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Abstract We have undertaken a meta-analysis of the
English literature, to assess the component alignment
outcomes after imageless computer assisted (CAOS) total
knee arthroplasty (TKA) versus conventional TKA. We
reviewed 23 publications that met the inclusion criteria.
Results were summarised via a Bayesian hierarchical
random effects meta-analysis model. Separate analyses
were conducted for prospective randomised trials alone,
as well as for all randomised and observational studies. In
20 papers (4,199 TKAs) we found a reduction in outliers
rate of approximately 80% in limb mechanical axis when
operated with the CAOS. For the coronal femoral and tibial
implants positions, the analysis included 3,058 TKAs. The
analysis for the femoral implant showed a reduction in
outliers rate of approximately 87% and for the tibial
implant a reduction in outliers rate of approximately 80%.
Imageless navigation when performing TKA improves
component orientation and postoperative limb alignment.
The clinical significance of these findings though has to be
proven in the future.

Introduction

Knee pain is a common complaint in older adults. Estimates
of self-reported annual prevalence range from 33% (pain on

most days for one month or longer) [1] to 47% (pain in or
around the knee in the last year) [2]. The definitive
treatment for knee osteoarthrosis is total knee arthroplasty
(TKA) [3]. The demand for this operation in the United
States in 2005 was 450,000 procedures yearly and it is
projected to grow to 3.48 million procedures annually by
2030 [4]. The success of TKA is dependent on multiple
factors, including patient characteristics, implant selection,
operative technique, component positioning, and limb
alignment [5]. It has been shown that there is a positive
correlation between a good clinical result and a well
positioned prosthesis [6, 7]. Proper coronal alignment has
been correlated with good clinical outcomes, whereas
malalignment of more than 3° of varus or valgus results
in a higher failure rate [8–10].

Computer assisted orthopaedic surgery (CAOS) was first
introduced in 1999 by Krackow et al. Its objective is to
improve the accuracy of implant positioning and extremity
alignment [11–13]. CAOS for total knee arthroplasty (TKA)
is gaining popularity among orthopaedic surgeons. Currently,
there are three main categories of navigation systems: intra-
operative, image-free (no CT or radiograph) navigation
systems; pre-operative, image-based (CT-based) navigation
systems; and intra-operative, image-based (radiograph no
CT) systems [14]. Image-free navigation is gaining in
popularity since it avoids the time, expense and radiation
associated with pre-operative CT, and the extra OR time and
personnel required for intra-operative radiographs.

Despite the initial enthusiasm there is still disagreement
among orthopaedic surgeons regarding the effectiveness of
imageless navigation systems to improve the radiological
and clinical outcome of TKA [15–19]. Considering the
absence of evidence consistently supporting the use of
imageless CAOS to improve limb alignment and implant
coronal position, we carried out a meta-analysis of trials
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comparing TKA outcomes with the use of imageless CAOS
to the conventional technique.

Methods

Data sources and trial selection

We identified reports of clinical trials that compared imageless
navigated knee arthroplasty with conventional total knee
arthroplasty, regardless of the underlying condition or disease.
An electronic search was conducted covering all the major
medical databases (Medline, EMBASE, SciSearch, Scopus
and the Cochrane library) entering the following terms and
Boolean operators: “total knee replacement”, “alignment”,
“navigation”, “imageless”, “image-free”, “outcome”, “com-
puter assisted” until October 2008.

Two authors (Y.S.B. and V.S.N.) identified abstracts
which discussed any type of comparison between imageless
CAOS and conventional TKRs. These abstracts and their
accompanying articles were then paired down to those that
compared the mechanical axes and the coronal implant
position with CAOS versus conventional TKA and those
that compared the outliers in each of the mentioned angles.
In a third step, authors D.Z. and J.A. checked the reference
lists of the articles to identify citations to articles missed by
the search steps. Finally, some articles were rejected
because they reported insufficient data, used non-
standardised scoring systems, or lacked precise comparison
methods.

The study was limited to publications in English
literature. We included randomised controlled trials, non-
randomised cohort studies, retrospective studies and studies
that used a historical cohort. We included all types of TKR
prostheses and all types of imageless navigation systems.
This allowed us to compare the overall outcome of
imageless CAOS and conventional TKR without being
biased by the use of specific types of prostheses or types of
equipment used.

