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ABSTRACT

Introduction: Evidence now exists advocating the use of computer navigation in total knee arthroplasty
(TKA). Despite the introduction of new navigation systems into clinical practice no evidence currently
exists showing independent verification of their accuracy. The aim of this study was to validate the in
vivo accuracy of the Exactech Guided Personalised Surgery (GPS) computer navigation system using a
validated computed tomography (CT) measurement of alignment.

Method: Consecutive patients who underwent TKA using the GPS Navigation System at our institution
were prospectively recruited. Intraoperative parameters of 3D alignment as measured by the GPS naviga-
tion system were recorded and compared against the postoperative measurements of alignment measured
using the Perth CT Protocol to assess the accuracy of the GPS navigation system.

Results: 29 consecutive patients (13 male, 16 female) who underwent TKA were prospectively recruited.
Overall, for all measures of 3D alignment the mean difference between intraoperatively recorded and
postoperative CT-measured alignment was 1.55° £ 0.22° (95% confidence interval). Individual measure-
ment differences in the femoral prosthesis were: coronal alignment 1.64° + 0.52°; flexion 2.07° + 0.55°;
rotation 1.38° + 0.33° Differences in the tibial prosthesis were: coronal alignment 2.03° + 0.53°; slope
1.14° & 0.39° The whole limb coronal alignment difference was 2.34° + 0.83°

Conclusion: The Exactech GPS Navigation system is very accurate with a high concordance between intra-
operative and postoperative measures of alignment and prosthesis positioning. We therefore confidently
validate the system and support its continued use in clinical practice. Other navigation systems should

undergo a similar validation process.

Crown Copyright © 2020 Published by Elsevier Ltd on behalf of IPEM. All rights reserved.

1. Introduction

Computer navigation in total knee arthroplasty (TKA) aims to
improve the accuracy of implant positioning and alignment. Align-
ment is important to the success of TKA, with numerous studies
showing malalignment can lead to early wear and loosening thus
worsening function and decreased survival rate [1-4]. There is now
increasing evidence to suggest that computer navigation in TKA
can improve implant positioning and alignment [5-8] and reduce
subsequent revision rate [9].

Computer navigation in TKA was first introduced in Europe in
the 1990’s and to Australia in 2001 where its use has gradually
increased amongst surgeons from 2.4% in 2003 to 28.6% in 2015
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[10]. Although studies have shown that computer navigation in-
creases the likelihood of a surgeon achieving accurate alignment,
these studies provide little information in regards to how pre-
cisely the intraoperative alignment measurements correlate to the
true post-operative alignment. Despite its increasing popularity, no
computer navigation system to date has had its accuracy validated
in vivo. Poorly performing prostheses are identified and flagged on
the Australian Orthopaedic Association National Joint Replacement
Registry (and other joint registries worldwide) [11], however this
is not the case for poorly performing navigation systems.

There are numerous different computer navigation systems
available. The Exactech Guided Personalised Surgery (GPS) system
(Gainesville, Florida, USA) was approved for use in Australia by
the Therapeutic Goods Association (TGA) in 2014 [12] as a class
Ila device. It is also approved in the USA [13] as well as multi-
ple other countries worldwide. The GPS system is an imageless
infrared computer navigation system for use with the Exactech
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Fig. 1. Intraoperative, navigation system-derived measurement of alignment. In this
example, the knee is aligned in 2° of varus and the knee is able to achieve full
extension (0° flexion).
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Fig. 2. CT Perth Protocol measurements of tibial component slope and femoral
component rotation.

Optetrak Logic TKA. It utilises intraoperative anatomical mapping
to create a working three-dimensional model of the knee. The ma-
jor perceived advantage with this system over others is the use
of a 4-in-1 jig that facilitates real-time, intraoperative changes of
the surgical plan to be made (Fig. 1). The 4-in-1 jig acts analogous
to a variable patient specific instrumentation (PSI) jig - it allows
pin placement to be adjusted if new parameters are entered into
the computer navigation system. Furthermore, when pinning the
4-in-1 jig in situ intraoperatively, real time movement of the jig
by several degrees in three dimensions is observed numerically via
the GPS computer display (Fig. 2). The system allows for correction
of this, unlike a PSI jig, where subtle changes caused by subopti-
mal pinning technique cannot be seen nor corrected, resulting in
inaccurate bone cuts.

This study aims to validate the in vivo accuracy of a TKA com-
puter navigation system by analysing the variance between intra-
operative navigation data and postoperative computed tomography
(CT) alignment measurements. To the authors’ knowledge, no inde-
pendently performed in vivo studies validating the GPS navigation
system via CT analysis have been reported.

