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Abstract The alignment of the components of unicom-

partmental knee arthroplasty (UKA) reportedly influences

outcomes and durability. A novel robotic arm technology

has been developed with the expectation that it could

improve the accuracy of bone preparation in UKA. During

the study period, we compared the postoperative radio-

graphic alignment of the tibial component with the

preoperatively planned position in 31 knees in 31 consec-

utive patients undergoing UKA using robotic arm-assisted

bone preparation and in 27 consecutive patients who

underwent unilateral UKA using conventional manual

instrumentation to determine the error of bone preparation

and variance with each technique. Radiographically, the

root mean square error of the posterior tibial slope was 3.1�
when using manual techniques compared with 1.9� when

using robotic arm assistance for bone preparation. In addi-

tion, the variance using manual instruments was 2.6 times

greater than the robotically guided procedures. In the

coronal plane, the average error was 2.7� ± 2.1� more varus

of the tibial component relative to the mechanical axis of the

tibia using manual instruments compared with 0.2� ± 1.8�
with robotic technology, and the varus/valgus root mean

square error was 3.4� manually compared with 1.8� robot-

ically. Further study will be necessary to determine whether

a reduction in alignment errors of these magnitudes will

ultimately influence implant function or survival.

Level of Evidence: Level III, therapeutic study. See

Guidelines for Authors for a complete description of levels

of evidence.

Introduction

Unicompartmental knee arthroplasty (UKA) can provide

durable pain relief and functional improvement in greater

than 90% of patients with focal arthritis or osteonecrosis of

the medial or lateral compartments of the knee [3]. It is

used in approximately 10% of knees in the United States

managed with arthroplasty [12]. Despite the success of the

procedure, the functional outcomes and survival of UKA

are influenced by a variety of factors, including the

underlying diagnosis, patient selection, prosthesis design,

polyethylene quality, and implant alignment and fixation

[1–3, 5, 7–9, 11]. Tibial and femoral component and/or

limb malalignment is poorly tolerated in UKA and can

jeopardize long-term survival [5, 7–9, 14]. Swienckowski

and Page reported that coronal malalignment of the tibial

component beyond 3� predisposed to failure [15]. Hernigou

and Deschamps reported a propensity to aseptic failure

when the tibial component was implanted with a posterior
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slope greater than 7�, particularly with a deficient or lax

anterior cruciate ligament [9]. Others have reported that the

mechanical alignment of the limb, a surrogate of compo-

nent alignment, can influence the durability of the

prosthesis after UKA, although the ideal range of align-

ment in UKA, and whether under- or overcorrection is

better tolerated, remains a source of debate [3, 5, 7, 8].

Using a minimally invasive approach with conventional

instrumentation, it is difficult to accurately align the tibial

component in UKA on a consistent basis [5–7, 10]. As

many as 40% to 60% of components may be malaligned

more than 2� from the preoperative plan with conventional

methods [4, 10]. Although the precise range of coronal and

sagittal component alignment and mechanical axis is not

entirely known, there is agreement that variance beyond a

safe range can predispose to aseptic loosening of the

prosthesis components [3, 5, 8, 9]. Additionally, the range

of component alignment varies considerably, even in the

hands of skilled knee surgeons [5]. A study by Collier et al.

[5] found that of 245 medial UKAs, the mean tibial com-

ponent varus was 8� ± 3� (range, �5� to +21�) and the

mean posterior tibial component slope was 9� ± 4� (range,

�2� to +21�). The problem is compounded when using

minimally invasive surgical approaches, which is how most

contemporary UKAs are likely performed [6, 7]. One study

analyzing the results of 221 UKAs performed through a

minimally invasive approach reported a large range of

tibial component alignment with a mean of 6� (± 4 stan-

dard deviation) and a range from 18� varus to 6� valgus

relative to the mechanical axis of the tibia [7]. In a series

by Fisher et al. there was a statistically significant differ-

ence in the coronal alignment of the tibial component in

UKA performed with a minimally invasive technique

compared with a standard open technique with a medial

parapatellar arthrotomy (84.6� ± 2.8� [range, 78�–97�]

compared with 85.9� ± 2.1� [range, 80�–92�], respec-

tively; p = 0.001) [6]. Whether or not the mean difference

(1.3�) is clinically important, the outlier malaligned com-

ponents are at increased risk of early failure [5, 8, 9].