Statistical analysis

Differences in trial methods, patients’ characteristics and
investigators’ practice patterns mean that the effect of
CAOS within each of these trials is unlikely to be identical,
as would be implied by the use of a fixed-effects meta-
analysis model. We therefore used a Bayesian hierarchical
(random effects) model to summarise the data across trials,
thereby accounting for between-trial variations in odds
ratios. In this model, the probability (p) of an event (outlier
greater than 2 or 3 degrees) within each group of each trial
is allowed to vary both between the treatment and control
groups within each study and between each study included

in the meta-analysis. To model the between-study variabil-
ity, the logarithms of the odds ratios of each outcome
variable are assumed to follow a normal distribution. The
mean of the normal distribution of log odds ratios across
studies therefore represents the average effect in the studies,
and the variance represents the variability among the
studies. Low-information prior distributions were used
throughout, so that the data from the trials dominate the
final inferences. Inferences were calculated using a Gibbs
sampler algorithm programmed in WinBUGS software
(version 1.4.1, MRC Biostatistics Unit, Cambridge, UK).
Forest plots for all major outcomes, which display the odds
ratios and 95% credible intervals (Bayesian analogue of
frequentist confidence intervals) for both the individual
trials based on the random effects meta-analytic model, and
for the pooled results from our meta-analysis.

For each outcome, we performed two meta-analyses, one
incorporating data from randomised clinical trials alone,
and a second analysis using data from all studies, including
both randomised trials and observational studies.

Results

Out of 46 publications identified for screening, the
electronic search yielded 23 publications that met the
inclusion criteria and were considered eligible for the study.
In two studies the authors did not calculate the outliers rate
of the mechanical limb axis [20, 21], but in one of them the
outliers for the components were calculated [20], so it was
included in our meta-analysis for the evaluation of the
implant position only. In the remaining 21 studies, one of
the studies used a cut-off angle for the mechanical limb
angle as ±2° or more [22]. There were 4,063 patients with
4,163 TKRs. Ten trials were prospective and randomised
[22–31]. Table 1 is a descriptive table that summarises the
various trial characteristics and participant demographics.
First we analysed the prospective randomised studies alone.
Then we analysed all the studies together and compared the
results. The results were similar for both analyses.

Results of meta-analysis for prospective randomised
studies alone are presented in Table 2 and Fig. 1. Table 3
presents the results of the meta-analysis for all the studies
combined. Figures 2, 3 and 4 graphically present the results
for the limb mechanical axis, femoral angle, and tibial
angle, respectively.

In 20 papers (4,199 TKAs) the outlier cut-off angle for
the mechanical axis was defined as ±3° from the neutral
[15, 16, 23–41]. For these trials, in 2,039 cases the
conventional technique was used and the other 2,160 cases
were operated with imageless CAOS. There were 390
(18.6%) outliers for the mechanical axis in the conventional
group compared to 92 (4.3%) in the CAOS group. The
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meta-analysis estimated an odds ratio of OR=0.201 (95%
CI 0.111–0.324). This represents a strong effect, with
CAOS reducing outlier rate by approximately 80%. The
effect was similar when we combined the data with the one
study where the chosen cut-off value was 2° (OR=0.211;
95% CI 0.123–0.333) (Tables 2, 3; Figs. 1 and 2).

For the coronal femoral and coronal tibial implants
position, 14 studies defined the outlier cut-off as ±3° or
more. The analysis included 1,522 patients in the conven-
tional group and 1,536 in the CAOS group. Analysing the
femoral implant position revealed 280 (18.4%) patients in
the conventional group that had outliers in femoral implant
position, compared to 48 (3.1%) in the CAOS group. The
meta-analysis estimated better results with the CAOS TKA.
With a cut-off of 3° we found OR=0.13 (95% CI 0.036–
0.344), implying a strong effect with reducing the outliers
rate by approximately 87% when using the CAOS (Tables 2
and 3; Fig. 3).

Four studies defined the outlier cut-off for coronal
femoral implants as ±2° [22, 26, 32, 34]. They included
272 operated knees. One hundred thirty-five were operated
upon using the conventional technique and 137 with
CAOS. The results for the femoral implant showed 32
(23.7%) outliers in the conventional group compared to 14
(10.2%) in the CAOS group. The meta-analysis resulted in
a wide 95% CI (0.057–1.87), that precludes definitive
conclusion. When we combined studies with cut-off value
of 3° or more with those whose cut-off values were 2° or more,
the result was OR=0.19 (95% CI 0.077–0.392). This result
shows a reduction in the outlier rate for the coronal femoral
implant angle by approximately 81% (Tables 2 and 3; Fig. 3).