2. Materials & methods

Formal ethics approval was obtained from the local institu-
tional Health and Medical Human Research Ethics Committee
(HO015178). The study was conducted in a high-volume arthro-
plasty centre within a university tertiary referral hospital. Consec-
utive patients scheduled to undergo primary TKA surgery at the
institution were prospectively recruited. To participate in the study
patients were consented to have a post-operative CT scan using the

Perth CT protocol. The only exclusion criterion was a refusal of pa-
tient consent or inability (for whatever reason) to agree to postop-
erative CT scanning.

All patients in the study underwent a fully cemented, poste-
rior stabilised Optetrak Logic TKA with patella resurfacing using
the Exactech computer navigation (Guided Personalised Surgery)
system. All procedures were performed by the senior author or
by a trainee under his direct supervision. Previous formal train-
ing had been undertaken using the navigation system with over
30 cases performed prior to the study to avoid any early learn-
ing curve issues [14]. A medial parapatellar approach and poste-
rior condylar axis (PCA) referencing were used in all cases (refer
to Appendix 1 for further details on intraoperative navigation). In-
traoperatively all measures of 3D femoral and tibial alignment pa-
rameters and the whole limb mechanical axis (as expressed by the
GPS system) were recorded (Fig. 1).

Postoperatively patients underwent a CT scan using a modified
version of the Perth CT protocol [15]. The Perth CT protocol is a
validated method of accurately assessing the alignment and rota-
tion of TKA components. The lower limb is scanned from acetabu-
lar roof to talar dome and images are reformatted to produce coro-
nal, sagittal and axial images. From these reformatted images the
mechanical axes of the femur, tibia and whole lower limb are es-
tablished. The coronal and sagittal alignment of the prostheses are
then described relative to these axes. The distal femoral transepi-
condylar axis (TEA) is measured and the rotation of the femoral
component is calculated relative to this (Fig. 2). The modification
to the Perth CT protocol that our study required was to specifically
measure the femoral and tibial prostheses coronal alignment rela-
tive to the mechanical axes of the femur and tibia, respectively. It
was also used to measure the whole limb coronal alignment. The
original CT Perth protocol describes the coronal alignment of each
prosthesis in relation to the mechanical axis of the entire lower
limb - a different measurement to that produced by computer nav-
igation systems in TKA. Our modification allows comparison be-
tween the results from the GPS navigation system and the postop-
erative CT scan.

The CT scans were reported by a senior consultant radiolo-
gist who was blinded to the intraoperative findings. Intraoperative
measurements of alignment, as recorded by the GPS system, were
then compared with CT-derived measurements for each patient.
The absolute difference between the individual navigation system-
reported and CT-measured result was calculated. From these re-
sults the mean error (both overall and for each parameter) and 95%
confidence intervals (CI) were determined. Statistical software used
was Microsoft Excel for Mac (Version 15.28, Microsoft, Redmond,
Washington USA).

3. Results

30 consecutive patients were prospectively recruited. No pa-
tients refused to participate. One patient was excluded because
trackers loosened intraoperatively requiring conversion to a con-
ventional technique. One patient’s results could not be fully anal-
ysed because the saved GPS data regarding his femoral component
coronal alignment and flexion was corrupted.

Of 29 patients, 13 were male and 16 female, with a mean age
of 67.8 years (range 53-85 years). The primary operator was a su-
pervised trainee in 13 cases and an orthopaedic consultant in 16
cases.

The overall mean difference in navigation-reported and CT-
measured alignment parameters was 1.55° (1.33°-1.77° (95% CI)).
A summary of the results is given in Table 1.
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Table 1
Results.
Mean difference (degrees)
Measurement (95% confidence intervals)
Femoral prosthesis varus/valgus 1.64° (1.12°-2.16°)
Femoral prosthesis flexion 2.07° (1.52°-2.62°)
Femoral prosthesis rotation 1.38° (1.05°-1.71°)
Tibial prosthesis varus/valgus 2.03° (1.50°-2.56°)
Tibial slope 1.14° (0.75°-1.53°)
Whole limb coronal alignment 2.34° (1.51°-3.17°)
( )

Combined overall measurement 1.55° (1.33°-1.77°

4. Discussion

The improved accuracy in implant positioning that computer
navigation allows in TKA surgery has led to its increased use in
Australia and worldwide. Subsequently this has also led to an in-
crease in the number of computer navigation systems being avail-
able for use [9], as well as the development of new technol-
ogy such as electromagnetic, accelerometer and handheld systems
[16,17]. Although there is a large amount of literature published
regarding computer navigation in TKA there is very little focus
on the inherent accuracy of the individual navigation system be-
ing used. To the authors’ knowledge, no current studies exist with
post-operative CT validation of the in vivo accuracy of any com-
puter navigation system in TKA.

