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Background: This randomized controlled trial validated a redesigned version of navigated total knee
arthroplasty software with a streamlined registration (Smart) against the previous version (Classic). The
objectives were to determine if Smart software had the same accuracy of component positioning and
whether registration and operative time were reduced.
Methods: A total of 220 patients were recruited and had a navigated total knee arthroplasty performed.
With the exception of the software, all patients had the same perioperative care. At 6-week follow-up
with an independent arthroplasty service, all patients had a computerized tomography scan. This was
assessed by an independent radiologist to measure the mechanical alignment of the components.
Results: The mean postoperative mechanical femorotibial angles were equivalent between groups (mean
difference �0.2�, 95% confidence interval �0.7� to 0.3�, P ¼ .407). Component positions were similar in
both groups. Mean registration time was significantly shorter for the Smart group (2 minutes 30 seconds
± 54 seconds) than the Classic group (3 minutes 23 seconds ± 39 seconds), P < .001. The mean operative
time was 72 ± 12 minutes in both groups (P ¼ .855). At 6-week follow-up, both groups had similar clinical
outcomes with 96.5% of patients being satisfied or very satisfied.
Conclusions: The study verified that a reduced registration time did not alter the accuracy of component
placement. However, despite a shorter registration time, the overall surgical time was not reduced.
© 2016 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Although it has been shown that image-free computer-navigated
total knee arthroplasty (TKA) improves component positioning and
overall lower limb alignment [1-4], it has not been widely adopted.
This is due to a number of criticisms including that it increases
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operation times and the risks of problems with the tracker bone
screw insertion sites [1,5-11].

Many studies have shown that the use of navigation increases
operative time when compared to conventional instrumentation
[1,5-12]. The increase in operation time is both due to the setup of
the navigation system (including positioning the camera and bone
pin fixation to mount trackers) and then undertaking the regis-
tration of the lower limb which involves collecting palpated
anatomical landmarks and kinematic centers to allow the com-
puter software to compute the patient's frame of reference and
calculate lower limb position. These steps are additional and
disruptive. The increase in operating time can also lead to a higher
risk of infection and additional further morbidity [13,14] and
increased cost [15]. The placement of bone pins also has other
risks with fracture and superficial infection at the tracker pin site
being reported [12,16,17].
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Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.artd.2016.07.002
mailto:frederic.picard@gjnh.scot.nhs.uk
www.sciencedirect.com/science/journal/23523441
http://www.arthroplastytoday.org/
http://dx.doi.org/10.1016/j.artd.2016.07.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.artd.2016.07.002
http://dx.doi.org/10.1016/j.artd.2016.07.002


N.C. Sciberras et al. / Arthroplasty Today 3 (2017) 111e117112
Tominimize the disadvantages of the navigation setup “pinless,”
tracker mountings have been developed to reduce both complica-
tions and time [8,17]. There has also been a focus on reducing
registration times. Other authors have assessed updates of navi-
gation systems (hardware and software) and have found that
operative time was reduced but that there was no difference in
radiological or 1-year outcomes [17,18].

To try and address the increase in time in navigated TKA, BBraun
Aesculap (Tuttlingen, Germany) revised their Orthopilot Knee Suite
TKA software. The workflow for the previous version (“Classic”
encompassing TKA 4.3 and 4.4) was assessed and each step
analyzed. A new workflow order was designed to improve the
ergonomics. This grouped registration tasks, such as collecting all
palpated points consecutively, to reduce the changing and moving
of instruments. The ankle center registration was also modified to
keep only themost reliablemethod of anatomical palpation instead
of using both anatomical palpation and the kinematic center. This
change did not alter the underlying algorithms but reordered the
existing software routines and removed 2 steps that were now
deemed unnecessary (Fig. 1).

Our institution routinely undertakes navigated TKA using
Orthopilot software (BBraun Aesculap). Wewere provided with the
updated version of the Knee Suite TKA software (Smart) that
embodied the streamlined version of the registration process
described above. However, the change in the registration intro-
duced the possibility that the performance of the Orthopilot system
Figure 1. The reordering of the registration steps between the Classic and Smart
version of the Orthopilot Knee Suite software.
would be altered. Therefore, the aim of this study was to validate a
version of software with a streamlined registration (Smart) against
the previous version (Classic). The study objectives were to deter-
mine if the Smart software had the same accuracy of component
positioning and whether there was a decrease in registration and
operative time.

