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ORIGINAL ARTICLE

A comparison of registration errors with imageless computer navigation
during MIS total knee arthroplasty versus standard incision total knee
arthroplasty: a cadaveric study*

Edward T. Davisa, Joseph Pagkalosa, Price A. M. Gallieb, Kelly Macgroartyc, James P. Waddelld,
and Emil H. Schemitschd

aThe Royal Orthopaedic Hospital NHS Foundation Trust, Northfield, Birmingham, UK, bGold Coast Hospital, Queensland, Australia,
cBrisbane Private Hospital, Brisbane, Australia, and dSt Michael’s Hospital, University of Toronto, Toronto, Ontario, Canada

ABSTRACT
Optimal component alignment in total knee arthroplasty has been associated with better
functional outcome as well as improved implant longevity. The ability to align components
optimally during minimally invasive (MIS) total knee replacement (TKR) has been a cause of
concern. Computer navigation is a useful aid in achieving the desired alignment although it is
limited by the error during the manual registration of landmarks. Our study aims to compare the
registration process error between a standard and a MIS surgical approach. We hypothesized that
performing the registration error via an MIS approach would increase the registration process error.
Five fresh frozen lower limbs were routinely prepared and draped. The registration process was
performed through an MIS approach. This was then extended to the standard approach and the
registration was performed again. Two surgeons performed the registration process five times with
each approach. Performing the registration process through the MIS approach was not associated
with higher error compared to the standard approach in the alignment parameters of interest.
This rejects our hypothesis. Image-free navigated MIS TKR does not appear to carry higher risk
of component malalignment due to the registration process error. Navigation can be used during
MIS TKR to improve alignment without reduced accuracy due to the approach.
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Introduction

Minimally invasive (MIS) total knee replacement (TKR)

was developed as a sequel of MIS techniques for

unicompartmental knee arthroplasty.[1] Whilst initially

defined as a knee replacement via an incision of 14 cm or

less, the definition expanded to include the extent of

injury to the structures surrounding the involved joint.[2]

To classify a knee replacement as MIS, the amount of

soft tissue damage (muscle, ligament and capsule),

patellar eversion or retraction and dislocation of the joint

should all be taken into account.[3]

The ability to align the components optimally in MIS

TKR has been a source of concern. Radiographic

complications in the form of component malalignment

or malpositioning in MIS TKR have been reported

between 1% and 20% in a review of RCT and

retrospective cohorts.[4–6] The combination of com-

puter navigation with MIS aims to provide optimal

component positioning whilst achieving the benefits

of the less invasive technique. Two recent trials

reported improved coronal plane alignment of the

components within 3� when comparing computer

navigated MIS TKR with standard TKR [7] or non-

navigated MIS TKR.[8]

During image-free computer navigation, the operating

surgeon has to register several anatomical landmarks.

The error during this registration process has been a

cause of concern; significant error could lead to subopti-

mal component alignment.[9–13] Component malalign-

ment has been identified as a cause for adverse

functional outcomes [14,15] and compromised longevity

[16,17] in TKR.

The aim of this study was to define the error during

the registration process for computer navigated MIS TKR

and compare this with the error during registration

for standard incision navigated TKR. The hypothesis

was that performing the registration process via an

MIS approach would increase the error compared to

the standard incision.

*The research took place at St. Michael’s Hospital, University of Toronto, Toronto, Ontario, Canada.
Correspondence: Edward T. Davis, MBChB, MSc, FRCS (T&O), Consultant Surgeon, The Royal Orthopedic Hospital NHS Foundation Trust,
Northfield B31 2AP Birmingham, UK. eddavis@doctors.org.uk
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Methods

Five fresh frozen cadaveric limbs including the

hemipelvis were used for this study. The cadavers

were sectioned through the midline of the pelvis

and were secured to the table using G-clamps. The

limbs were draped as per standard TKR without the use

of a tourniquet. The ankle and foot were not draped.

A MIS (mini mid-vastus) approach was performed with

the patella subluxed and with dislocation of the joint.

The navigation system used was the Stryker Knee

Navigation System v. 2.0(Stryker Navigation,

Kalamazoo, MI). Two surgeons registered the anatomical

landmarks of each specimen five times via this approach.

The approach was then extended to a standard incision

for a TKR with a medial parapatellar arthrotomy and the

two surgeons repeated the registration process five

times. In order to define the gold standard of each

anatomical point, the soft tissues were stripped and the

bony landmarks were registered by the senior author

(E.S.). The error during the kinematic registration of the

hip centre significantly affected the mechanical axis

error. This was thought to be due to the movement

allowed at the fixation of the hemi-pelvis to the G-clamp.

To eliminate this, the mechanical axis error in the femur

was calculated using simple trigonometry using a fixed

length for the distance from the hip centre to the

epicondyles of 38 cm.[18]

Statistical analysis

The data were assessed for normality using the Shapiro–

Wilk test. Significance was tested using the paired t-test

and the Wilcoxon signed-rank test for parametric and

non-parametric data accordingly. Statistical analysis was

performed using SPSS statistics 17.0.1 (SPSS Inc.,

Chicago, IL). A post hoc power analysis was performed.

