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We performed a randomised controlled trial comparing computer-assisted surgery (CAS) 
with conventional surgery (CONV) in total knee replacement (TKR). Between 2009 and 2011 
a total of 192 patients with a mean age of 68 years (55 to 85) with osteoarthritis or arthritic 
disease of the knee were recruited from four Norwegian hospitals. At three months follow-
up, functional results were marginally better for the CAS group. Mean differences (MD) in 
favour of CAS were found for the Knee Society function score (MD: 5.9, 95% confidence 
interval (CI) 0.3 to 11.4, p = 0.039), the Knee Injury and Osteoarthritis Outcome Score (KOOS) 
subscales for ‘pain’ (MD: 7.7, 95% CI 1.7 to 13.6, p = 0.012), ‘sports’ (MD: 13.5, 95% CI 5.6 to 
21.4, p = 0.001) and ‘quality of life’ (MD: 7.2, 95% CI 0.1 to 14.3, p = 0.046). At one-year follow-
up, differences favouring CAS were found for KOOS ‘sports’ (MD: 11.0, 95% CI 3.0 to 19.0, 
p = 0.007) and KOOS ‘symptoms’ (MD: 6.7, 95% CI 0.5 to 13.0, p = 0.035). The use of CAS 
resulted in fewer outliers in frontal alignment (> 3° malalignment), both for the entire TKR 
(37.9% vs 17.9%, p = 0.042) and for the tibial component separately (28.4% vs 6.3%, 
p = 0.002). Tibial slope was better achieved with CAS (58.9% vs 26.3%, p < 0.001). Operation 
time was 20 minutes longer with CAS. In conclusion, functional results were, statistically, 
marginally in favour of CAS. Also, CAS was more predictable than CONV for mechanical 
alignment and positioning of the prosthesis. However, the long-term outcomes must be 
further investigated.

Cite this article: Bone Joint J 2014; 96-B:609–18.

Total knee replacement (TKR) is well docu-
mented as being beneficial in patients with
osteoarthritis (OA) of the knee.1,2 However, a
substantial number of patients are not satisfied
with their outcome, and there is room for
improvement.3 Computer navigation has been
used over the past decade in TKR, in the hope
of improving the alignment and positioning of
the implant. Several authors have reported
improved alignment with computer-assisted
surgery (CAS),4-6 and a recent meta-analysis of
randomised controlled trials (RCT) concluded
that CAS does improve the mechanical leg axis
and component orientation in TKR.7 

It remains controversial, however, whether
the improvement of alignment resulting from
CAS gives better function8-10 or longevity.11

Also, there is an ongoing debate whether per-
fect alignment really is the target.12 Choong,
Dowsey and Stoney13 reported that good align-
ment correlated with good function, and sug-
gested that this correlation was due to the use
of CAS, in agreement with the predominant
belief that alignment is important for good

clinical results and longevity.14,15 However,
they did not compare CAS with conventional
surgery (CONV), but rather, well-aligned with
malaligned knees. To our knowledge, no trial
has shown a direct correlation between the use
of CAS and good functional outcomes. 

We carried out a RCT in which CAS was pri-
marily evaluated against functional outcome,
and secondarily against measures from
CT scans and full-length standing radio-
graphs. Our null hypothesis was that there
was no difference in functional outcome
between CAS and CONV. The trial was
designed and conducted according to the
CONSORT statement guidelines for report-
ing parallel-group randomised trials.16 It was
registered on 30 October 2008 in the trial
database ClinicalTrials.gov, a service of the
United States National Institutes of Health
(ClinicalTrials.gov identifier: NCT00782444).
The trial was approved by the regional com-
mittee for medical and health research ethics,
Bergen, Norway, 29 September 2007 (ref.no:
2007/12587-ARS).
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Patients and Methods
Initially patients were randomly parallel-group assigned to
either CAS or CONV (allocation ratio 1:1). However,
owing to a slow recruitment rate, the age criterion for inclu-
sion was changed after six months, from 60 to 80 years to
50 to 85 years. Ultimately, eligible patients were men and
women 50 to 85 years old, in need of a TKR, with primary

or other arthritis of the knee, and in the American Society
of Anesthesiologists17 (ASA) category 1 to 3.