Computer navigation was introduced to reduce the

number of outliers and improve the accuracy of UKA

compared to a preoperative plan. However, even with

computer navigation, the number of outliers (beyond 2� of

the preoperatively planned implant position) may approach

15% [10]. Robotic guidance was therefore introduced to

capitalize on the improvements seen with computer navi-

gation, but also to further refine and enhance the accuracy

of bone preparation, even with minimally invasive tech-

niques [4, 13].

The purpose of this study was to determine the error and

variance in tibial prosthesis alignment in UKA performed

using a minimally invasive approach with either the

assistance of a contemporary robotic arm system that

integrates the preoperative plan with bone preparation or

conventional manual instrumentation when compared with

the preoperative plan.

Materials and Methods

In this pilot study, we prospectively followed one sur-

geon’s (JHL) initial 31 patients who underwent unilateral

medial UKA with robotic arm-assisted bone preparation

using the Tactile Guidance System (TGSTM; MAKO

Surgical Corp, Ft Lauderdale, FL). The system consists of

patient-specific preoperative planning using a three-

dimensional computed tomography scan of the involved

knee and limb, intraoperative soft tissue balancing, and

haptic-guided burring to remove the predefined volume of

cartilage and bone. There were 16 women and 15 men

with an average age of 64 years (range, 46–82 years),

average height of 170 ± 13 cm (67 ± 5 inches), and

average weight of 86 ± 17 kg (189 ± 38 pounds) for

an average body mass index of 30 ± 5 kg/m2. For com-

parison, we retrospectively examined 27 consecutive

UKAs performed by the same surgeon with conventional

manual instrumentation that immediately preceded the start

of the use of the robotic arm-assisted technique for bone

preparation. In this group, there were 10 women and 17

men with an average age of 57 years (range, 36–80 years).

The average height was 173 ± 8 cm (68 ± 3 inches) and

average weight of 85 ± 16 kg (187 ± 36 pounds) for an

average body mass index of 28 ± 4 kg/m2. There was no

difference between the two groups in height (p = 0.18),

weight (p = 0.85), or body mass index (p = 0.19).

All surgeries were performed through a minimally

invasive surgical approach using an arthrotomy that

extended from the proximal pole of the patella to the tibial

tubercle. All components were cemented into place. In the

robotic-assisted group, 28 all-polyethylene inlay-design and

three metal-backed onlay-design tibial components were

implanted. All robotic-assisted UKAs performed by the

treating surgeon (JHL) since the 30th have used a metal-

backed onlay-style tibial component, which achieves cor-

tical support. Each of the 27 UKAs in the manual group was

metal-backed onlay-design tibial components. We reviewed

the radiographs at 2 or 6 weeks postoperatively to compare

differences in the preoperatively planned positions and

postoperatively achieved positions (error) for both the

robotically and manually implanted tibial components to

discern differences in error between the two groups. We

received Institutional Review Board approval for this study.

Weightbearing anteroposterior, lateral, and sunrise

radiographs of the knee were taken for all patients pre- and

postoperatively. One of the authors (TKJ, not the treating

surgeon) measured the natural posterior slope and varus of
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the medial tibial plateau on preoperative radiographs. The

coronal and sagittal alignment of the tibial component

relative to the mechanical axis of the tibia was measured

postoperatively by the same author (TKJ). In general, the

preoperative goal with an inlay-style tibial component is to

match the patient’s anatomic varus and slope of the medial

plateau. The goal of alignment with the onlay tibial com-

ponent is to reproduce the native posterior sagittal slope

and make a coronal resection at 90� relative to the

mechanical tibial axis. Regardless of the style of tibial

implant, the preoperative plan was determined in advance

and the postoperative coronal and sagittal alignment

compared with the three-dimensional preoperative plan and

preoperative radiographs to provide an error measurement.

We did not determine the reliability of the radiographic

measurements. The radiographs were all taken by the same

technician with the same specifications with the knee fully

extended and the knee and foot directed anteriorly. In

addition to this, we recorded preoperatively the natural

posterior slope and varus of the medial tibial plateau,

because those values were used as targets. For the post-

operative measurements, we had multiple radiographs to

choose from to make radiographic measurements and

selected the films that most closely matched the preoper-

ative films from the perspective of limb rotation as

determined by the proximal tibia-fibular overlap.

The robotic system provides a stereotactic interface,

which constrains the surgeon in the preparation of the

femur and the tibia. Stereotactic boundaries, ie, virtual

walls, are created by the software and implemented through

the robotic arm hardware to restrict the tips of burrs of

varying sizes to within a predefined resection volume.