The sample size of our study would provide 80% power

at an alpha level of 0.05 to identify a difference of 2.2� of

rotation of the transepicondylar axis, 0.3� of error of the

tibial mechanical axis in the coronal plane and 0.2� of

error in the femoral mechanical axis in the coronal plane.

Results

The minimum and maximum error in the registration of

each landmark and the resulting error in calculation of

the relevant axes are presented in Table I.

A statistically significant difference was identified

between the approaches for the landmarks: centre of

femur (sagittal), lateral epicondyle (sagittal), ankle centre

(coronal) as well as the mechanical axis or the femur

(sagittal) (p50.05). The error range during the registra-

tion of the lateral epicondyle (sagittal) and the centre of

the femur (coronal and sagittal) was greater during the

standard approach compared to the MIS approach. The

error in the registration of the centre of the femur is

presented in Figure 1. The resulting error in the

calculation of the femoral mechanical axis is demon-

strated in Figure 2. The error in the registration of the

tibia landmarks is presented in Figure 3 and the resulting

error in calculation of the mechanical axis in the coronal

and sagittal plane is demonstrated in Figure 4. The error

in the registration of the femoral epicondyles and the

calculation of the transepicondylar axis is demonstrated

in Figures 5 and 6.

Discussion

Our study has shown that the difference in the error

during the registration process for image-free computer

navigation through MIS and standard approaches did

not reach statistical significance for the alignment

parameters of interest. The mechanical axis of the

femur and tibia in the coronal plane as well as the

transepicondylar axis did not demonstrate statistically

Table I. The error during registration of each anatomical landmark using each approach.

MIS Standard

Landmark Plane Mean SD Range Mean SD Range p Value

Distal femur centre Coronal �0.8 2.2 �4.9 to 3.1 0.0 3.0 �6.5 to 5.0 0.415a

Distal femur centre Sagittal �4.6 2.3 �9.2 to 0.2 �6.9 3.3 �13.2 to �0.2 0.000b

Femur mechanical axis Coronal 0.0 0.3 �0.7 to 0.5 0.0 0.5 �1.0 to 0.8 0.415a

Femur mechanical axis Sagittal �0.7 0.3 �1.4 to 0.0 �1.0 0.5 �2.0 to �0.2 0.000b

Lateral epicondyle Sagittal �1.0 2.6 �6.9 to 4.9 �2.5 2.7 �8.1 to 6.3 0.006b

Medial epicondyle Sagittal 2.1 6.5 �8.9 to 12.6 2.1 6.5 �8.9 to 12.6 0.612a

Epicondylar axis Internal rotation �2.1 4.1 �10.3 to 6.5 �3.1 3.6 �10.3 to 4.8 0.161b

Proximal tibia centre Coronal 3.2 2.3 �0.5 to 7.9 3.2 2.2 �2.3 to 9.9 0.950a

Proximal tibia centre Sagittal 3.3 3.2 �3.1 to 8.4 3.4 2.3 �0.6 to 9.6 0.841b

Ankle centre Coronal 0.9 2.6 �5.0 to 6.1 �0.4 2.8 �6.9 to 4.7 0.029b

Ankle centre Sagittal �4.0 4.2 �14.1 to 3.6 �3.7 3.7 �12.9 to 3.7 0.754b

Tibia mechanical axis Coronal 0.4 0.6 �0.7 to 1.5 0.6 0.6 �1.0 to 1.6 0.090b

Tibia mechanical axis Sagittal �1.1 1.0 �2.9 to 0.6 �1.1 0.8 �3.2 to 0.6 0.950a

aWilcoxon signed-rank test.
bPaired t-test.
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significant differences between the two approach

groups. Our study was adequately powered to identify

differences in the mechanical axes of the tibia and femur

(coronal plane) of less than 0.5�. For the transepicondylar

axis, the power of the study was adequate to identify a

difference of 2.2� (80% power, alpha 0.05). A difference

smaller than 2.2� could remain undetected by the

current study and would require larger sample size.

Figure 1. Boxplot of the error in the
registration of anatomical landmarks
in the femur. �: Outliers between
�1.5 and �3 the interquartile range.
*p50.05. MIS, minimally invasive
approach; STD, standard approach.

Figure 2. Boxplot of the error in
calculation of the mechanical axis of
the femur. �: Outliers between �1.5
and �3 the interquartile range.
*p50.05. MIS, minimally invasive
approach; STD, standard approach.
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Consistently, through the MIS and standard approaches,

the error range in defining the transepicondylar axis

was greater when compared to that of the mechanical

axis of the tibia and femur.

A significant error in the registration of the hip centre

was documented despite the use of a pelvic pin. This

was believed to be due to the fixation of the hemipelvis

using G clamps that allowed for a degree of movement.