 Exclusion criteria included severe systemic disease,
severe neurological disorder, a history of cancer, dementia,
body mass index (BMI) > 35 kg/m2, previous fractures of
the shaft of tibia or femur, severe valgus position of the
knee (> 15º from the mechanical axis of the knee), previous
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Fig. 1a

Diagrams showing a) Alpha, femoral component relative to mechanical axis of femur in the frontal plane; b) Beta, tibial component relative to
mechanical axis of tibia in the frontal plane; c) Gamma, femoral component relative to the mechanical axis of the femur in the sagittal plane; d)
Sigma, tibial component relative to the mechanical axis in the sagittal plane; e) Mu, rotation of the tibial component relative to the anteroposterior
axis of the tibia; f) Lambda, rotation of the femoral component relative to the transepicondylar axis of the femur, and g) Chi, limb alignment (hip–
knee–ankle angle); sum of alpha and beta on CTs, and measured directly on radiographs.
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osteotomy of the tibia or femur, recent knee injury (less
than a year pre-operatively), severe stiffness of the ipsilat-
eral hip, ipsilateral hip replacement, and allergy to metals.
For patients in need of two knee replacements, only the first
knee evaluated in the recruitment period was included in
the trial. 

The recruitment period was 2009 to 2011, and patients
were identified in orthopaedic clinics at four hospitals in
Norway. A total of eight surgeons performed the knee
replacements. They were all experienced in TKR (defined as
having performed > 100 CONVs), and each surgeon had
carried out at least ten TKRs with the use of CAS before
recruiting patients into the trial.

A cemented CR Profix total knee prosthesis (Smith &
Nephew, Memphis, Tennessee) was implanted in all
patients using Palacos R+G cement (Heraeus, Hanau, Ger-
many). To match the groups we chose to use the ‘measured
bone resection’ technique18,19 in all cases, and the principles
of TKR and ligament balancing according to Whiteside20

were applied. No patellar resurfacing was performed. The
tibial component was implanted with a view to achieving a
4º posterior slope and a neutral alignment in the frontal
plane. In the CONV group, conventional instruments and
intramedullary rods were used. The femoral component
was inserted in a neutral alignment in the frontal plane
(referring to the mechanical axis, the surgeon could choose
between 5° and 7° cutting blocks with reference to the
intramedullary rod) and the sagittal plane (referring to the
anatomical axis), or optionally with a 4º flexion of the fem-
oral component. In the CAS group, a neutral alignment was
aimed for in the frontal plane and an individualised flexion
of the femoral component was allowed in the sagittal plane.
The CAS technology used was the VectorVision knee soft-

ware, version 1.6.93616, with the Kolibri system (Brain-
LAB, Munich, Germany). 

Tranexamic acid 10 mg/kg was administered intrave-
nously ten minutes before surgery, and repeated ten min-
utes before release of the tourniquet. No drains were
applied to the operated knee, which was positioned in 90º
flexion for two hours to minimise bleeding. Antithrombotic
medication was administered four hours post-operatively
and once daily for 17 days (5000 IE dalteparin by subcuta-
neous injection). Antibiotic medication was administered
intravenously within 30 minutes before surgery, after
four hours, eight hours and 12 hours, as a prophylaxis
against infection (cephalotin 2 g × 4). The skin incision was
closed with staples. All patients started weight-bearing and
standardised exercises on the first post-operative day.
Outcomes. Patients, nurses, physical therapists, research
assistants and outcome assessors were blinded to group
assignment. The blinding procedure involved two stab inci-
sions for the CONV patients at the same location as the
stab incisions for those with CAS. The computer navigation
equipment was present and switched on during every oper-
ation to blind the patient. The person measuring the angles
on CT scans and radiographs was initially blinded, but
sometimes the holes in the tibia and femur made by the fix-
ator pins used to secure the navigation towers were
revealed on the images being measured.

The primary outcome was functional scores, Knee Soci-
ety score (KSS),21 Knee Injury and Osteoarthritis Outcome
Score (KOOS),22 EQ-5D23 and a visual analogue scale for
pain (VAS) after three months and one year. The VAS was a
sheet with a line 100 mm long ranging from 0 (no pain) to
1 (worst pain imaginable), on which the patients were
asked to mark their worst knee pain experience during the
last week before assessment. 

