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Abstract
Purpose Our study sought to address four issues: (1) the
relationship between postoperative overall anatomical
knee alignment and the survival of total knee prostheses;
(2) the relationship between postoperative coronal align-
ment of the femoral and tibial component and implant
survival; (3) the relationship between postoperative sagit-
tal alignment of the femoral and tibial components and
implant survival; and (4) the relationship between postop-
erative rotational alignment of the femoral and tibial com-
ponent and implant survival.
Methods We reviewed 1,696 consecutive patients (3,048
knees). Radiographic and computed tomographic examina-
tions were performed to determine the alignment of the fem-
oral and tibial components. The mean duration of follow-up
was 15.8 years (range, 11–18 years).
Results Thirty (1.0 %) of the 3,048 total knee arthroplasties
failed for a reason other than infection and periprosthetic
fracture. Risk factors for failure of the components were:
overall anatomical knee alignment less than 3° valgus, coronal
alignment of the femoral component less than 2.0° valgus,
flexion of the femoral component greater than 3°, coronal
alignment of the tibial component less than 90°, sagittal align-
ment of the tibial component less than 0° or greater than 7°
slope, and external rotational alignment of the femoral and
tibial components less than 2°

Conclusion In order to improve the survival rate of the knee
prosthesis, we believe that a surgeon should aim to place the
total knee components in the position of: overall anatomical
knee alignment at an angle of 3–7.5° valgus; femoral compo-
nent alignment, 2–8.0° valgus; femoral sagittal alignment, 0–
3°; tibial coronal alignment, 90°; tibial sagittal alignment, 0–
7°; femoral rotational alignment, 2–5° external rotation; and
tibial rotational alignment, 2–5° external rotation.
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Introduction

Interest in the accurate positioning and alignment of total knee
components has been the subject of controversy, particularly
following the development of computer-navigation surgery
[1]. Proper alignment of total knee components is strongly
associated with greater stability, a lower rate of loosening, and
higher clinical scores [2–9]; however, the current literature
lacks a precise range of values for postoperative overall ana-
tomical knee alignment or coronal, sagittal and rotational
alignment of the femoral and tibial components to achieve
the best possible long-term prosthesis survival.

Our study sought to address four issues: (1) the relationship
between postoperative overall anatomical knee alignment and
the survival of total knee prosthesis; (2) the relationship be-
tween postoperative coronal alignment of the femoral and
tibial components and implant survival; (3) the relationship
between postoperative sagittal alignment of the femoral and
tibial components and implant survival; and (4) the relation-
ship between postoperative rotational alignment of the femo-
ral and tibial components and implant survival.

The studywas approved by our institutional review board, and all patients
provided informed consent.
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Materials and methods

We prospectively followed up and retrospectively reviewed
1,747 consecutive patients (3,150 knees) who underwent pri-
mary total knee arthroplasties (TKAs) fromMay 1994 to June
2001. Fifty-one patients (102 knees) were lost to follow-up.
The remaining 1,696 consecutive patients (3,048 knees)
formed our study cohort. The study group consisted of 1,584
women and 112 men with a mean age of 61.2±9.6 years
(range, 23–79 years) at the time of the index surgery. The
preponderance of women in this series was due to the specific
ethnic group of these patients. The mean height of the patients
was 154.5±6.6 cm (range 138–176 cm), the mean weight was
63.0±8.9 kg (range 40–86 kg), and the mean bodymass index
was 26.4±3.6 kg/m2 (range 17.0–37.8 kg/m2). The preopera-
tive diagnosis was osteoarthritis in 1,616 patients (2,896
knees), osteonecrosis in 70 patients (133 knees), and rheuma-
toid arthritis in ten patients (19 knees). The mean preoperative
overall anatomical (femorotibial) knee alignment was 10.0°±
6.9° varus (range 8–20° varus) on the basis of long-leg X-ray
including femoral head and ankle.