Material and methods

Ethical approval was gained from theWest of Scotland Research
Ethics Committee 5 for a prospective randomized controlled trial
which was registered on www.controlled-trials.com (ISRCTN7
1883082). The trial started in February 2012, and patients were
recruited through to October 2013. Patients, who were suitable to
undergo a primary navigated TKA using the Columbus CR knee
implants and the Orthopilot navigation system, were under the
care of one of the 3 consultants involved in the study and thosewho
fulfilled the selection criteria were approached for inclusion in the
study at the preassessment clinic. The inclusion criteria for the
study were: able to give informed consent and able to return for
follow-up. The exclusion criteria were as follows: patients with a
body mass index (BMI) > 40, patients where the surgeon preop-
eratively decided that they wished to use the additional gap
management software module which was only available in the
Classic software, patients who were known preoperatively to
require patellar resurfacing, patients unable to give informed con-
sent, and patients who were unable to attend for follow-up.
Figure 2 shows the CONSORT patient recruitment flow diagram.

Written consent was obtained on admission for surgery from
those willing to take part. Patients were randomized to one of two
Conformit�e Europ�eenne (CE) marked and Food and Drug Admin-
istration (FDA) approved versions from the Orthopilot TKA
KneeSuite software using sequentially-numbered, opaque-sealed
envelopes [19]. The software used in the study was Classic (4.3 and
4.4; the changes between these 2 versions made no difference to
the user interface, registration process, or computational mod-
ules) or Smart. The research coordinator (or nominated person),
who was independent of the approach and consent of the patients
to the study and of the surgery, carried out the randomization and
informed the study team. The patients were blinded to allocation,
that is, they were not told which software was used. All TKAs were
carried out by one of the 3 consultants involved in the study. The
consultant completed all steps of the operative procedure them-
selves, using their standard operative practice. All the consultant
surgeons were well past their learning curve with >1000 (Frederic
Picard), >500 (Joe Baines), and >300 (David Allen) navigated cases
using the study platform. They had used both the versions of the
software, with the newer software being available for 3 months
before the study started so meaning they were past any learning
curve. All patients received the same cruciate-retaining Columbus
CR knee prosthesis (BBraun). The femoral component was
implanted with an aim of neutral (90� to the mechanical axis) in
the coronal and sagittal planes. The tibial component aimwas 90�

to the mechanical axis in the coronal plane and 2� posterior slope
in the sagittal. The rotation of the femoral component was
adjusted to the surgical transepicondylar axis (nominally 3�

external rotation to the posterior condylar axis) or at 90� to
Whiteside’s line as per the surgeon’s choice. The rotation of the
tibial component was adjusted in relation to the tibial tuberosity.
However, there is no agreed rotational value within the literature,
and therefore, there was no specific aim in terms of tibial rotation.
The registration time was recorded by taking a screenshot at the
start and end of the registration process (enabled by the foot
pedal). These screenshots were automatically named with the
time and date of creation so allowing the calculation of the

http://www.controlled-trials.com


Primary TKA patients assessed 
for eligibility (n=390)

Excluded  (n=170)
♦ Not meeting inclusion criteria (n=115)
♦ Declined to participate (n=37)
♦ Other reasons (n=18)

Analyzed  (n=99)
♦ Excluded from analysis (n=4)

no CT/poor quality CT n=4

Lost to follow-up (n=2)
patient declined follow up n=1
patient too ill to travel n=1

Allocated to Smart software (n=110)
♦ Received allocated intervention (n=105)
♦ Did not receive allocated intervention (n=5)

wrong software used n=1
surgeon not in trial did operation n=3
non-navigated implant required n=1

Lost to follow-up (n=1)
patient followed up locally n=1

Allocated to Classic software (n=110)
♦ Received allocated intervention (n=104)
♦ Did not receive allocated intervention (n=6)

wrong software used n=1
surgeon not in trial did operation n=3
non-navigated implant required n=1
BMI >40 incorrectly recruited n=1

Analyzed  (n=101)
♦ Excluded from analysis (n=2)

no CT/poor quality CT n=1
no computer file n=1

Allocation

Analysis

Follow-Up

Randomized (n=220)

Enrollment

Figure 2. Consolidated Standards of Reporting Trials (CONSORT) flow diagram for study cohort.
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registration time. The total operation time was defined as the
“skin-to-skin” time (first incision to completion of closure) and
was recorded by an independent theater nurse. Due to the surgeon
knowing which software was being used, the registration and
operation times were not blinded outcome measurements.