Secondary outcomes were alignment and rotational posi-
tioning of the implant measured on CT scans performed
three months after surgery (Fig. 1). In addition, full-length
radiographs were performed pre-operatively and three
months after surgery (Fig. 2) to measure frontal alignment.
For CT scans this outcome was the sum of the frontal align-
ments of the femoral and the tibial component. The radio-
graphic measures were performed by four specially trained
assistants (one nurse, one medical student (GD) and two
radiologists) according to a specific protocol. Outliers were
defined as patients with implant components deviating
more than 3° from the target position. The target was
defined as alignment of the implant with the mechanical
axes of the limb, except the tibial slope was targeted at 4° of
flexion of the metal tibial component (7° including the
slope of the polyethylene). Rotational position was defined
according to the AP axis of the tibia and the transepicondy-
lar line of the femur and additionally, the position of the
two components relative to each other was measured.
Functional scores were carried out by eight physiothera-
pists at the four institutions before the operation, after one
week (only range of movement (ROM) and VAS), after

Fig. 2

The hip–knee–ankle angle
on full-length radiographs
of a prosthetic knee (Chi 2)
and a non-operated/native
knee (Chi 0).
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three months and after one year. Physiotherapists were pre-
viously instructed on how to score the patients in the clini-
cal evaluation part of the KSS. A long-armed goniometer
was used, and the anatomical landmarks used were the
most prominent parts of the greater trochanter, the lateral
epicondyle and the lateral malleolus. ROM was defined as
extension lag (degrees of active extension deficit) sub-
tracted from maximum active flexion. All patients were
categorised according to Charnley categories, to adjust for
potential differences between the groups.
Statistical analysis. All analyses were performed according
to the intention-to-treat principle. A difference of ten units
in an aggregated and averaged subscale of KOOS was cho-
sen as a minimum important change, as suggested by the
developers of KOOS.24 With a standard deviation (SD) of
20, a sample size of 64 patients per group was necessary to
achieve a power of 80% and a 5% level of significance.
Alignment in the frontal plane was a secondary outcome,
and we calculated a statistical power to reveal an average

difference across the groups of 0.5°. According to previous
studies we assumed a greater variation of measures in the
CONV group (SD 1.3) than in the CAS group (SD 0.9).4

With a two-sided 5% significance level and a power of
80%, a sample size of 79 patients per group was necessary.
A total of 204 patients were included. A pilot study of
12 patients was carried out at the start of the recruitment
but this was not included in the final study population.

Separate randomisation lists were created for each of the
eight surgeons using the statistical software PASW Statistics
v19 (IBM, Armonk, New York). Block randomisation for
each participating surgeon with randomly varying block
sizes of two and four, was generated to achieve approxi-
mate equal numbers in the treatment groups at all times. A
central randomisation office performed the computer-gen-
erated allocation to the trial groups, with concealment by
identical sequentially numbered opaque sealed envelopes.

To compare mean angles, means and mean improve-
ments in the KSS, KOOS, EQ-5D and VAS, we used

Assessed for eligibility n = 408

Included and randomised n = 192

•   Due to exclusion criteria n = 178
•   Declined to participate n = 8
•   Long travelling distance n = 19

Intended‡

CONV n = 95
Intended‡

CAS n = 97
Operated
CONV n = 97

Operated
CAS n = 95

Excluded n = 204

Pilot study n = 12

Withdrawal*

CONV n = 1
Withdrawal*

CAS n = 1

Lost to follow-up†

Three months CONV n = 5
Lost to follow-up†

Three months CAS n = 5

Lost to follow-up†

One year CONV n = 2

Analysed‡

clinically
CONV

At three months
n = 90

At one year
n = 87

Analysed‡

clinically
CAS

At three months
n = 92

At one year
n = 88

Analysed‡

radiologically
CONV n = 94

Analysed‡

radiologically
CAS n = 95

Lost to follow-up†

One year CAAS n = 4

Software problem with the 
CT analysis CAS n = 1

Fig. 3

Flow chart illustrating patient selection for the trial. (*) One patient in the conventional surgery
(CONV) group changed his mind after inclusion and refused to participate. One patient in the
computer-assisted surgery (CAS) group did not want to continue his participation in the trial
owing to a long travelling distance from his home to the hospital. (†) Logistical problems due
to sick-leave of a research assistant. (‡) Analysed as intention to treat. Two patients were con-
verted from CAS to CONV because of technical problems with CAS.
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independent samples t-tests with 95% confidence intervals
(CI). Differences in outliers, age, Charnley category,25 gen-
der, side and diagnosis were assessed by Pearson’s chi-
squared test. All tests were two-sided, and p-values < 0.05
were considered statistically significant. Owing to multiple
testing with five subscales in the KOOS score, p-values
< 0.01 were considered highly statistically significant. The
software package IBM SPSS Statistics 20 was used in all
analyses and calculations. The correlation of radiological
measurements performed by different assistants was
assessed by intraclass correlation coefficient (ICC).26

Results
A total of 192 patients with a mean age of 68 years (55 to
85) were included in the trial, allocated randomly to CAS
(n = 97) or CONV (n = 95) and treated from May 2009
until August 2011. The functional outcome analyses
involved 92 CAS and 90 CONV patients at three months’
follow-up, and 88 CAS and 87 CONV patients at one year.
The radiological analyses involved 95 patients in the CAS
group and 94 patients in the CONV group (Fig. 3).