The tibial implant analysis with cut-off value of ±3° or
more exhibited outliers in 185 (12.2%) conventional cases,
compared to 53 (3.5%) in the CAOS group. The results of
the meta-analysis were conclusive for the coronal tibial
angle, showing better results when CAOS was used. The
reduction rate of outliers was approximately 80% (OR=
0.206; 95% CI 0.057–0.521) in favour of the CAOS. In the
four studies with cut-off angle of ±2° or more the result of
the meta-analysis showed a wide 95% CI which precludes
definitive conclusions. When the two values for cut-off
were combined, the result showed a reduction rate of
approximately 81% (OR=0.19; 95% CI 0.068–0.411) in
outliers (Tables 2 and 3; Fig. 4).

The study results reveal that 1,065 (51%) women were
operated upon with CAOS and 1,021 by the conventional
technique. Among men, 516 (52%) were operated upon with
the assistance of CAOS and 477 by the conventional
technique. In four studies with another 459 operated knees,
the authors did not mention the patients’ gender (Table 1).
These numbers show that in the total population of patients
that underwent TKA and that were included in the studies, no
gender bias for CAOS or conventional technique occurred.T
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Finally, we observed increased mean operating time
comparing CAOS TKA to conventional TKA, with an
average difference of 24.7 minutes (95% CI −9.0, 58.6)
when all studies were included, and a difference of 13.6
minutes (95% CI −28.6, 56.5) when only randomised
studies were included. However, the wide credible intervals
mean that further study is required to see if the effect arose
by chance or not.

Discussion

The most important conclusion of this meta-analysis is that
the usage of imageless CAOS for TKA significantly
reduces the number of outliers in the limb mechanical axis
and coronal position of the implants by a rate of

approximately 80%. This can be an important message for
decision makers in health care systems, since better surgical
results may, in the long run, mean less revision operations,
hence considerable savings in human suffering and cost.

CAOS has drawbacks that are well described, including
the increased operative time (of 20 minutes on average) and
the extra costs for hardware and software usage and
disposable parts that need to be purchased [15, 22, 24, 25,
28, 29, 33, 37–39, 32, 42, 43]. With imageless CAOS for
TKA surgeons avoid exposing patients to the extra
radiation associated with pre-operative CT, and avoid the
extra OR time and personnel required for intra-operative
radiographs [14]. Because of these advantages imageless
CAOS is continuously gaining in popularity and thus we

Table 3 Outliers reduction rate for the different angles, calculated for
all studies (prospective randomised and retrospective)

Angle OR 95% CI

HKA angle>±3° 0.201 0.111–0.324

HKA angle>±2° and±3° 0.211 0.123–0.333

coronal femoral angle>±2° 0.345 0.057–1.87

coronal femoral angle>±3° 0.13 0.036–0.344

coronal femoral angle>±2° and±3° 0.19 0.077–0.392

coronal tibial angle>±2° 0.112 0.005–1.395

coronal tibial angle>and ±3° 0.206 0.057–0.521

coronal tibial angle>±2° and±3° 0.19 0.068–0.411

OR odds ratio, CI confidence interval, HKA hip-knee-ankle

Table 2 Outliers reduction rate for the different angles, calculated
only for the prospective randomised studies

Angle OR 95% CI

HKA angle>±3° 0.289 0.116–0.524

HKA angle>±2° and±3° 0.313 0.149– 0.517

coronal femoral angle>±3° 0.106 0.008–0.866

coronal femoral angle>±2° and±3° 0.149 0.016–0.878

coronal tibial angle>±3° 0.19 0.020–1.144

coronal tibial angle>±2° and ±3° 0.188 0.028–0.828

OR odds ratio, CI confidence interval, HKA hip-knee-ankle

Fig. 1 Mechanical axis diagram
for prospective randomised
studies alone

International Orthopaedics (SICOT)



wanted to perform a meta-analysis of imageless CAOS
studies only.