For the surgery, patients were all in a supine position with
lateral support. A spinal/epidural anesthetic and tourniquet were
routinely used. The routine approach was a medial parapatellar
one; however, one patient with a large uncorrectable valgus
deformity underwent a lateral parapatellar approach. All compo-
nents were cemented, and no patellae were resurfaced. Standard
3-layer closure completed the surgical procedure. All patients
followed standard perioperative care as defined by our in-
stitution’s enhanced recovery program including local infiltration
of analgesia [20].

At 6-week follow-up, all patients were seen by an independent
arthroplasty service. The arthroplasty practitioners recorded
patient satisfaction, active extension and flexion using a handheld
goniometer, Oxford Knee Score, and the Knee Society Score. The
practitioners were blinded to group allocation. Patients had a
computerized tomography (CT) scan. The “low dose” imperial
knee protocol [21] was used to scan hip, knee, and ankle to enable
accurate measurements of the mechanical alignment of the
components. Using a CT scan gives a more accurate measurement
of the 3D lower limb alignment than a hip-knee-ankle radiograph
[21]. All CT measurements were taken by an independent radiol-
ogist who was not involved in the patients' care and was blinded
to the allocation of the patients to treatment groups. The
mechanical femorotibial (MFT) angle was recorded as the angle
between the axes from the center of the femoral head to the center
of the knee joint at the midcondylar point and from the mid-
condylar point to the center of the tibial plafond. Coronal femoral
angle was measured from the center of the femoral head to the
midcondylar point as referenced to the inferior condylar line of
the prosthesis (medial angle). The coronal tibial angle was
measured from the tibial plafond to the center of the tibial tray, as
referenced to the superior surface of the tibial tray (medial angle).
Sagittal femoral angle was measured from the center of the
femoral head to the base of the femoral component peg, as
referenced to the angle of the peg. Sagittal tibial angle was
measured from the center of the tibial plafond to the superior
tibial tray (midpoint of the stem), as referenced to the posterior
tibial component slant. Femoral rotational alignment was
measured as the Cobb angle between the surgical trans-
epicondylar axis and the prosthesis posterior condyles [22]
(Fig. 3). Tibial rotational alignment was measured as per Berg-
er’s protocol [23]. The measured angles were defined as follows:
coronal femoral component position >90� indicated valgus



Figure 3. Example of measurements on CT. Measurement of the surgical trans-
epicondylar axis.

Table 1
Patient demographics.

Classic Smart

n 101 99
Male:female 53:48 50:49
Age (y) 67.9 [45-84] 69.1 [40-91]
BMI 30.8 [21.5-39.2] 31.1 [22.7-39.9]
Preoperative

alignmentdradiographic (�)a
�5 [�23 to 17] �5 [�19 to 18]

Preoperative
alignmentdnavigation system (�)a

�4 [�17 to 15] �4 [�11 to 9]

Preoperative OKSb 17 [2-37] 17 [5-36]

OKS, Oxford Knee Score.
Mean [range].

a Varus negative, valgus positive, neutral 0� .
b Scale 0-48, 48 being best.
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alignment, sagittal femoral >90� indicated extension, coronal
tibial component position >90� indicated valgus alignment,
sagittal tibial component position <90� indicated a posterior
slope, and rotation of the femoral and tibial components þve
indicated external rotation.

Demographic data (gender, age at operation, American Society
of Anesthesiologists (ASA), BMI, etiology, and preoperative Oxford
Knee Score) and preoperative type of knee (varus/valgus knee,
range of movement, degree of fixed flexion if present, Kellgren
Lawrence score, and Ahlback classification) were collected from the
patient casenotes, electronic records, and radiographs.

Statistical analysis

The power calculation for the study was carried out using
Sample Power 3 (IBM Corp., Somers, NY). The primary outcomewas
the MFT angle. The study was sized to show equivalence of MFT
angle between the 2 groups with 98 patients in each arm (mean
MFT angle ¼ 0�, standard deviation (SD) ¼ 2.8�, difference ¼ 1�,
power¼ 80%, and alpha¼ 0.05). At 80% power, this could also show
a reduction in operation time of 6 and a half minutes. Two hundred
twenty patients (110 in each group) were recruited to account for
loss to follow-up.

Statistical analysis was performed using SPSS version 19 (IBM
Corp., Somers, NY). As the aim of the studywas to showequivalence
data were analyzed on a per protocol basis. The number of outliers
beyond ±2� and ±3� of the aim for each measured angle (excluding
tibial rotation) were calculated for each group [24]. The number of
the 5 alignment angles (excluding rotations) within these limits, as
per Jenny’s recommendation, was calculated [25]. Continuous
variables were compared between groups using independent t
tests. Categorical variables were compared using chi-squared test.
Continuous variables are presented as mean ± SD, 95% confidence
intervals (CIs) of the mean.