The two groups did not differ with respect to age, gender
or side of operation (Table I). Pre-operatively, two-thirds of

the patients had a varus position of the knee and one-third
a valgus position; these were distributed similarly among
the groups. The stability of the knee ligaments was tested
pre-operatively in the anteroposterior (AP) and mediolat-
eral directions and showed no differences between the
groups (Table I). There were more patients in Charnley cat-
egory 3 in the CONV group (7 (7.4%) vs 1 (1.1%)), but the
difference was not statistically significant (p = 0.083, Pear-
son’s chi-squared test). 

From the functional scoring at one year (Tables II and III)
there were five losses in the CAS group and seven in the
CONV group. These patients were drop-outs due to logis-
tical problems at one hospital. The improvements in the
Knee Society function score and the KOOS subscales for
‘pain’, ‘sport’ and ‘quality of life’ were significantly better
in the CAS group than in the CONV group at three months
and for the ‘sport’ and ‘symptoms’ subscale, after one year
(Table II). No statistically significant differences were
detected between the groups with regard to improvements
in VAS or EQ-5D, and no differences in anteroposterior
(AP) or mediolateral stability at three months or one year
(Table II). For all scores, the crude mean values were
better in the CAS group at three months’ and one year’s

Table I. Demographic data and pre-operative features of the patients*

CAS CONV

n 95 94
Men, n (%) 37 (40.2) 35 (38.0)
Mean age (years) 68.3 (SD 7.8) 67.7 (SD 6.8)
Right side, n (%) 56 (60.2) 57 (60.6)

Charnley category, n (%)
1 31 (33.0) 33 (35.1)
2 62 (66.0) 54 (57.4)
3 1 (1.1) 7 (7.4)

Diagnosis (n) (%)
Osteoarthritis 83 (89.2) 78 (83.9)
Other 10 (10.8) 15 (16.1)

Pre-op mean HKA 182.2 (SD 7.2) 182.7 (SD 6.8)
Pre-op valgus, n (%) 28 (32.9) 28 (32.2)
Pre-op varus, n (%) 57 (67.1) 59 (67.8)
Pre-op HKA missing, n (%) 10 (10.5) 7 (7.4)

Pre-op M/L stability (n)
< 5 mm 39 46
5 to 10 mm 45 39
> 10 mm 10 7
Missing 0 2

Pre-op A/P stability (n)
< 5 mm 86 82
5 to 10 mm 8 11
> 10 mm 0 1
Missing 0 0

* CAS, computer-assisted surgery; CONV, conventional technique; HKA, hip–
knee–ankle angle (crude mean value measured on radiographs); M/L, medi-
olateral; A/P, anteroposterior; pre-op, pre-operative; SD, standard deviation
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follow-up, but the differences were small and most were
not statistically significant. Blood loss was similar in the
two groups. Operating time was 20 minutes longer in the
CAS group. 

At three months’ follow-up, we detected more outliers
in the CONV group for the hip–knee angle (HKA)
(‘Chi 1’, 36/94 (38.3%) vs 17/95 (17.9%), p = 0.008)
(Fig. 4), the femoral component frontal plan position
(‘Alpha’, the tibial component frontal plane position
(‘Beta 1’, 27/94 (28.7%) vs 6/95 (6.3%), p < 0.001) and the
tibial slope (‘Sigma’, defined as outside 86º (SD 3) (56/94
(59.6%) vs 25/95 (26.3%), p < 0.001)). For the other
angles measured there were no significant (p < 0.01) differ-
ences in outliers between the two groups. The mean angles
of the frontal plane and the tibial slope were, statistically,
significantly closer to the target in the CAS group (Table
IV). Mean angle measurements and outliers on full-length
radiographs in the frontal plane (‘Chi 2, Alpha 2, Beta 2’)
were similar to those on the CT scans. However, fewer
outliers were detected on radiographs than on CT scans
(Table V).
Sub-analysis. A sub-analysis was performed to investigate
the functional results of outliers independent of CAS
or CONV. Internal malrotation of the femoral component
(> 3º) resulted in inferior results in KSS function score, the
KOOS subscale for sport and recreational activities and