All total knee arthroplasties were performed by the senior
author (YHK). The procedure was carried out through a
midline skin incision of ten to 12 cm in length using a medial
parapatellar arthrotomy. Extramedullary instrumentation was
used for the tibial component and intramedullary for the
femoral side. The femoral valgus angle for the intramedullary
guide was determined preoperatively on standardised long-leg
weight-bearing radiographs. The anterior and posterior cruci-
ate ligaments were resected in all knees. Ligamentous balance
was restored and ten millimetres of tibial bone was resected to
achieve a surface which was perpendicular to the shaft of the
tibia in the coronal plane with a posterior slope of 7° in the
sagittal plane. Resection of the distal femur (nine to 11 mm)
and the posterior femoral condyles (nine to 11 mm) was
attempted to remove a thickness of bone which was equal to
that of the femoral component to be implanted. During fem-
oral and tibial resection the tibia was prepared first in all
knees. Anterior cortical reference was used for the anterior-
posterior cut of the distal femur. Femoral component rotation
was determined using three reference axes: (1) the trans-
epicondylar axis, (2) the mid-trochlear line (Whiteside line),
and (3) 3˚ of external rotation relative to the posterior aspect of
the condyles. Tibial component rotation was determined using
the medial 1/3 of the tibial tuberosity and attachment site of
posterior cruciate ligament and posterior margin of the tibial
implant. The low contact stress mobile-bearing rotation plat-
form (LCS RP; DePuy, Warsaw, Indiana) prosthesis was used
in all knees.

The knee was placed in a continuous-passive motion ma-
chine after the splint was removed (on the second day after the
operation). All patients began walking with crutches or a
walker and started active and passive range-of-motion

exercise on the second day after the operation. The patients
used the crutches or walker, with full weight-bearing, for
six weeks and a cane when necessary thereafter.

Clinical and radiographic reviews were carried out at
three months, one year, and yearly thereafter. The mean dura-
tion of follow-up was 15.8 years (range, 11–18 years). All of
the clinical data analysis and the radiographic and computed
tomographic (CT) scanning measurements were performed
and compiled by one research associate (SML) who was not
involved in the surgery. Pre- and postoperative scores were
obtained for all patients with the use of the Knee Society [10]
knee-scoring system.

Radiographic evaluation

All patients had complete radiographic follow-up exami-
nations. All of the radiographs were reviewed by one
research associate (SML) who had no knowledge of the
patients. Full-length anteroposterior radiographs of the
knee, including the femoral head and the ankle made with
and without weight-bearing, and lateral and skyline patel-
lar radiographs were made preoperatively and at each
follow-up. The overall anatomical knee alignment and the
position of the femoral and tibial components in the coro-
nal and sagittal planes were determined (Figs. 1 and 2).
The location of radiolucent lines at the cement-bone or
cement-implant interfaces was scrutinised as recommend-
ed by the Knee Society [10]. The intra-observer kappa
statistics for the radiographic examinations was 0.95.

Fig. 1 The overall anatomical alignment in the coronal planewas defined
as the angle between the femoral anatomical axis and the tibial anatomical
axis. The tibial alignment was defined as the angle between the proximal
portion of the tibial component and the tibial anatomical axis. The femoral
alignment was defined as the angle between the distal portion of the
femoral component and the femoral anatomical axis (α=coronal femoral
angle, and β=coronal tibial angle)
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Computed tomographic measurements

Postoperative CT scans (at one week after the operation and at
final follow-up) were obtained using a multislice scanner
(General Electric Light Plus; GE Medical Systems, Milwau-
kee, Wisconsin). Routine CT scan was obtained at one week
after the operation to determine the rotational alignment of the
femoral and tibial component. Routine CT scan was obtained
at the final follow-up to determine the presence of osteolysis.
This was an ethically approved project. The scan sequence
was started at the superior pole of the patella and ended at the
tibial tuberosity, in contiguous slices of 2.5 mm. The rotation
of the femoral component was determined in relation to the