Results

Of the 110 patients recruited to each group, 9 in the Classic and
11 in the Smart were excluded (Fig. 1). These were: 2 where the
randomization was not followed, 1 where the patient’s BMI was
>40, 2 did not return for 6-week review, 1 patient who was
scheduled for telehealth review at 6 weeks, 5 where no CT scanwas
taken or the CT scan was of poor quality, 1 where a different (TS)
prosthesis had to be used, 1 where a highly constrained prosthesis
had to be used, 1 patient who had a patellar femoral joint
replacement, 6 who were operated on by a different surgeon not in
the study, and 1 where the computer navigation file was lost.
Therefore, study datawere analyzed for 200 patients (101 in Classic
and 99 in Smart group). Demographics of the 2 groups are given in
Tables 1 and 2.

The mean postoperative MFT angles were equivalent between
groups (mean difference �0.2�, 95% CI �0.7� to 0.3�, P ¼ .407).
There were 7 patients (7%) out with ±3� in the Classic group and 6
(6%) in the Smart group (Fig. 4, Table 3). Component positions were
similar (Table 4) with relatively small numbers of outliers (Table 3).
There was a statistically but not clinically significant higher mean
sagittal femoral angle in the Classic group. In the Classic group, 42
(42%) patients had 5 component angles within 2� of neutral/ideal
aimed orientation. In the Smart group this was 36 (36%) patients
(P ¼ .449).

Registration time was recorded for 96 patients in the Classic
group and 98 in the Smart group. The mean registration time was
significantly shorter for the Smart software group (2 minutes 30
seconds ± 54 seconds, 95% CI 2 minutes 22 seconds to 2 minutes 38
seconds) than the Classic software group (3 minutes 23 seconds
±39 seconds, 95% CI 3minutes 12 seconds to 3minutes 34 seconds),
P < .001. The mean operative time was 72 minutes (Classic ±12
minutes, 95% CI 70 minutes to 74 minutes; Smart ±12 minutes, 95%
CI 69 minutes to 74 minutes) in both groups (P ¼ .855).

At 6-week follow-up, both groups had similar clinical outcomes
(Table 5). Overall for the 200 patients, 193 (96.5%) were satisfied or
very satisfied, 4 were unsure of their satisfaction, 2 were dissatis-
fied, and 1 patient did not have their satisfaction recorded.
Discussion

This double-blinded randomized controlled trial showed that
the simplified registration did not alter accuracy of component
placement in TKA. However, shorter registration times achieved did
not reduce overall surgical time. It confirms that registration
in CT-free navigation represents very small amount of overall
operative time.

The study has a number of limitations. The center where it was
carried out routinely uses navigation so all staff are used to it;
therefore, timings may not extrapolate to other centers. Although
the registration time was recorded, the setup of the navigation
system was not quantified. This should have been the same for
either software, but it is not possible to see how much time was
added to the surgery due to this. However, the overall operative



Table 2
Categorical demographics.

Classic Smart

n 101 99
ASA
1 5 7
2 83 75
3 13 17

Kellgren Lawrence
2 16 19
3 54 48
4 31 32

Ahlback
1 26 24
2 40 36
3 23 30
4 10 8
5 2 1

Etiology
Osteoarthritis 96 98

Rheumatoid arthritis 4 0
Other 0 1
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time does include the tracker placement. The fact that the surgeons
were all experienced with navigation could mean that the results
for alignment would not extrapolate to surgeons who are not used
to navigation. However, it has been shown that the learning curve
with navigation affects the operative time but not component
placement [16]. The study does not have longer term clinical out-
comes, data were only collected at the first postoperative follow-up
at 6 weeks as it was not the purpose of the study to investigate
clinical outcomes. In addition, the CT scan was not weight bearing.
This should mean that it is closer to the alignment measured by the
navigation system intraoperatively, but it does not necessarily
represent the functional alignment of the knees. Further to this,
only one observer measured the CT scans. This was largely due the
practicalities of finding independent radiologists outside of the
direct care and research teams prepared to be involved in the study.
Figure 4. Distribution of MFT angle in both groups (
The musculoskeletal radiologist who was involved in the study has
a strong background in orthopaedics having undertaken ortho-
paedic training rotations over 3 years. He is, therefore, highly
skilled at understanding images of TKAs and taking accurate
measurements. Possibly, the major limitation is that the main
outcome is only of interest to navigators [17]. However, this study
has shown that navigated knee surgery is not necessarily slow
when compared to other published data on operative times and has
confirmed the accuracy and precision of component placement.