Figure 3. Boxplot of the error in the
registration of anatomical landmarks
in the tibia and ankle. �: Outliers
between �1.5 and �3 the inter-
quartile range. *: p50.05. MIS, min-
imally invasive approach; STD,
standard approach.

Figure 4. Boxplot of the error in
calculation of the mechanical axis of
the tibia. �: Outliers between �1.5
and �3 the interquartile range. MIS,
minimally invasive approach; STD,
standard approach.

10 E. T. DAVIS ET AL.



To eliminate this, we calculated the femoral mechanical

axis error from the error of registration of the centre of

the distal femur and a fixed femur length using simple

trigonometry.

For the MIS approach, the epicondylar axis mean error

was �2.1� of internal rotation (SD 4.1) when the mean

error in defining the mechanical axis of the femur

was 0 degrees of varus (SD 0.3). During the standard

Figure 5. Boxplot of the error in the
registration of the epicondyles.
�: Outliers between �1.5 and �3 the
interquartile range. *: p50.05. MIS,
minimally invasive approach; STD,
standard approach.

Figure 6. Boxplot of the error in the
calculation of the transepicondylar
axis. MIS, minimally invasive
approach; STD, standard approach.

COMPUTER AIDED SURGERY 11



approach, the epicondylar axis error was �3� of internal

rotation (SD 3.6) and the femur mechanical axis error

was 0� of varus (SD 0.5).

The error in defining the transepicondylar axis via

the standard approach has been previously reported.

Siston et al. reported a mean error of 5.4� (SD 7.1)

during the calculation of the axis.[11] A previous

cadaveric study comparing the error during the regis-

tration process for MIS and standard approaches

showed similar magnitude of error when calculating

the transepicondylar axis. The mean error was 4.5� of

internal rotation during MIS (SD 4) and 3.0� (SD 4)

during the standard approach (p50.01). The error in

calculating the mechanical axis was not addressed

during that study. A main difference between our study

and that of Yau et al. is that the authors of the previous

study used two dimensional CT scanning to define the

gold standard transepicondylar axis.[13] During our

study, the gold standard was the point registered by

the senior author after stripping the soft tissues off the

specimen. Defining the transepicondylar axis using

plain film and two dimensional CT scanning was

previously shown to carry significant risk of error as

the operator has to pick the most prominent point of

the epicondyle.[19] This may be affected by the

rotation of the limb (plain film) and the axis of the

slice (CT). Recent CT protocols have been developed

that use 3D reconstruction to identify the alignment

parameters with limited radiation exposure.[20,21] The

use of imaging to define the gold standard also

provides an error range between the manually selected

points and the radiologically selected point. The

different methodologies utilized in the aforementioned

studies highlight the lack of agreement as to what

is the gold standard point. That is a fundamental

problem of accuracy studies. We therefore opted to

focus on the precision of the manually selected points.

In our study, the errors reported were those between

the registration point obtained before and after

stripping of the soft tissues, giving an estimation of

the error range encountered during the manual regis-

tration process.

A number of randomized controlled trials have

compared MIS TKR with the standard approach. A

recent meta-analysis that pooled data from nine RCTs

revealed an increased incidence of local surgical com-

plications in the MIS group compared to standard

TKR.[22] The authors commented on the fact that only

four of nine studies stated the surgeon’s experience

prior to commencing the study. The learning curve

effect has previously been documented with the early

cases having longer operative time and suboptimal

radiographic outcome.[23]

Malalignment of the mechanical axis in the coronal

plane has been associated with poor long-term implant

survival [17] as well as suboptimal functional out-

come.[14] Rotational malalignment is associated with

condylar lift off and patellar maltracking.[24,25]

Concerns have been raised regarding the ability to

align the implants appropriately during MIS TKR. Studies

have reported increased risk of anatomical outliers with

quadriceps sparing MIS,[26] whilst concerns about early

revision of MIS knee replacements were documented by

analysis of a consecutive revision TKR series by five

surgeons.[6] The combination of computer navigation

and MIS surgery has shown promising results. Dutton

et al. demonstrated shorter inpatient stay, better func-

tion at one month and improved implant alignment in

the navigated MIS group compared to standard TKR.[27]

A further study by Hasegawa et al. comparing MIS with

navigated MIS TKR showed improved alignment in the

coronal plane (±3� from neutral) with no change in

function (Knee Society Score), range of movement and

other alignment factors.[8]

This study aimed to address the error in the registra-

tion process during MIS computer navigated TKR and

compare it with that of the standard navigated tech-

nique. Defining the gold standard anatomical points

using the navigation system after the soft tissue

stripping allowed for a more accurate representation of

the error range during the process. Performing the

registration process through the MIS approach was not

associated with greater error than during the standard

approach. Therefore, we conclude that image-

free navigated MIS TKR does not carry a higher risk

of component malalignment due to registration

process error.
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