In Australia, TGA approval of surgical computer navigation sys-
tems are as class Ila devices. This category of medical devices is
defined as low to medium risk that does not require significant
regulation or scrutiny. Other similarly categorised Ila devices in-
clude intravenous line tubing and catheters [18]. In the USA the
Food and Drug Administration process, known as 510(k), allows
new devices to be cleared for use without evidence if they are
‘substantially equivalent’ to an already marketed device [19]. This
is applied to the computer navigation system used in our study
[13] as well as to the majority of new computer navigation sys-
tems. Given this low level of regulation of computer navigation
systems in TKA, surgeons need to be confident that the data they
are seeing intra-operatively is a true representation of what is
present in vivo.

Other studies exist that compare intraoperative navigation data
to postoperative long leg radiographs [20-24|. This approach is
limited and does not validate the accuracy of these systems. CT
imaging is required to assess a computer navigation system’s ac-
curacy in rotational and sagittal parameters. Postoperative CT for
alignment measurement in TKA is more accurate than plain ra-
diographs as well as having better intra- and inter-observer reli-
ability [25]. Many of these studies [21-23] use a different statis-
tical method in the interpretation of their data to ours, analysing
the difference between the mean navigation derived and mean ra-
diograph derived measurements, instead of calculating the mean
of the (absolute) differences. This would lead to differing results
when compared to our methodology and may overestimate the ac-
curacy of a system.

We found only one other study in the literature with a sim-
ilar methodology to ours. Dahabreh et al. [26] retrospectively
compared the degree of mismatch between the intraoperative
navigation data from two TKA navigation systems, the ORTHOsoft
system (Zimmer Inc, Warsaw, USA) and the Precision system
(Stryker Orthopaedics, Kalamazoo, USA), using the CT Perth
Protocol. Their (combined) results show a high level of in vivo
accuracy of both systems, equivalent to our results with the GPS
system. Each system’s individual results for mean error were not
published, however, meaning that the published paper does not
specifically validate either system. Furthermore, while Dahbreh’s
study utilises the CT Perth Protocol they are not using a modified
version and are therefore not measuring the same parameter

that the navigation system records. A strength of our study is that
through the use of a modified CT Perth Protocol the measurements
of the scan match the measurements being produced by our nav-
igation system, therefore significantly increasing the accuracy of
these comparisons. A study by Abdel et al. [27] used long leg
radiographs in conjunction with knee CT to assess the accuracy
of the Brainlab system (Brainlab, Feldkirchen, Germany). However,
this study aimed to evaluate the system’s accuracy in assessing PSI
jig placement in TKA, not to validate the Brainlab system’s use in
computer navigated TKA. It also did not use absolute values when
calculating the mean difference, making it difficult to compare the
results with ours.

Similar studies have been performed assessing the accuracy of
robotic-assisted or patient-specific systems for other procedures.
Cobb et al. [28] used CT to evaluate the accuracy of 13 robotic-
assisted unicompartmental knee arthroplasty operations and found
all patients achieved tibiofemoral alignment in the coronal plane
within 2° of the planned position. Verborgt et al. [29] assessed the
accuracy of patient-specific instrumentation (PSI) in reverse shoul-
der arthroplasty and found PSI allowed the surgeon to accurately
execute the preoperative plan, with the mean deviation in base-
plate version 4.4° from the preoperative plan.

There are several potential reasons why intraoperative and
postoperative measurements of alignment may differ. The final
navigation system data is reported from bone cut surfaces prior to
prosthesis insertion. Inaccurate placement of the prosthesis com-
ponents via poor cementation or an asymmetric mantle, for ex-
ample, may lead to a measured difference postoperatively that is
surgically created and not a navigation system error [30]. In addi-
tion, the intra-operative measurements are taken when the patient
is under anaesthetic and the knee wound is open. This may cause
differences in muscle tone and soft tissue tension around the knee
and affect the whole limb coronal alignment. CT measurements in
our study were taken with patients supine (i.e. non-weight bear-
ing) which may also introduce errors in the calculation of the
whole limb coronal alignment [31]. Care was taken to ensure that
the CT was performed in full extension as any flexion may lead
to abnormal alignment or rotational mismatch [32]. In regards to
measurement of femoral prosthesis rotation this relies on assump-
tions about the patient’s normal anatomy. In our study, the pos-
terior condylar axis (PCA) was used intraoperatively as a reference
for femoral component rotation. On postoperative CT scans this is
not possible as the posterior femoral condyles have been removed
and instead the transepicondylar axis (TEA) was used. In most pa-
tients the TEA is 3° externally rotated to the PCA [33] and this was
taken into account in calculations. This assumption would not be
true for all patients, however, which may create inaccuracies when
measuring femoral component rotation. Despite this, our study
found measurements of femoral component rotation to be accurate
(mean difference 1.38°). A review by Gromov et al. [34] suggested
that the femoral component should be placed within 2-5° of ex-
ternal rotation in relation to the sTEA. With most surgeons aiming
for the femoral component to be 3° externally rotated, the mean
difference between intraoperative and postoperative values in our
study would still enable surgeons to be within this target range.