transepicondylar axis [9]. An axial image of the distal femur
was chosen which most clearly demonstrated the medial
epicondylar sulcus, when present, or the central point of the
medial epicondyle when no sulcus was found, and the lateral
epicondylar prominence. A line was drawn between these two
points, thereby establishing the surgical epicondylar axis. A
second line was drawn across the posterior condyles of the
femoral component. The angle between these represented the
rotation of the femoral component. Because the mobile nature
of the tibial bearing may affect the true rotational alignment of
the tibial component, the rotational alignment of the tibial
component was determined relative to the posterior margins
of proximal tibia and the tibial bearing. A line was drawn
along the posterior margin of the tibial plateau. A second line
was drawn along the posterior margin of the tibial bearing.
The angle between these represented the rotation of the tibial
component. Rotational alignment of the tibial component was
defined as neutral when the two lines were converged. When
the line along the posterior margin of the tibal bearing di-
verged posteriorly, relative to the line along the posterior
margin of the tibial plateau, the tibial component was defined
as externally rotated. When the reverse of this finding was
seen, the tibial component was defined as internally rotated
(Fig. 3). The intraobserver kappa statistics for the CT exami-
nations was 0.93.

Statistical analysis

Cox regression analysis was performed with forward, back-
ward, and stepwise selection in order to determine the vari-
ables most strongly predictive of failure. The variables
analysed were postoperative overall anatomical knee align-
ment, and postoperative coronal, sagittal, and rotational align-
ment of the femoral and tibial components. The postoperative
overall anatomical knee alignment was highly linked to the
tibial alignment and with the femoral alignment; consequent-
ly, analysis of covariates was first performed by including
overall tibiofemoral alignment and excluding both femoral

Fig. 2 A lateral radiograph of the right knee shows the measurement of
the sagittal alignment of the femoral and tibial components (x =sagittal
femoral angle, and y=sagittal tibial angle). The posterior femoral condy-
lar offset (CO) was evaluated bymeasuring themaximum thickness of the
posterior condyle projected posteriorly to the tangent of the posterior
cortex of the femoral shaft

Fig. 3 CT scan shows
measurement of axial rotation of
the femoral component in relation
to the transepicondylar axis (A–
A) and posterior femoral condylar
line. CT scan shows measurement
of axial rotation of the tibial
component in relation to the
posterior margins of the tibial
plateau (A–A) and the tibial
bearing (B–B)
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and tibial alignment variables, then repeated by including both
femoral and tibial alignment and excluding overall anatomical
knee alignment.

An extended Cox model based on generalised estimating
equation theory was used to compare survival by risk factor
and to perform a multivariate analysis of the survival of
implants [11]. These analyses were used in all univariate and
multivariate significance tests and for the calculation of all
95 % confidence intervals [11].

Neutral (optimal) alignment was determined using an algo-
rithm that examined the range of angles associated with the
lowest failure rate and selected the narrowest range that had
the greatest significance in the full model. Neutral alignment
was determined separately for the overall anatomical knee
alignment, the coronal and sagittal alignment of the femoral
component, the coronal and sagittal of the tibial component,
and the rotational alignment of the femoral and tibial compo-
nents by Cox regression analysis. All statistical tests were
two-sided, and p values of < 0.05 were considered significant.
Kaplan-Meier survival analysis [12] of the time to failure was
performed with revision for any reason other than infection
and periprosthetic fracture.

Using the approach of Dupont and Plummer [13], a post
hoc power analysis was conducted to estimate the minimum
sample size needed to observe a significant difference be-
tween the neutrally aligned group and the malaligned group.
With regard to the revision for aseptic loosening, the study
was adequately powered to detect a significant difference (α<
0.05) with 80 % power if the malaligned group had a two-fold
increased risk of failure (a hazard ratio of 2.0). This degree of
power would be achieved from study groups comprising at
least 1,485 neutrally aligned knees and 551 malaligned knees
(total 2,036 knees).

Results

As expected there were significant differences (Student’s t-
test, p<0.05) between intact and revised groups with regard
to: postoperative Knee Society knee scores (96.0±8.4 points;
range, 74–100 points versus 88.3±6.6 points; range, 79–88
points); Knee Society function scores (82.4±18.7 points;
range, 20–100 points versus 61.7±35.5 points; range, 10–80
points); and ranges of motion (120.7°±19.9°; range, 70–145°
versus 117.5°±16.7°; range, 90–130°).

