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Background: Robotic-assisted unicompartmental knee arthroplasty (UKA) with rigid bone fixation "can sig-
nificantly improve implant placement and leg alignment. The aim of this cadaveric study was to determine
whether the use of robotic systems with dynamic bone tracking would provide more accurate UKA implant
positioning compared to the conventional manual technique.
Methods: Three-dimensional CT-based preoperative plans were created to determine the desired position
and orientation for the tibial and femoral components. For each pair of cadaver knees, UKA was performed
using traditional instrumentation on the left side and using a haptic robotic system on the right side.
Postoperative CT scans were obtained and 3D-to-3D iterative closest point registration was performed.
Implant position and orientation were compared to the preoperative plan.

Results: Surgical RMS errors for femoral component placement were within 1.9 mm and 3.7° in all directions
of the planned implant position for the robotic group, while RMS errors for the manual group were within
5.4 mm and 10.2°. Average RMS errors for tibial component placement were within 1.4 mm and 5.0° in all
directions for the robotic group; while, for the manual group, RMS errors were within 5.7 mm and 19.2°.
Conclusions: UKAwas more precise using a semiactive robotic systemwith dynamic bone tracking technology
compared to the manual technique.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Unicompartmental knee arthroplasty (UKA) was introduced in the
early 1970s and is nowadays commonly used for the treatment of iso-
lated compartmental osteoarthritis of the knee [1,2]. In 1971, Gunston
et al. presented a concept and design for a polycentric knee replace-
ment based on the biomechanics of normal knee movement for either
a bicompartmental or unicompartmental arthroplasty [3]. However,
UKA did not gain wide acceptance due to high failure rate and poor
outcome [4].

Nevertheless, recent improvements in implant design, minimally
invasive techniques, bone-sparing strategies, expanded indications
and early rehabilitation have all contributed to a renewed enthusiasm
for UKA. It has been shown to be a good and less invasive alternative
to total knee arthroplasty (TKA) in selected patients [5]. Advantages
of UKA include better postoperative range of motion, less soft tissue
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dissection, preservation of bone stock, minimal blood loss, faster re-
covery, lower complication rates andmore physiological function [5,6].

However, UKA does have some disadvantages. Early failure of
femoral and tibial components has been reported [7–10]. Berend et
al. concluded that body mass index greater than 32 increased failure
rates [7]. But it has been failures attributed to overcorrection and
undercorrection that have received the most attention [11–14].

The use of computer assisted surgery systems in UKA has resulted
in improved postoperative alignment, reduction of outliers and better
postoperative clinical results [15,16]. Cobb et al. reported that robot-
assisted placement of UKA components with rigid intraoperative bone
stabilization was more accurate than traditional techniques and that,
subsequently, clinical outcomes were improved [17]. Since then, robotic
systems with dynamic bone tracking have been evolved. However, it
remains to be shown whether these newer systems hold the same
accuracy advantages previously demonstrated with robotic systems
using rigid fixation.

The aim of this cadaveric studywas to determinewhether the use of
robotic systemswith dynamic bone trackingwould providemore accu-
rate UKA implant positioning compared to the conventional manual
technique.
al Surgery from ClinicalKey.com by Elsevier on March 15, 
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Fig. 1. Experimental setup showing the Tactile Guidance System.
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2. Materials and methods

2.1. Preoperative planning

Preoperative CT scans were performed with each specimen in the
supine position. Five-millimeter slices were taken through the hip
and ankle, while one-millimeter slices were taken through the knee
joint. The data were saved in DICOM 3 (Digital Imaging and Commu-
nications in Medicine; Rosslyn, VA) format and then transferred into
the tactile guidance system (TGS) software (MAKO Surgical Corp.,
Fort Lauderdale, FL). Bone surfaces were segmented using the soft-
ware to produce a three-dimensional (3D) model. In all knees, a
three-dimensional CT-based preoperative plan was created to deter-
mine the desired position and orientation for the tibial and femoral
components.