Computer-assisted knee arthroplasty is still not mainstream.
Several reasons have been suggested to explain this, such as risk of
infections and fractures related to tracker fixation and increasing
time of surgery [17,18]. It is clear that tracker setup and registration
are both additional tasks that are not required when using manual
instrumentation, and it has been shown that knee navigation in-
creases the overall time of surgery in comparison to conventional
TKA by up to 30 minutes [1,5-11,26,27]. The Smart software was
developed to reduce registration and consequently overall opera-
tive time. The main difference of the Smart software with respect to
previous Classic software was the order of registration tasks
(anatomical landmarks followed by kinematics rather than mixing
both) to make the process faster and more ergonomic. This study
found a statistically significant shorter registration with the Smart
software, but this was not clinically significant as the study did not
demonstrate any decrease in overall surgical time. Other authors
have found that software and hardware updates do shorten oper-
ative time, but our study operative times were much shorter than
theirs, possibly leaving less room for improvement [17,18]. In
addition, the definition of operative time and recorded operation
time appears to be highly variable between institutions and sur-
geons [7]. Our times were recorded from first-skin incision to
completion of closure of the wound (skin-to-skin) to give a mea-
sure of the actual time the operation takes. Themean “skin-to-skin”
time of 72 minutes seen in this study is virtually identical to recent
studies comparing conventional and patient specific jigs, which are
claimed to have shorter operating times [7] and much shorter than
times quoted for other recent navigation series [3,7,17]. In our
�ve indicates varus alignment and þve valgus).



Table 5
Outcomes at 6 weeks.

Classic Smart

Very satisfied/satisfied (n) 97 (97%) 96 (96%)
Maximum active extension (�) 2 (3) [0-15] 2 (4) [0-30]
Maximum active flexion (�) 100 (10) [70-120] 98 (12) [60-130]
OKS 33 (7) [12-47] 34 (7) [9-46]
KSS Knee score 74 (16) [36-99] 77 (14) [38-98]
KSS Function score 66 (17) [30-100] 67 (19) [10-100]

OKS, Oxford Knee Score; KSS, Knee Society Score.
Continuous variables presented as mean (SD) [range].

Table 3
Percentage of outliers from ±2� and ±3� of desired component placement angle.

±2� ±3�

Classic (%) Smart (%) Classic (%) Smart (%)

MFT angle 16 12 7 6
Coronal femoral angle 30 41 16 16
Sagittal femoral angle 18 24 8 9
Coronal tibial angle 12 14 4 4
Sagittal tibial angle 11 6 2 1
Femoral rotation angle 44 44 27 21
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institution, with the use of navigation routinely, operation times
appear to still be within the range that would be expected for non-
navigated surgery. In addition, it should be noted that our standard
operative procedure included the use of local infiltration of anal-
gesia which also adds time to the surgery [20]. We, therefore, agree
with Burnett and Barrack [12] that once experience is gained that
operative time becomes comparable to conventional techniques.

As the Smart software is an arrangement of the Classic
registration steps with the same calculation modules used, it was
not surprising to find no difference in alignment. It has been
noted in the literature that many studies only report radiographic
assessments which have inaccuracies; therefore, this study used
CT scans [28-30]. It has also been highlighted that “two groups
could have had substantially different distributions of alignment
values centering on similar mean values. Consequently, … the
percentage of outliers (defined as alignment ±2� or 3� from the
desired position) are a better method for evaluating the align-
ment of implants” [4]. This study showed not only that the means
of the 2 groups were the same but also the numbers of outliers in
each group were similar. The overall lower limb coronal align-
ment within ±3� was obtained in 93% of cases with, respectively,
6% of outliers with the Smart and 7% with Classic software and
86% within ±2� which is similar or better than other recent
navigation series and meta-analysis [3,4,7,18]. It has also been
emphasized that many authors have only looked at overall cor-
onal alignment rather than individual component position which
means that “Complementarily mal-aligned tibial and femoral
prostheses (ie, one in varus and the other in valgus) may give rise
to deceivingly normal axis” so these errors are not identified [7].
To overcome this, this study measured the component
placement.

For the femoral component in this study, the sagittal posi-
tioning (g [3,31]) was more consistent than the coronal (a [3,31]).
When compared to recent studies, our study had more outliers at
±2� and ±3� limits [7,18]. However, it should be noted that both
these studies used radiographs. When compared to a CT-based
Table 4
Component positions on CT scans.