VAS at three months. However, these differences were no
longer statistically significant at one year. Patients with a
tibial posterior slope < 1º, or an anterior slope, had worse
KSS scores and worse KOOS subscale scores for quality of
life at three months, and in KSS function score and VAS at
one year follow-up. Outliers of the other angles measured
did not show any statistically significant differences in func-
tional results compared with the well-aligned knees. The
ICCs for inter- and intra-observer analysis of the CT scan
measures, with a two-way mixed-effects model, showed
good correlation using an absolute agreement definition for
single measures (Table IV).
Complications. These were evenly distributed between the
two groups (Table VI). Infection was the cause of revision
in three cases. Two of these were treated with a two-stage
operation and one with debridement and exchange of the
polyethylene component. One of the patients (CONV
group) with a two-stage revision recovered and is now
functioning well with his new prosthesis. The other one
(CAS group) did not recover well and required above-knee
amputation to eradicate the infection. 

Discussion
Some functional scores were marginally better with CAS
than with CONV at both three months and one year
follow-up. The clinical significance of this marginal

Table II. Independent samples t-test comparing computer-assisted surgery (CAS) and conventional surgery (CONV) with
respect to differences between pre-operative scores and scores at three months’ follow-up (Δ 3m), and between pre-
operative scores and scores at one year follow-up (Δ 1y). Statistically significant p-values (< 0.05) are bold.

CONV CAS Mean difference (95% CI) p-value
Number analysed
(n) CAS/CONV

Δ 3m KSSfunc 5.6 11.5 5.9 (0.3 to 11.4) 0.039 92/90
Δ 1y KSSfunc 20.7 23.6 2.9 (–2.5 to 8.3) 0.290 88/87
Δ 3m KSSsc 8.3 12.6 4.3 (–1.9 to 10.4) 0.173 92/90
Δ 1y KSSsc 22.7 26.4 3.8 (–2.2 to 9.8) 0.214 88/87
Δ 3m ROM –17.2 –12.5 4.6 (–0.7 to 10.0) 0.090 92/89
Δ 1y ROM –4.9 –2.3 2.5 (–2.6 to 7.7) 0.328 88/87

Δ 3m KOOS
Pain 19.7 27.4 7.7 (1.7 to 13.6) 0.012 91/90
Symptoms 7.0 13.1 6.0 (–0.4 to 12.5) 0.066 92/90
Activity of daily living 20.9 26.3 5.4 (–0.06 to 10.9) 0.052 92/89
Sports and recreation 7.6 21.1 13.5 (5.6 to 21.4) 0.001 87/84
Quality of life 27.8 35.0 7.2 (0.1 to 14.3) 0.046 91/89

Δ 1y KOOS
Pain 34.3 39.8 5.5 (–1.0 to 12.0) 0.096 87/86
Symptoms 21.6 28.3 6.7 (0.5 to 13.0) 0.035 88/87
Activity of daily living 30.5 34.8 4.3 (–1.6 to 10.1) 0.153 85/87
Sports and recreation 23.6 34.6 11.0 (3.0 to 19.0) 0.007 84/85
Quality of life 41.5 48.6 7.1 (0.0 to 14.3) 0.052 88/87

Δ 3m EQ-5D 14.7 19.3 4.7 (–1.7 to 11.0) 0.151 86/85
Δ 1y EQ-5D 23.8 29.4 5.6 (–1.3 to 12.6) 0.111 83/85

Δ 3m VAS 35.5 41.6 6.2 (–1.9 to 14.3) 0.133 88/89
Δ 1y VAS 45.6 53.4 7.8 (0.0 to 15.7) 0.051 83/83

KSS, Knee Society Score; VAS, visual analogue score; ROM, range of movement; KOOS, knee, injury and osteoarthritis 
outcome score; EQ-SD, quality of life score from the EURQoL group 
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improvement is uncertain. Only the KOOS subscale for
sports and recreational activities exceeded the predefined
minimal important change. CAS seems to be a more precise
method than CONV when performing TKR, in that we
found fewer outliers in the CAS group for alignment of the

hip–knee–ankle angle, and for the tibial slope. The improved
positioning may have an impact on implant survival in the
long term. However, CAS is more time-consuming.