Thirty (1.0 %) of the 3,048 TKAs failed for a reason other
than infection and periprosthetic fracture. The mean time to
failure was 9.8±3.2 years (range, eight to 12.8 years). In the
univariate exploratory analysis, age, anatomical femorotibial
alignment and coronal, sagittal and rotational alignments of
femoral and tibial components were the factors significantly
associated with survival of the implants. Sex, bodymass index

and preoperative deformity did not have a substantial effect on
survival on the implants.

Postoperative overall anatomical femorotibial alignment

A postoperative overall anatomical femorotibial alignment
conferred an advantage in terms of survival of the implants
in the multivariate analysis, after adjusting for age and body
mass index. In 1,928 knees the postoperative overall anatomi-
cal femorotibial alignment was 3–7.5° valgus (neutrally
aligned group), in 664 knees the postoperative alignment
was less than 3° valgus (varus aligned group), and in 456
knees the alignment was greater than 7.5° valgus (valgus
aligned group). Eleven out of 1,928 knees (0.6 %) required
revision of the femoral and tibial components in the neutrally
aligned group, 15 out of 664 knees (2.3 %) required revision
of both components in the varus aligned group, and four out of
456 knees (0.9%) required revision of both components in the
valgus aligned group (Table 1).

Postoperative coronal alignment of the femoral component

A postoperative coronal alignment of the femoral component
conferred an advantage in terms of survival of the implants in
the multivariate analysis, after adjusting for age and body
mass index. In 2,858 knees the postoperative coronal align-
ment of the femoral component was 2.0–8.0° valgus (neutrally
aligned group), in 160 knees the postoperative alignment was
less than 2.0° valgus (varus aligned group), and in 58 knees
the alignment was greater than 8.0° valgus (valgus aligned
group). Twenty-one out of 2,858 knees (0.7 %) required
revision of both components in the neutrally aligned group,
eight out of 160 knees (5.0 %) required revision of both
components in the varus aligned group, and one out of 58
knees (1.7 %) required revision of both components in the
valgus aligned group (Table 2).

Postoperative sagittal alignment of the femoral component

A postoperative sagittal alignment of the femoral component
conferred an advantage in terms of survival of the implants in

Table 1 Failure rate of the component according to anatomical
femorotibial alignment

Alignment No. of
failures

Failure
rate

P-value

Neutral (N=1928) (3–7.5°, valgus) 11 0.6 % Reference

Varus (N=664) (alignment less than
3° valgus)

15 2.3 % 0.005

Valgus (N=456) (alignment greater
than 7.5° valgus)

4 0.9 % 0.9128
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the multivariate analysis, after adjusting for age and body
mass index. In 1,735 knees the postoperative femoral sagittal
alignment was 0–3° (neutrally aligned group), in 748 knees
the postoperative alignment was greater than 3° flexion (flex-
ion group), and in 565 knees the postoperative alignment was
greater than 1° extension (extension group). No knees re-
quired revision of the component in the neutrally aligned
group, 25 out of 748 knees (3.3 %) required revision of both
components in the flexion group, and five out of 565 knees
(0.9 %) required revision of both components in the extension
group (Table 3).

Postoperative coronal alignment of the tibial component

A postoperative coronal alignment of the tibial component
conferred an advantage in terms of survival of the implants in
the multivariate analysis, after adjusting for age and body
mass index. In 2,168 knees the postoperative coronal tibial
alignment was 90° (neutrally aligned group), and in 880 knees
the alignment was less than 90° (varus aligned group). No
knees in the neutrally aligned group required revision of the
components, and 30 out of 880 knees (3.4 %) required revi-
sion in the varus aligned group (Table 4).