Classic Smart P value

MFT angle (�) �0.4 (1.9) [�7 to 4] �0.2 (1.8) [�6 to 6] .407
Coronal femoral

angle (�)
91.4 (2.2) [82-97] 91.8 (1.6) [88-95] .187

Sagittal femoral
angle (�)

91.1 (1.6) [�87 to 97] 90.5 (2.0) [85-95] .019

Coronal tibial
angle (�)

89.0 (1.3) [85-92] 89.0 (1.5) [80-91] .614

Sagittal tibial
angle (�)

88.0 (1.6) [85-92] 88.3 (1.4) [85-92] .289

Femoral rotation
angle (�)

�1.1 (2.8) [�6 to 5] �0.9 (2.7) [�6 to 5] .588

Tibial rotation
angle (�)

�8.7 (5.4) [�20 to 5] �10.8 (5.6) [�29 to 1] .008

Mean (SD) [range].
study, we had similar numbers of outliers for femoral coronal
alignment to our study but had substantially less for sagittal
positioning when using a ±3� limit [3]. When compared to a more
recent meta-analysis for femoral component positioning for both
±2� and ±3�, our study had more outliers in the coronal plane;
however, for sagittal alignment, our results were very similar. The
variation seen in the coronal plane could be due to the cementa-
tion process [32]. Also if the soft-tissue management in extension
is imperfect, allowing the cement to set with the lower limb in
extension will introduce a slight obliquity to the femoral implant.
The majority of the knees had a varus preoperative alignment
which would, if the soft-tissue management were responsible for
the change in angle of the femoral component, tend to leave the
component in slight varus. It is not clear from our results whether
or not this is the case.

For the tibial component in this study, both the coronal (b
[3,31]) and sagittal (d [3,31]) positioning were accurate with less
than 5% of outliers for each at ±3�. This is better than results re-
ported by other authors [3,7]. When compared to a meta-analysis,
our tibial coronal alignment had more outliers at ±2� but was
similar at ±3� and for sagittal position we had fewer outliers [4].
This meta-analysis of navigation to conventional techniques also
showed that navigation improved all component alignments apart
from the sagittal tibial alignment [4]. In our study, the sagittal
alignment was the most accurate cut and was within ±3� for 98.5%
of components. This alignment is less dependent on the soft-
tissue balancing.

The femoral component rotation (l [3]) showed the widest
variation with the highest numbers of outliers. The literature
contains few small studies (<35 knees) some of which have shown
<10% of outliers [33,34], one showing a similar mean, SD, and
range to our study [35] and one showed only 60% within ±3�

which is worse than our results [36]. This shows the wide range of
femoral rotation seen, and it has been suggested that ±6� is a
better limit for rotational accuracy than ±3� [25]. If this was used
for our cohort then 100% would have acceptable rotation. For the
tibial rotation, we did not show the mean 18� rotation from the
tibial tuberosity often quoted [37]. The range of tibial rotation was
the widest, which might be expected as there is no agreed aim for
this parameter.
Conclusions

This study confirmed that the registration in CT-free navigation
represents a very small amount of the overall operative time which
was 4.7% with Classic software and 3.5% with the Smart software.
The study verified that a reduced registration time did not alter the
accuracy of component placement, with the whole series having
low numbers of outliers for all the component angles measured.
Despite a shorter registration time, the overall surgical time was
not reduced. However, the actual operative times indicate that, for
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those experiencedwith the system, navigation is maybe not as time
consuming or cumbersome as it is commonly described.
Acknowledgments

The authors wish to thank the Radiology Department, particu-
larly Elizabeth Philip and Fozia Zaheer, and the Arthroplasty Service
for their support with the postoperative assessment of patients for
this study.

This study was funded by a research grant from BBraun Aescu-
lap. The research grant was used to pay 2 research fellows (N.C.
Sciberras and M. Almustafa). The Golden Jubilee National Hospital
has received and continues to receive research funding from
BBraun Aesculap.
References

[1] Bauwens K, Matthes G, Wich M, et al. Navigated total knee replacement. A
meta-analysis. J Bone Joint Surg 2007;89:261.

[2] Mason JB, Fehring TK, Estok R, Banel D, Fahrbach K. Meta-analysis of align-
ment outcomes in computer-assisted total knee arthroplasty surgery.
J Arthroplasty 2007;22:1097.