Real-life manipulation of the robotic arm and burr with

gross inspection and real-time observation of the procedure

on the virtual image are used to prepare the bone based on

the preoperative plan (Fig. 1). After completing bone

preparation, an optical probe can be used to trace the sur-

faces of recipient bone to ensure the volume of bone

removed and the orientation of bone preparation match the

preoperative plan. Alternatively, the trial components can

be provisionally inserted after preparing the bones and the

optical probe applied to the articulating surfaces of the

implant with a similar goal of corroborating accurate bone

preparation and implant position (Fig. 2).

The measured error of each technique of bone prepa-

ration was determined by comparing the preoperatively

planned position for each tibial component with the post-

operatively achieved coronal and sagittal alignment of each

tibial component. To avoid skewing results as a result of

averaging positive and negative errors, the root mean

square, or the quadratic mean, was used to quantify

alignment errors. The variance of alignment for each

method of bone preparation was also calculated as a

measure of statistical dispersion. Statistical significance of

the root mean square error and variance was determined

using unpaired Student’s t-tests.

Results

The root mean square (RMS) error of the tibial slope was

3.1� with the conventional manual technique compared

with 1.9� robotically. In addition, the variance using

manual instruments was 2.6 times greater (p = 0.02) than

the robotic arm-guided bone preparation method. In the

coronal plane, the average error of tibial alignment was

2.7� ± 2.1� more varus using manual instruments com-

pared with 0.2� ± 1.8� when bone preparation was

performed with robotic arm assistance (p \ 0.0001), and

the varus/valgus RMS error was 3.4� manually compared

with 1.8� robotically (Figs. 3, 4).

Of the 28 all-polyethylene inlay-style tibial components

in the robotically assisted group, there has been one case of

isolated tibial loosening in a patient who had been doing

well at the 6-week postoperative visit but who developed

pain at 3 months and had tibial subsidence. Analysis of this

patient’s radiographs demonstrated the tibial component

alignment was within 0.1� of the preoperative plan in the

coronal plane and 1� in the sagittal plane. No additional

cases of loosening have occurred in the two cohorts.

Discussion

The alignment of the components of unicompartmental

knee arthroplasty (UKA) influences outcomes and

Fig. 1 Tibial bone preparation with a robotic arm and 6-mm burr is

seen in a real-time virtual image.
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durability. While most UKAs are reasonably aligned, vir-

tually all studies report outliers. Even with computer

navigation, the number of outliers (beyond 2� of the pre-

operatively planned implant position) was as high as 13%

in one study [10]. A novel robotic arm technology has been

developed with the expectation that it could improve the

accuracy of bone preparation in UKA and reduce the risk

of outliers. We hypothesized that compared with the pre-

operative plan, there would be less error and variance in the

tibial component alignment in UKA performed with con-

temporary robotic arm assistance than when conventional

manual instrumentation is used.

We note some limitations of this study. First, mid- and

long-term followup is not available given the recent

adoption of this technology. Further followup will be

necessary to determine whether the reduction in alignment

errors that we observed with robotic arm-assisted bone

preparation will ultimately influence implant function or

survival. One cannot discern from the literature the ideal

individual prosthesis component and limb alignment after

UKA or how precision (or error) of component alignment

influences function and survivorship after UKA. However,

surgeons will have preferences regarding individual pros-

thesis component and limb alignment in UKA and

achieving that alignment with minimal error and variance

is desirable. Our data demonstrate a reduction in both error

and variance of the alignment of the tibial component using

robotic arm assistance through a minimally invasive sur-

gical approach. Second, we did not make a digital

preoperative plan from a computed tomography (CT) scan

protocol in the retrospective cohort of patients who

underwent UKA with a conventional manual approach.

However, the preoperative plan was determined based on

preoperative plain radiographs and we presume there

would be little error in measurements of the posterior tibial

slope and coronal alignment on standard radiographs

comparing preoperative and postoperative radiographs.

Third, although we did not determine the reproducibility of

the radiographic measurements, the radiographs were

all taken by the same technician with the same

Fig. 2 The tip of an optical probe (represented by the crosshairs on

the screen) is moved across the articulating surface of the implanted

trial tibial component to demonstrate how it matches up with the

preoperatively planned position. In this case, the position matches

perfectly with the preoperative plan.