2.2. Operative technique

Six fresh-frozen hip-to-toe cadaver specimens (12 knees) were
used in this study. Specimens where thawed for 48 h prior to testing
andwere then placed supine on an operating room table [18]. A single
surgeon performed medial unicompartmental knee arthroplasty on
each knee using a tissue-sparing approach. For each cadaver pair of
knees, UKA was performed using traditional instrumentation on the
left side [19], and using a haptic robotic system acting as a virtual cut-
ting guide to perform the robot-assisted UKA on the right side [20].
The goal of alignment with the onlay tibial component is to reproduce
the native posterior sagittal slope and make a coronal resection at
90° relative to the mechanical tibial axis. Reference optical arrays
were placed into the distal femur and proximal tibia using Steinman
pins and also mounted on the robotic arm. The end of the arm was
equipped with a bone-resecting burr. The end effector was grasped
by the surgeon, and then moved within the surgical site. While inside
the predetermined desired volume of bone to be resected, the robotic
arm operated without offering any resistance. As the burr approached
the predetermined boundaries, the robotic arm resisted that motion
and kept the burr within the accepted volume (Fig. 1). The trial im-
plants were then impacted. Finally, the trial implants were removed
and the final implants were cemented. For all arthroplasties, Restoris
Onlay prostheses (MAKO Surgical Corporation, Fort Lauderdale, FL)
were used. After final implantation, a final ROM of the knee was mea-
sured using the system.

2.3. Outcome measures

Postoperative CT scans were obtained from all knees with the
same scan protocol used preoperatively. Three-dimensional compo-
nent placement accuracywas assessed by comparing the preoperative
plan with the postoperative implant placement in all cases. Utilizing
3D registration, the femoral component position was determined in
the same coordinate system as the preoperative plan [21]. Bone and
implant models were obtained from postoperative CT scans taken im-
mediately following surgery. The CT scan protocol included 200 slices
taken through the knee (approximately 10 cm above and below the
knee center) with a maximum slice thickness of 1 mm. Combined
bone and implant 3D models were created by segmenting the CT
images using active contour models with image intensity threshold
filtering (ITK-SNAP, www.itksnap.org). Some manual editing was re-
quired during segmentation to correct contours for streaking artifacts
from the metallic implants. Previous research showed that RMS differ-
ences between CT-based and laser scan implant positionmeasurements
were within 0.8 mm and 0.9° and 0.9 mm and 1.7° in all directions for
the femoral and tibial components, respectively [21]. A 3D-to-3D itera-
tive closest point registration (ICP) procedure was performed with
commercially licensed software (Geomagic, Geomagic Inc.). The ICP
procedure attempts to find the rigid transformation that best aligns a
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cloud of points with a geometric model, using a least-squares method
where the sums of squares of distances between the sample pairs are
minimized over all the rigid motions that could realign the two objects.
The closest points on the reference were re-computed and a new trans-
formation matrix was established. The implant was then directly com-
pared to the preoperative plan for medial/lateral, anterior/posterior,
superior/inferior, flexion/extension, varus/valgus and internal/external
rotation positions and orientations (Fig. 2).
2.4. Statistical analysis

Statistical analysis was carried out using Stata/IC 10.1 forWindows
(StataCorp LP, College Station, TX, USA). The Shapiro–Wilk test was
performed, which confirmed that the data had normal distribution
(P>0.05). Femur and tibial implant placement errors for both the
manual group and the robotic group were analyzed by comparing
the preoperatively planned positionwith postoperatively achieved re-
sults. The root-mean-square error (RMSE) was used to quantify align-
ment errors to avoid skewing results as a result of averaging positive
and negative errors.
3. Results

Table 1 shows mean values, range and RMSE for each outcome measure studied. In
general, less variability in implant alignment was seen in the robotic group compared
to the manual group.

Surgical RMS errors for femoral component placement were within 1.9 mm and
3.7° in all directions of the planned implant position for the robotic group, while RMS
errors for the manual group were within 5.4 mm and 10.2°.

Average RMS errors for tibial component placement were within 1.4 mm and 5.0°
in all directions for the robotic group; while, for the manual group, RMS errors were
within 5.7 mm and 19.2°.
urgery from ClinicalKey.com by Elsevier on March 15, 
n. Copyright ©2022. Elsevier Inc. All rights reserved.



Fig. 2. Graphical overlays of the plan (grey) and implanted (blue) tibial and femoral component positions are given in this figure for the bilateral six pairs of knees.
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4. Discussion

Unicompartmental knee arthroplasty is an alternative treatment
option in young and active patients with severe compartmental oste-
oarthritis, who wish to delay or even forego a total knee arthroplasty
[5]. Well-placed UKA implants can provide durable and excellent
functional results. Computer assisted surgery technology in UKA has
resulted in improved postoperative alignment, reduction of outliers
and better postoperative clinical results [15,16]. Nevertheless, accu-
rate reproduction of a preoperative plan remains a challenge in UKA.