[3] Gothesen O, Espehaug B, Havelin LI, et al. Functional outcome and alignment
in computer-assisted and conventionally operated total knee replacements:
a multicentre parallel-group randomised controlled trial. Bone Joint J
2014;96-B:609.

[4] Cheng T, Zhao S, Peng X, Zhang X. Does computer-assisted surgery improve
postoperative leg alignment and implant positioning following total knee
arthroplasty? A meta-analysis of randomized controlled trials? Knee Surg
Sports Traumatol Arthrosc 2012;20:1307.

[5] Cheung K, Chiu K. Imageless computer navigation in total knee arthroplasty.
Hong Kong Med J 2009;15:353.

[6] Kinzl L, Gebhard F, Keppler P. Total knee arthroplastyenavigation as the
standard. Chirurg 2004;75:976.

[7] Yan CH, Chiu KY, Ng FY, Chan PK, Fang CX. Comparison between patient-
specific instruments and conventional instruments and computer navigation
in total knee arthroplasty: a randomized controlled trial. Knee Surg Sports
Traumatol Arthrosc 2015;23:3637.

[8] Keyes BJ, Markel DC, Meneghini RM. Evaluation of limb alignment, component
positioning, and function in primary total knee arthroplasty using a pinless
navigation technique compared with conventional methods. J Knee Surg
2013;26:127.

[9] Kalairajah Y, Simpson D, Cossey AJ, Verrall GM, Spriggins AJ. Blood loss after
total knee replacement: effects of computer-assisted surgery. J Bone Joint Surg
Br 2005;87:1480.

[10] Stulberg SD, Yaffe MA, Koo SS. Computer-assisted surgery versus manual total
knee arthroplasty: a case-controlled study. J Bone Joint Surg Am 2006;88
Suppl 4:47.

[11] Kim YH, Kim JS, Choi Y, Kwon OR. Computer-assisted surgical navigation does
not improve the alignment and orientation of the components in total knee
arthroplasty. J Bone Joint Surg Am 2009;91:14.

[12] Burnett RS, Barrack RL. Computer-assisted total knee arthroplasty is currently
of no proven clinical benefit: a systematic review. Clin Orthop Relat Res
2013;471:264.

[13] Bonutti PM, Dethmers DA, McGrath MS, Ulrich SD, Mont MA. Navigation did
not improve the precision of minimally invasive knee arthroplasty. Clin
Orthop Relat Res 2008;466:2730.

[14] Friederich N, Verdonk R. The use of computer-assisted orthopedic surgery for
total knee replacement in daily practice: a survey among ESSKA/SGO-SSO
members. Knee Surg Sports Traumatol Arthrosc 2008;16:536.
[15] Novak EJ, Silverstein MD, Bozic KJ. The cost-effectiveness of computer-
assisted navigation in total knee arthroplasty. J Bone Joint Surg Am
2007;89:2389.

[16] Smith BR, Deakin AH, Baines J, Picard F. Computer navigated total knee
arthroplasty: the learning curve. Comput Aided Surg 2010;15:40.

[17] Harvie P, Sloan K, Beaver RJ. Three-dimensional component alignment and
functional outcome in computer-navigated total knee arthroplasty: a pro-
spective, randomized study comparing two navigation systems. J Arthroplasty
2011;26:1285.

[18] Inui H, Taketomi S, Nakamura K, et al. Influence of navigation system updates
on total knee arthroplasty. BMC Sports Sci Med Rehabil 2013;5:10. eCollection
2013.

[19] Doig GS, Simpson F. Randomization and allocation concealment: a practical
guide for researchers. J Crit Care 2005;20:187. discussion 191.

[20] McDonald DA, Siegmeth R, Deakin AH, Kinninmonth AW, Scott NB. An
enhanced recovery programme for primary total knee arthroplasty in the
United Kingdomefollow up at one year. Knee 2012;19:525.

[21] Henckel J, Richards R, Lozhkin K, et al. Very low-dose computed tomography
for planning and outcome measurement in knee replacement. The imperial
knee protocol. J Bone Joint Surg Br 2006;88:1513.

[22] Berger RA, Rubash HE, Seel MJ, Thompson WH, Crossett LS. Determining the
rotational alignment of the femoral component in total knee arthroplasty
using the epicondylar axis. Clin Orthop Relat Res 1993;286:40.

[23] Berger RA, Crossett LS. Determining the rotation of the femoral and tibial
components in total knee arthroplasty: A computer tomography technique.
Oper Tech Orthop 1998;8:128.