Postoperative sagittal alignment of the tibial component

A postoperative sagittal alignment of the tibial component
conferred an advantage in terms of survival of the implants
in the multivariate analysis, after adjusting for age and body
mass index. In 2,495 knees the postoperative sagittal tibial
alignment of the tibial component was 0–7° (normally aligned
group), and in 553 knees the alignment was less than 0° or

greater than 7° (abnormally aligned group). Five out of 2,495
knees (0.2 %) required revision of both components in the
normally aligned group, and 25 out of 553 knees (4.5 %)
required revision of both components in the abnormally
aligned group (Table 5).

Postoperative rotational alignment of the femoral component

A postoperative rotational alignment of the femoral compo-
nent conferred an advantage in terms of survival of the im-
plants in the multivariate analysis, after adjusting for age and
body mass index. In 2,490 knees the postoperative rotational
alignment of the femoral component was 2–5° external rota-
tion, in 401 knees the rotational alignment was less than 2°
external rotation, and in 157 knees the external rotation was
greater than 5°. No knee required revision of the components
in the group with 2–5° external rotation, 27 out of 401 knees
(6.7 %) required revision of both components in the group
with less than 2° external rotation, and three out of 157 knees
(1.9 %) required revision of both components in the group
with an external rotation greater than 5° (Table 6).

Postoperative rotational alignment of the tibial component

A postoperative rotational alignment of the tibial component
conferred an advantage in terms of survival of the implants in
the multivariate analysis, after adjusting for age and body
mass index. In 2,490 knees the postoperative rotational align-
ment of the tibial component was 2–5° external rotation, in
413 knees the rotational alignment was less than 2° external
rotation, and in 145 knees the rotational alignment was greater
than 5° external rotation. One out of 2,490 knees (0.04 %)
required revision of both components in the group with 3–5°

Table 2 Failure rate according to coronal alignment of the femoral
component

Alignment No. of
failures

Failure
rate

P-value

Neutral (N=2858) (2.0–8.0°, valgus) 21 0.7 % Reference

Varus (N=160) (less than 2.0° valgus) 8 5.0 % 0.001

Valgus (N=456) (greater than 8.0° valgus) 1 1.7 % 0.1005

Table 3 Failure rate according to sagittal alignment of the femoral
component

Alignment No. of
failures

Failure
rate

P-value

Neutral (N=1,735) (0–3°) 0 0 % Reference

Flexion (N=748) (greater than 3° flexion) 25 3.3 % 0.0029

Extension (N=565) (greater than 1°
extension)

5 0.9 % 0.2001

Table 4 Failure rate according to coronal alignment of the tibial
component

Alignment No. of
failures

Failure
rate

P-value

Normal (tibial alignment of 90° (N=2,168) 0 0 % Reference

Any varus (tibial alignment of less than
90°) (N=880)

30 3.4 % <0.0001

Table 5 Failure rate according to sagittal alignment of the tibial
component

Alignment No. of
failures

Failure
rate

P-value

Normal (N=2,495) (0–7°) 5 0.2 % Reference

Abnormal (N=553) (less than 0°
or greater than 7°)

25 4.5 % <0.0001
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external rotation, 27 out of 416 knees (6.5 %) required revi-
sion of both components in the group with less than 2°
external rotation, and two out of 145 knees (1.4 %) required
revision of both components in the group with an external
rotation greater than 5° (Table 7).

Discussion

Although the roles of overall anatomical knee alignment
and/or femoral and tibial component alignment in the cor-
onal plane in total knee replacement failures [2–9] are well
documented, little has been reported regarding the effect of
the sagittal and rotational alignment of the femoral and
tibial components. The results of our study confirm that
attaining neutrality of all coronal, sagittal and rotational
alignments of the femoral and tibial components is vital in
maximising implant longevity.

Although three recent studies have found little correlation
between anatomical femorotibial alignment in the coronal
plane and revision rates [7, 8, 14], the majority of studies have
shown increased revision rates with coronal malalignment,
particularly in the varus [2–4, 6, 15, 16]. In our study, a
coronal femorotibial alignment of less than 3° valgus probably
contributed to aseptic loosening of the components. More-
over, less than 2.0° valgus or greater than 8.0° valgus of the
femoral component and any varus alignment of the tibial
component (less than 90°) contributed to an increased failure
rate of the components.

