.30,32,33 It is diffi-
cult to translate this into guidance at surgery, without
computer assistance. The relationship between the level of
the joint line, patellofemoral pain and the range of move-
ment requires further investigation.

Summary
It is clear that there are substantial and important gaps in
our knowledge of alignment of a TKR. Alignment can be
regarded as significant for both the initial function and the
longevity of the prosthesis. Alignment and soft-tissue bal-
ance are inextricably linked and in the absence of injury
may be different manifestations of the same reality. The
concept of soft-tissue balance will not become clearer
until ligament balance is expressed quantitatively and lon-
gitudinal outcome studies have been undertaken. It is not

known how sensitive patients are to malalignment, and
how much effort is needed to achieve perfect alignment.

Alignment is a multidimensional concept and it is
appropriate to consider only the mechanical axis of the
limb. The sagittal and axial alignment of the components
will probably prove to be as, or more, important in
achieving a satisfactory TKR. In the design and assess-
ment of studies quoted, alignments need to be considered
in relation to the reference axes used and the studies
should be judged by the validity of these axes. At present,
it appears that the mechanical axes should be preferred to
the others.

In the early post-operative phase the primary manifes-
tation of malalignment is instability. More subtle varia-
tions in outcome, such as pain, range of movement and
overall function will require very large series to detect dif-
ferences because so many other factors affect these param-
eters. The relationship between the longevity of
the components and alignment will require studies which
measure alignment in all its variables soon after
the initial surgery and then give a follow-up of ten to 15
years.

No benefits in any form have been received or will be received from a commer-
cial party related directly or indirectly to the subject of this article.
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