This cadaveric study was performed to determine whether the use
of robotic systemswith dynamic bone trackingwould providemore ac-
curate UKA results compared to the conventional manual technique.
The results of this study demonstrate that it is possible to achieve signif-
icant accuracy improvements with robot-assisted techniques allowing
free bone movement compared to manual techniques.

Previous clinical studies have shown promising early results in im-
plant placement and leg alignment, with the combination of computer-
assisted navigation and robotic technology in UKA [17,22]. Rodriguez
et al. showed significant improvement in implant placement and leg
alignment using the Acrobot system in a clinical, prospective study.
No outliers were registered using the robotic system, while only 40%
Table 1
Comparison of femoral and tibial component RMSE between the robotic and manual group

Robotic

Mean Range

Femoral component
Medial/lateral (mm) 0.1 −2.24–1.13
Anterior/posterior (mm) −1.6 −3.30 to −0.37
Superior/inferior (mm) −0.4 −1.59–1.09
Flexion/extension (°) 2.9 −2.08–5.16
Varus/valgus (°) 2.0 −7.06–6.75
Internal/external rotation (°) −1.1 −1.99–1.02

Tibial component
Medial/lateral (mm) −0.6 −1.97–1.84
Anterior/posterior (mm) −0.7 −2.08–0.19
Superior/inferior (mm) 0.1 −0.72–1.09
Flexion/extension (°) 0.9 −2.08–2.66
Varus/valgus (°) −4.9 −7.06 to −3.74
Internal/external rotation (°) 0.7 −7.01–4.20
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of cases in the conventional group were within the targeted alignment
limits [17,22]. Cobb et al. confirmed these results in a larger prospective,
randomized controlled trial using the same robotic system. How-
ever, these methods employed rigid intraoperative stabilization of
the bones in a stereotactic frame. Robotic systems have now evolved
to include dynamic bone tracking technologies so that rigid fixation
is no longer required.

Pearle et al. reported the first clinical series of ten implanted inlay
UKAs using a semiactive robotic system with dynamic bone tracking
technology [23]. No outliers or complications were noted in the study.
The difference between the planned and the intraoperative tibiofemoral
angle was less than 1° [23]. Sinha reported on the outcomes of robotic
arm-assisted unicompartmental knee arthroplasty [24]. He concluded
that robotically assisted UKA has extremely accurate bone preparation
relative to the preoperative plan and is a reliably accurate tool. Addi-
tionally, robotic UKA has similar results regarding complications, pa-
tient function and surgeon learning curve compared to conventional
UKA. In a recent study, Lonner et al. compared the postoperative radio-
graphic alignment of the tibial component with the preoperatively
planned positionwith andwithout the use of robotics and found higher
RMS error of the posterior tibial slope and higher varus/valgus RMS
error with the conventional technique [25].
s.

Manual

RMSE Mean Range RMSE

1.1 1.3 −1.51–6.79 3.2
1.9 −4.6 −9.75 to −0.87 5.4
0.8 −1.4 −2.81–0.76 1.9
3.2 7.6 0.01–13.3 8.9
3.7 7.6 −0.98–18 10.2
1.6 −3.1 −13.24–6.48 7.4

1.4 −1.3 −2.48–1.43 1.9
1.1 5.0 1.06–9.87 5.7
0.6 0.9 −4.44–5.32 3.1
1.7 3.6 −1.31–7.81 4.6
5.0 −2.9 −6.00–0.17 3.9
4.0 −18.0 −31.67 to −6.96 19.2
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There are several limitations to our study. All procedures were
performed by the same surgeon. Hence, no information on the
intersurgeon variability associated with each technique can be provided.
However, the operating surgeon was a senior attending orthopedic sur-
geon, who was experienced in robotic-assisted UKA. Another limitation
of our study, as with most cadaveric studies, was that a small number
of specimens were tested. General drawbacks of this robotic system are
the high initial cost of the system and further maintenance costs, as
well as additional time for the setup of the system in the operating
room and for the procedure itself. Preoperative CT scan and preoperative
planning further increase time, effort and cost.

In conclusion, in our cadaveric study, unicompartmental knee
arthroplasty was more precise using a semiactive robotic system
with dynamic bone tracking technology compared to the conventional
manual technique. We believe that robotic technology could be of
great benefit for precise implant planning and placement. The evolu-
tion of surgical robotics might help in developing a more precise
minimally-invasive approach in UKA. However, additional larger ex-
perimental studies are required to verify our findings. Also, further
clinical studies with mid- and long-term outcomes are warranted to
establish whether the improved accuracy will influence long-term
outcomes.
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