The functional results of well-aligned and misaligned
knees must not be confused with the results of computer

Table III. Independent sample t-test comparing crude mean values of conventional surgery (CONV) vs computer-assisted
surgery (CAS) with respect to ROM, KSS, KOOS, EQ-5D, VAS, haemoglobin drop, number of patients in need of transfu-
sions and operating time. Chi-squared test comparing post-operative stability mediolaterally (M/L) and anteroposteriorly
(A/P) in the two groups at three months and one year. Statistically significant p-values (< 0.05) are bold*

CONV CAS Mean difference (95% CI) p-value
Numbers analysed 
(n), CAS/CONV

ROM pre-op (º), (95% CI) 110.4 109.1 1.3 (–3.7 to 6.2) 0.609 93/94

ROM post-op (º), (95% CI) 65.2 66.0 0.8 (–3.2 to 4.8) 0.696 92/91

ROM three months (º), (95% CI) 93.2 96.7 3.4 (–0.5 to 7.3) 0.084 92/89

ROM one year (º), (95% CI) 105.7 106.7 1.1 (–2.4 to 4.6) 0.550 88/87

Knee score pre-op 41.2 38.3 2.9 (–7.4 to 1.6) 0.205 93/94

Knee score three months 49.2 50.9 1.6 (–3.2 to 6.5) 0.510 92/90

Knee score one year 63.8 65.1 1.3 (–3.6 to 6.2) 0.610 88/87

Function score pre-op 59.1 60.8 1.7 (–2.9 to 6.3) 0.479 93/94

Function score three months 64.9 72.3 7.4 (1.8 to 13.1) 0.009 92/90

Function score one year 79.6 84.1 4.5 (–0.7 to 9.7) 0.092 88/87

Post-op M/L stability three months (n) 0.283 93/89

< 5 mm 69 66

5 to 10 mm 15 20

> 10 mm 5 4

Missing 0 3

Post-op M/L stability one year (n) 0.264 88/87

< 5 mm 69 62

5 to 10 mm 18 23

> 10 mm 0 2

Missing 0 1

Post-op A/P stability three months (n) 0.265 93/89

< 5 mm 78 79

5 to 10 mm 10 11

> 10 mm 1 0

Missing 0 3

Post-op A/P stability one year (n) 0.213 88/87

< 5 mm 75 72

5 to 10 mm 12 13

>10 mm 0 0

Missing 0 3

KOOS three months

Pain 65.7 72.2 6.5 (1.3 to 11.6) 0.014 91/90

Symptoms 61.8 65.9 4.0 (–1.1 to 9.2) 0.124 92/90

Activity of daily living 71.4 75.2 3.8 (–1.0 to 8.5) 0.117 92/89

Sports and recreation 23.6 33.5 9.9 (3.0 to 16.9) 0.005 87/85

Quality of life 54.3 59.7 5.4 (–0.8 to 11.6) 0.088 91/89

KOOS one year

Pain 80.1 83.8 3.7 (–2.1 to 9.4) 0.209 87/86

Symptoms 76.4 80.8 4.4 (–0.3 to 9.1) 0.067 88/87

Activity of daily living 80.4 83.4 3.0 (–2.3 to 8.3) 0.263 85/87

Sports and recreation 39.7 46.8 7.1 (–0.8 to 14.9) 0.077 84/85

Quality of life 67.8 73.1 5.3 (–1.3 to 11.8) 0.115 88/87

EQ-5D three months 72.3 76.3 4.0 (–0.9 to 8.9) 0.109 88/86

EQ-5D one year 81.4 84.2 2.9 (–2.9 to 8.6) 0.325 85/86

VAS three months 29.6 23.6 6.0 (–0.6 to 12.6) 0.074 89/90

VAS one year 19.4 11.9 7.5 (1.2 to 13.8) 0.019 84/84

Drop in S-haemoglobin (95% CI) 2.6 2.5 0.1 (–0.2 to 0.4) 0.380 88/89

Blood loss women (ml) 893 829 63 (–126 to 253) 0.508 42/44

Blood loss men (ml) 1215 1033 182 (–68 to 432) 0.150 27/30

Blood transfusions (no. of patients) 4 4

Operating time (min) 86.0 (81.5 to 90.5) 106.3 (102.7 to 109.9) < 0.001

* ROM, range of movement; KSS, Knee Society score; KOOS, Knee Injury and Osteoarthritis Outcome Score; EQ-5D, quality of life score from the EuroQol group; VAS, visual 
analogue scale (pain). Blood loss formula based on serum pre- and post-operative haematocrit values, gender, height and weight
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navigation and conventional techniques, and we agree with
Harvie, Sloan and Beaver27 that those data should be dealt
with separately. There could be reasons other than good
alignment to explain the functional results in navigated
knees, including the fact that CAS allows the surgeon to
perform accurate ligament balancing, and that the sizing of
implant components might be different using CAS; the tis-
sue insult might also be less extensive. Theoretically, an
improved alignment might require less surgical balancing
of the ligaments, thereby minimising the tissue insult, post-
operative pain and bleeding. The extent of ligamentous
release was not registered in this study, but the stability of
the knee was tested pre- and post-operatively and revealed
no differences between the groups. 