Fig. 3 Anteroposterior radiograph of a unicompartmental knee

arthroplasty performed with manual instrumentation demonstrates

the tibial component is in 84� relative to the anatomic axis of the tibia

(6� of relative varus).
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specifications, and as accurately as possible, the postoper-

ative measurements were made on films that most closely

matched the preoperative films from the perspective of

limb rotation. Although this may potentially represent the

greatest weakness in the process, we believe there was

acceptable consistency in radiographic techniques and

analysis and the interpretation and conclusions were not

compromised. Fourth, we did not use CT scans to measure

postoperative alignment, but we believe plain radiographs

are suitable for measuring implant alignment, particularly

when comparing preoperative and postoperative studies.

We looked only at tibial component alignment and did not

address femoral component alignment, because the senior

author (JHL) believes determining femoral component

coronal alignment in UKA with plain radiographs is diffi-

cult. Fifth, we did not assess overall limb alignment,

because we were unable to get full-length radiographs of

the entire limb in all patients. Future studies may address

overall limb alignment as well as CT scan determination of

femoral component alignment after UKA with conven-

tional and robotic instrumentation. Sixth, although we

surmise that the robotic-assisted bone preparation accounts

for the improved accuracy of bone preparation and tibial

component alignment, a third group would be useful to

determine what role the computer assistance has indepen-

dent of the robotic bone preparation. Additionally,

although the two groups studied were matched for height,

weight, body mass index, and deformity, a randomized,

controlled study may be the most effective way to truly

identify whether one technique of bone preparation is more

accurate than the other. Finally, we did not perform a cost-

benefit analysis. However, given the initial capital

equipment cost or lease of up to $800,000 as well as

operational costs, longer-term clinical followup will be

necessary to determine if the investment in this technology

is worthwhile vis-à-vis its impact on implant function and

durability [14]. We do not believe these limitations com-

promise our conclusions given that the study is limited to

an analysis of variance and error in radiographic alignment

We presumed radiographic alignment of the tibial

component would have less error and variability when the

bone was prepared with robotic arm assistance than when

conventional manual instrumentation was used for UKA

through a minimally invasive approach. Notwithstanding

the potential limitations of this study, the use of robotic

technology improved the accuracy of the position of the

tibial component in the coronal and sagittal planes. The

data and results presented in the current series are similar to

those reported in other studies of UKA with robotic bone

preparation. In a comparison of matched groups undergo-

ing unicompartmental arthroplasties using minimally

invasive approaches with either standard manual instru-

mentation or the robotic arm-guided bone preparation

system, Coon et al. (unpublished data) reported the RMS

error of the posterior tibial slope was 2.5 times greater and

the variance was 2.8 times greater with a manual-instru-

mented technique than with the same robotic arm-guided

technique used in the current series. In the coronal plane,

the average error was 3.3� ± 1.8� additional varus using

manual instruments compared with 0.1� ± 2.4� when using

robotic arm assistance [13]. Roche et al. (unpublished data)

evaluated their first 43 patients who underwent UKA using

robotic assistance. Of the 344 radiographic measurements

that were analyzed, less than 1% were believed to be

Fig. 4A–B (A) Anteroposterior radiograph

demonstrates coronal alignment of the tibial

implant within a fraction of a degree of the

preoperative plan after unicompartmental knee

arthroplasty performed with robotic arm assis-

tance. (B) Lateral radiograph shows posterior

slope of the tibial implant within a fraction of a

degree of the preoperative plan after unicom-

partmental knee arthroplasty performed with

robotic arm assistance.
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outliers [13]. These studies, which reviewed the authors’

early experience with a robotic arm technique, show the

accuracy of bone preparation is substantially improved,

even early after technology adoption. Future studies will

address the duration of surgery and the impact of the

learning curve on component alignment. Cobb et al. com-

pared the results of 13 robotic-assisted UKAs (Acrobot Co

Ltd, London, UK) with 15 UKAs that were performed

using conventional techniques in a randomized prospective

study [4]. Unlike our study, the authors used postoperative

CT scans to determine postoperative alignment. They

measured coronal plane tibiofemoral alignment and indi-

vidual component alignment and reported all patients

treated with robotic bone preparation had coronal plane

tibiofemoral alignment within 2� of the planned position

with a mean of 0.65� (standard deviation [SD] 0.59; range,

�1.6� to 0.3�), whereas only 40% in the conventional

group achieved this level of accuracy with a mean of

�0.84� (SD, 2.75; range, �4.2� to +4.2�).

Although these data show that in UKA, tibial component

alignment is more accurate and less variable using robotic

arm assistance with the tactile guidance system compared

with manual, jig-based instrumentation through minimally

invasive approaches, further followup will be necessary to

establish whether the improved accuracy will influence

longer-term outcomes.
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