It has been claimed that it is more difficult to achieve good
sagittal than coronal alignment of the femoral and tibial com-
ponents [17, 18], yet the impact of sagittal malalignment has

been studied relatively little. However, sagittal instability does
occur [19] and has been associated with an excessive tibial
slope [20]. Since variations in tibial slope produce reciprocal
alterations in flexion and extension gaps, the complications of
sagittal malalignment are probably the consequence of
flexion-extension match. In our study, sagittal alignment of
the femoral component of more than 3° flexion increased
femoral component failure significantly. Additionally, sagittal
alignment of the tibial component (posterior tibial slope) of
less than 0° or greater than 7° increased tibial component
failure significantly.

Alignment in the coronal plane does not guarantee the
accurate position of each component in flexion/extension,
valgus/varus or balanced tibio-femoral rotation. The effect
on implant survival of accurate positioning of each individual
component in 6° of freedom is not clearly established. There is
anecdotal evidence that early mechanical failure is more likely
when there is a mismatch of the femoral and tibial components
in rotation [9]. However, reliable evidence of the effect of
rotational alignment on implant survival is limited because
intra- and postoperative measurement techniques are often
inaccurate and the optimal rotational alignment target has
not been defined [21–23]. In our study, rotational alignment
of the femoral component less than 2° external rotation or
greater than 5° external rotation increased component failure
significantly. Furthermore, rotational alignment of the tibial
component less than 2° external rotation or greater than 5°
external rotation increased component failure significantly.

The survival rate of the components in our series at
15.8 years was 99 % (95 % confidence interval, 0.96–1.00)
as the end point of revision other than infection and
periprosthetic fracture. Advances in implant design, polyeth-
ylene processing, and cementing technique might improve the
survival of implants.

Our study has some strengths. The study focused on the
overall anatomical knee alignment, and coronal, sagittal and
rotational alignment of the femoral and tibial components.
However, our study has some limitations. First, we cannot
exclude the possibility of bias owing to the single-observer
unblinded measurements of the X-rays and CT scans. Second,
this was a retrospective study and the patients were followed
up prospectively. Third, as the number of revision cases were
only 30, they could reach the significant statistic level because
of type II error. Fourth, we did not investigate the dynamic
alignment of the limb in either the coronal, sagittal or rota-
tional plane after TKA [24–26]. Finally, although our mea-
surement of the rotational alignment of the tibial component
was not as precise as the technique employed by Bell et al.
[27], we believe our technique suffices to apply for the mea-
surement of the rotational alignment of the mobile bearing
tibial component. Despite these limitations, our study is, to our
knowledge, the largest study to investigate the impact of
postoperative coronal, sagittal and rotational alignment of an

Table 6 Failure rate according to rotational alignment of the femoral
component

Alignment No. of
failures

Failure
rate

P-value

Normal (N=2,490) (2–5° external rotation) 0 0 % Reference

Less than 2° external rotation (N=401) 27 6.7 % <0.0001

Greater than 5° external rotation (N=157) 3 1.9 % 0.029

Table 7 Failure rate according to rotational alignment of the tibial
component

Alignment No. of
failures

Failure
rate

P-value

Normal (N=2,490) (2–5°
external rotation)

1 0.04 % Reference

Less than 2° external rotation (N=413) 27 6.5 % <0.0001

Greater than 5° external rotation (N=145) 2 1.4 % 0.034
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implant on 15.8-year implant survival following modern
TKA.

In summary, in order to improve the survival rate of the
knee prosthesis, we believe that a surgeon should aim to place
the total knee components in the position of: overall anatomi-
cal knee alignment at an angle of 3–7.5° valgus; femoral
coronal alignment, 2–8.0° valgus; femoral sagittal alignment,
0–3°; tibial coronal alignment, 90°; tibial sagittal alignment,
0–7°; femoral rotational alignment, 2–5° external rotation; and
tibial rotational alignment, 2–5° external rotation.
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