Two previous meta-analyses investigated the effective-
ness of the navigated TKA versus the conventional [44, 45].
These studies concluded better results for navigated TKA

and have analysed prospective randomised studies, but also
quasi-randomised controlled trials, nonrandomised cohort
studies, studies with historical cohorts, and studies inves-
tigating the outcome of computed tomography or image-
free navigation systems for both unicompartmental and

Fig. 2 Mechanical axis diagram
for prospective randomised and
retrospective studies

Fig. 3 Femoral angle diagram
for prospective randomised and
retrospective studies

International Orthopaedics (SICOT)



total knee arthroplasty. However, these meta-analyses
included comparative studies of both imageless and CT-
based navigation systems.

To the best of our knowledge, this is the first meta-
analysis in the literature analysing only image-free naviga-
tion systems. We included both prospective randomised
studies and others. We ran separate analyses for the
prospective randomised studies only and subsequently for
all the studies combined. We found similar results whether
the studies were prospectively randomised or not, so we
concluded that there might not be a bias effect for the non
prospective randomised studies, although it could serve as a
point for criticism to our study. Finally, our meta-analysis
evaluated only English written studies that were published
until October 2008.

This meta-analysis evaluates studies with different
navigation systems (Table 1). All are image-free navigation
systems and there might be differences between them. We
could not separate the meta-analysis for each manufacturer
because of the small number of studies done with each
separate system. Since all share the same principles of
image-free CAOS, we decided it would be reasonable to
include them all in one meta-analysis. In the future, with
more studies, there will be a place to consider a meta-
analysis for one kind of navigation system only

The cut-off value for outliers in this meta-analysis was
3° or 2°. These are the values that are used in the studies
that we evaluated. Indeed, these cut-off values have proven
to be significantly correlated to the long-term survivorship

of TKA [8–10]. Others have shown that coronal malalign-
ment of greater than 3° can reduce TKA ten-year survival
from 90% to 73% [8, 46]. Nevertheless, despite this
evidence, the clinical significance of the use of CAOS
TKA is still debated. Spenser et al. showed no difference in
the following clinical scores: knee society score, WOMAC
score, Oxford knee score and Bartlett patellar score,
between navigated and conventional TKA patients in a
prospective randomised study with up to two years of
follow-up [47]. Ensini et al. failed to show a better clinical
improvement up to 28 months after the operation using the
Oxford score, patellofemoral joint score, and satisfaction
score [27]. Anderson et al. did not find any improvement in
range of motion at six months follow-up [48]. Finally,
Decking et al. showed the same clinical results at
three months following the operation using the WOMAC
score and the Knee Society score [22]. These studies show
that although there are better outcomes in alignment and
implant position in CAOS TKA, there is no effect on the
clinical outcome in the short-term follow-up. We believe
that the influence of a better limb alignment and implant
position will be realised only after several years. Since
CAOS TKA was first introduced in 1999 [11], there is not
enough data available yet to show a reduction in implant
failure rate when CAOS is used. Further studies and longer
survey of patients and outcomes will be necessary to prove
that.

Limitations of this study warrant further discussion.
First, we included studies with different levels of evidence

Fig. 4 Tibial angle diagram for
prospective randomised
and retrospective studies
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and not randomised studies only. Using non-randomised
studies might introduce a bias. In this study, we first
performed a meta-analysis for randomised studies and only
then a second meta-analysis for randomised and non-
randomised studies. We found the same results, so we
concluded that there is probably no bias in the non-
randomised studies, hence we could use both studies in
the meta-analysis. Second, we concentrated only on the
limb mechanical axis and the coronal angle of the femoral
and tibial components, but did not evaluate the sagittal
plane of the implants. Third, our data did not evaluate
clinical differences between the two modalities. This data
could be evaluated only in the future. Fourth, we included
data that was collected from different navigation systems of
different manufacturers. However, all of them followed the
same principle, i.e. image-free navigation systems.

Conclusions

Results of this meta-analysis showed that the use of
imageless CAOS for TKA significantly reduces the number
of outliers in the limb mechanical axis and coronal position
of the implants by a rate of approximately 80%. It should
be taken into account that there are some drawbacks with
CAOS including the cost, length of surgery, learning curve,
etc. However, CAOS TKA seems to improve accurate
component positioning; the clinical significance of this
remains to be proven.

Source of funding The authors declare that there was no external
funding source for this study.
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