[24] Longstaff LM, Sloan K, Stamp N, Scaddan M, Beaver R. Good alignment after
total knee arthroplasty leads to faster rehabilitation and better function.
J Arthroplasty 2009;24:570.

[25] Jenny JY, Boeri C. Computer-assisted implantation of total knee prostheses: a
case-control comparative study with classical instrumentation. Comput Aided
Surg 2001;6:217.

[26] Jenny J, Boeri C. Unicompartmental knee prosthesis implantation with a non-
image-based navigation system: rationale, technique, case-control compara-
tive study with a conventional instrumented implantation. Knee Surgery,
Sports Traumatology. Arthroscopy 2003;11:40.

[27] Siston RA, Giori NJ, Goodman SB, Delp SL. Surgical navigation for total knee
arthroplasty: a perspective. J Biomech 2007;40:728.

[28] Swanson KE, Stocks GW, Warren PD, Hazel MR, Janssen HF. Does axial limb
rotation affect the alignment measurements in deformed limbs? Clin Orthop
Relat Res 2000;(371):246.

[29] Koshino T, Takeyama M, Jiang LS, Yoshida T, Saito T. Underestimation of varus
angulation in knees with flexion deformity. Knee 2002;9:275.

[30] Jiang CC, Insall JN. Effect of rotation on the axial alignment of the femur.
Pitfalls in the use of femoral intramedullary guides in total knee arthroplasty.
Clin Orthop Relat Res 1989;(248):50.

[31] Ewald FC. The Knee Society total knee arthroplasty roentgenographic evalu-
ation and scoring system. Clin Orthop Relat Res 1989;(248):9.

[32] Howie DF, Love GJ, Deakin AH, Kinninmonth AW. Intra-operative deviation in
limb alignment occurring at implantation in total knee arthroplasty. Knee
2015;22:47.

[33] Chauhan SK, Scott RG, Breidahl W, Beaver RJ. Computer-assisted knee
arthroplasty versus a conventional jig-based technique. A randomised, pro-
spective trial. J Bone Joint Surg Br 2004;86:372.

[34] Matziolis G, Krocker D, Weiss U, Tohtz S, Perka C. A prospective, randomized
study of computer-assisted and conventional total knee arthroplasty. Three-
dimensional evaluation of implant alignment and rotation. J Bone Joint Surg
Am 2007;89:236.

[35] Stockl B, Nogler M, Rosiek R, et al. Navigation improves accuracy of rota-
tional alignment in total knee arthroplasty. Clin Orthop Relat Res
2004;(426):180.

[36] Schmitt J, Hauk C, Kienapfel H, et al. Navigation of total knee arthroplasty:
rotation of components and clinical results in a prospectively randomized
study. BMC Musculoskelet Disord 2011;12:16.

[37] Berger R, Crossett L, Jacobs J, Rubash H. Malrotation causing patellofe-
moral complications after total knee arthroplasty. Clin Orthop 1998;356:
144.

http://refhub.elsevier.com/S2352-3441(16)30028-0/sref1
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref1
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref2
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref2
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref2
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref3
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref3
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref3
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref3
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref4
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref4
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref4
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref4
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref5
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref5
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref6
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref6
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref6
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref7
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref7
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref7
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref7
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref8
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref8
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref8
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref8
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref9
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref9
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref9
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref10
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref10
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref10
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref11
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref11
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref11
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref12
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref12
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref12
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref13
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref13
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref13
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref14
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref14
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref14
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref15
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref15
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref15
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref16
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref16
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref17
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref17
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref17
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref17
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref18
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref18
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref18
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref19
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref19
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref20
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref20
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref20
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref20
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref21
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref21
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref21
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref22
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref22
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref22
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref23
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref23
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref23
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref24
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref24
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref24
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref25
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref25
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref25
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref26
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref26
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref26
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref26
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref27
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref27
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref28
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref28
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref28
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref29
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref29
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref30
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref30
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref30
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref31
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref31
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref32
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref32
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref32
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref33
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref33
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref33
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref34
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref34
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref34
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref34
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref35
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref35
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref35
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref36
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref36
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref36
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref37
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref37
http://refhub.elsevier.com/S2352-3441(16)30028-0/sref37

	A randomized controlled trial to compare component placement in navigated total knee arthroplasty using original and stream ...
	Introduction
	Material and methods
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References