Our sub-analysis of outliers compared with well-aligned
knees, independent of CAS or CONV, indicates that exces-
sive internal rotation of the femur might cause inferior
functional results. The ‘Lambda’ angle outliers were
defined as an inward malrotation of the femoral compo-
nent of > 3º. These outliers had inferior KOOS sport/rec
subscale (mean difference (MD): 10.0, 95% CI 2.3 to 17.7,
p = 0.011), KSS function score (MD: 7.6, 95% CI 1.3 to
13.9, p = 0.018), and VAS (MD: 9.3, 95% CI 2.0 to 16.5,
p = 0.013), at three months follow-up. After one year there
were no longer any differences between the groups. Also, a
tibial slope < 1º or an anterior slope might affect the func-
tional results. Statistically, there was a non-significant ten-
dency towards fewer outliers with CAS with respect to

Table IV. Angles and outliers in the CASvs the CONV group, measured by CT scan at three months. P-values < 0.01 are marked in bold script. ‘Alpha 1’
alignment of the femoral component, ‘Beta 1’ alignment of the tibial component, ‘Gamma’ flexion/extension of the femoral component (< 90°
means flexion), ‘Sigma’ slope of the metal tibial component (< 90° means posterior slope), ‘Lambda’ rotation of the femoral component, ‘Mu’
rotation of the tibial component, ‘Omega’ mis-match between tibial and femoral components, ‘Chi’ sum of the Alpha and Beta angles. Statistically
significant p-values (< 0.05) are bold

CAS (n = 95) CONV (n = 94)

Angle
measured

Mean (SD) Outliers (%) Mean (SD) Outliers (%) MD (95%CI) Independent 
samples t-test 
comparing
means, p-value

Chi-squared test 
comparing 
number of 
outliers, p-value

Inter-class 
correlation 
coefficient*

Intra-class correlation 
coefficient*

Alpha 1 89.0 (1.7) 13 (13.7) 90.0 (2.4) 18 (19.1) 1.0 (0.4 to 1.6) 0.001 0.310 0.93 0.92

Beta 1 91.1 (1.4) 6 (6.3) 91.8 (1.7) 27 (28.7) 0.8 (0.3 to 1.2) 0.001 < 0.001 0.82 0.75

Gamma 1 87.9 (3.6) 46 (48.4) 88.6 (3.6) 31 (33.0) 0.7 (–0.4 to 1.7) 0.204 0.031 0.90 0.83

Sigma 1 87.6 (2.2) 25 (26.3) 89.3 (2.8) 56 (59.6) 1.8 (1.0 to 2.5) < 0.001 < 0.001 0.85 0.91

Lambda 1 91.2 (2.6) 26 (27.4) 91.3 (3.6) 42 (44.7) 0.1 (–0.8 to 1.0) 0.858 0.013 0.69 0.80

Mu 1 78.8 (6.1) 51 (53.7) 79.0 (6.0) 64 (68.1) 0.1 (–1.6 to 1.9) 0.872 0.043 0.70 0.90

Omega 1 1.1 (3.0) 35 (36.8) 1.3 (3.0) 33 (35.1) 0.3 (–0.6 to 1.1) 0.536 0.804 0.85 0.93

Chi 1 180.0 (2.1) 17 (17.9) 181.8 (3.0) 36 (38.3) 1.8 (1.1 to 2.5) < 0.001 0.008

195.0

170.0

Malalignment

Malalignment

CONV CAS

Optimal
alignment

Frequency
25    20    15   10    5      0     5     10    15   20    25

175.0

180.0

185.0

190.0

Fig. 4

A graphical illustration of the numbers of outliers for hip–knee–
ankle angle (Chi 1), defined as < 177 º or > 183º for each method of
implanting. The area between the lines defines the target area. Val-
ues above and below these lines are defined as outliers. To the left
of origo on the x-axis are the conventionally operated knees (left-
hand bars); to the right are the computer navigated knees (right-
hand bars). Y-axis in degrees.
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malrotation of the femoral component, and there was a sta-
tistically significantly better achievement of an optimal tib-
ial slope with CAS. The combination of these effects might
explain the marginally superior functional results found in
the CAS group, as previously suggested by others.28-31 