There are several limitations to our study. Our study used nu-
merous surgeons to perform the operation, albeit under the su-
pervision of the senior surgeon. Slight variations in surgical tech-
nique may create inaccuracies in intra-operative measurements.
However, with the aim of the study simply being to validate
the accuracy of the navigation system, our findings demonstrating
excellent accuracy of the navigation system are robust to the po-
tential methodological weakness through the use of multiple sur-
geons. Another potential limitation of our study is the measure-
ment process utilised. As with any radiographical measurement,
the measurements determined from the post-operative CT scans
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may be affected by intra- and inter-reporter reliability, and this
is something we have not accounted for in our study [35]. De-
spite this, the CT Perth Protocol has a high reported intra-reporter
reliability [15], and the use of a single consultant radiologist re-
porting all of the CT scans in the study minimises potential inter-
reporter differences. Our study did not report on final prosthesis
position. This was a deliberate decision from the authors. As pre-
viously stated, the goal of our study was to assess the accuracy of
the computer navigation system and its software. Prosthesis posi-
tion in computer navigated TKA has been extensively studied pre-
viously and it can be affected by factors outside of the accuracy
of the navigation system, such as surgeon error in performing cuts
or implantation of the prosthesis itself. Therefore, this study val-
idates the use of the GPS navigation system only, not the associ-
ated TKA and instrumentation. By controlling for these factors we
were able to accurately assess and validate the accuracy of the nav-
igation system using a small sample size and easily reproducible
method. Lastly, whilst the described measurements of alignment in
our study (varus-valgus, flexion-extension, rotation) are the most
common and accessible method of analysing TKA accuracy, this is
not a true representation of overall three dimensional orientation,
and ultimately intraoperative and postoperative software enabling
comparison between three dimensional reconstructions would add
further accuracy to studies of alignment in TKA.

5. Conclusion

This study shows that the Exactech computer navigation sys-
tem in TKA is accurate in predicting postoperative alignment and

prosthesis position. Intraoperative measures of alignment were
found to be within an overall mean of 1.55° when compared to
measures on postoperative CT. This study is the first to accurately
assess the precision of a computer navigation system in TKA via CT
analysis and supports its continued use in clinical practice. Given
the high level of precision and ease of reproducibility allowed by
our methodology we recommend that all new TKA computer nav-
igation systems be similarly validated.
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Appendix 1
Intraoperative navigation steps.

A single pin is placed at the medial femoral condyle ridge and then a guide is used to place a second pin. A tibial extra-medullary
alignment guide is used to position two proximal tibia pins. The infrared navigation trackers (F tracker and T tracker) are then attached.

Circular motion of the hip is used to acquire the hip centre and knee centre and to define the mechanical axis of the femur.

= Hip Center Acquisition K © P

Acquisition : Femur Center K e A

A probe is then used to define specific anatomical landmarks of the femur and tibia with the navigation trackers attached (lateral
femoral condyle landmark acquisition pictured below).
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The G tracker is attached and the distal femoral cut screen is displayed. Adjustments are made to the guide to the desired distal femur
resection.

- Distal Femoral Cut K6

The distal femur resection can be verified by placing the G tracker on the cut surface.

The 4-in-1 jog is attached to complete distal femur resections. Photograph below of the GPS system’s 4-in-1 jig and its positioning
intra-operatively.

Screenshots of the GPS system while the 4-in-1 jig is adjusted to achieve the desired orientation and alignment. Left showing need for
further adjustment, right showing correct position.

Flexion O Rotation [ Flexion 1 Rotation

Int : ) 2 °

mMma
&

[
All Cuts GPS Guided - All Cuts GPS Guided
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The tibial resection guide with the attached T tracker and G tracker is pinned to the proximal tibia and the proximal tibia cut screen
is displayed. Adjustments are made to the guide to the desired proximal tibia resection.

Proximal Tibial Cut

The proximal tibia resection can be verified by placing the G tracker on the cut surface.
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