In a large CT-controlled trial by Kim, Park and Kim32

both knees were replaced sequentially under one anaesthetic
by one experienced surgeon, using CAS in one knee and
CONV in the other. Two different implant designs were
used. The navigation system was similar to the one used in
our trial. No differences were found regarding alignment,
function or mid-term survival. Our trial involved eight sur-
geons with unequal experience, thereby giving a better
external validity. When sequential operations are per-
formed under the same anaesthetic, there might be a trans-
fer of information from the computer-navigated knee to the
conventionally operated knee, thus guiding the surgeon.
However, this is not the normal situation for most surgeons
performing TKR. The excellent results of Kim et al32 might
show that great experience with both methods and a
sequential operation under the same anaesthetic negates the
need for a more precise instrument such as CAS. 

A trial by Chauhan et al33 was stopped for ethical rea-
sons when the authors, in an interim analysis, found a
greater improvement in alignment with CAS. The two- and
five-year functional results have since been published and
were similar across the groups.27,34 However, the numbers

were too low to reach definitive conclusions, as only
60 patients were able to be assessed, 30 in each group. Our
power calculations suggested that at least 64 patients in each
group are required in order to show a clinically relevant
difference in KOOS score (> 10 points on any subscale).

In most studies on CAS and alignment, the definition of
malalignment is based on the early assumptions of Jeffery,
Morris and Denham in 199135 suggesting that good sur-
vival was related to alignment within 3º of the mechanical
axis. This assumption has been questioned by others, and
other values have been suggested.36 In the absence of a clear
definition, we have accepted 3º as the limit value of align-
ment. Good alignment is probably not the only factor lead-
ing to good longevity. A recent study from the Norwegian
Arthroplasty Register reported inferior short-term survival
for certain implants when CAS was used.37

In terms of limitations, this was a multicentre study with a
number of surgeons involved, which may have produced dif-
ferences regarding surgical procedures, unequal experience
and skills, selection of patients suitable for surgery, a large
number of clinical evaluators, different rehabilitation pro-
grammes and different evaluating tools and procedures.
Thorough preparations were carried out prior to the study in
order to balance these differences. Other navigation systems
and other implants may, of course, have different results. 

In conclusion, we found that some functional scores were
statistically significantly better with CAS, but for the

Table V. Angles and outliers in the CAS vs the CONV group, measured on full-length radiographs at three months. Statistically significant p-
values (< 0.05) are bold*

CAS (n = 95) CONV (n = 92)

Angle
measured

Mean (SD) Outliers (%) Mean (SD) Outliers (%) MD (95% CI) Independent samples
t-test comparing means, p-value

Chi-squared test comparing 
outliers, p-value

Alfa 2 89.2 (1.7) 11/95 (11.6) 90.0 (2.5) 15/94 (16.0) 0.8 (0.2 to 1.4) 0.010 0.135

Beta 2 90.9 (2.0) 18/95 (18.9) 91.9 (2.1) 32/94 (34.0) 1.0 (0.4 to 1.6) 0.001 0.010

Chi 2 180.1 (2.6) 25/95 (26.3) 182.0 (3.5) 36/94 (38.3) 1.9 (1.0 to 2.7) < 0.001 0.034

Table VI. Complications (number of cases for each treatment group)

CONV CAS

Deep infection 2 1
Superficial infection 1 1
Arthrofibrosis 1
Femoral fracture 1
Tibial fracture 2
Lung embolism 1
Paroxysmal atrial fibrillation 1 1
Necrosis of femoral head 1
Decubitus heels 1
Technical errors with the computer 2
Stiffness of the knee calling for mobilisation under general anaesthesia 4 2

Total 12 10

CONV, conventional technique; CAS, computer-assisted surgery
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patient this effect was marginal and probably sub-clinical in
the short term. CAS was more predictable than conven-
tional TKR in providing consistent mechanical alignment
of the limb. The effect on implant survival and cost-effec-
tiveness must be further investigated.

Supplementary material
A table comparing outliers (O) with well-aligned
knees (W), independent of CAS or CONV, as well a

radiological measurements protocol are available with the
electronic version of this article on our website at http://
www.boneandjoint.org.uk
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patients, and give a special thanks to all participating patients. We would like to
acknowledge K. Stadheim (nurse) who participated in the measurement and
registration of data from radiological images and S. Halvorsen and P. M. Krist-
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trial is registered as: Clinical trials, ID: NCT00782444. Funding (financial sup-
port): The Research Council of Norway.
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