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Abstract

Background Robotic-assisted TKA was introduced to
enhance the precision of bone preparation and component
alignment with the goal of improving the clinical results
and survivorship of TKA. Although numerous reports
suggest that bone preparation and knee component align-
ment may be improved using robotic assistance, no long-
term randomized trials of robotic-assisted TKA have
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shown whether this results in improved clinical function or
survivorship of the TKA.

Questions/purposes In this randomized trial, we com-
pared robotic-assisted TKA to manual-alignment techni-
ques at long-term follow-up in terms of (1) functional
results based on Knee Society, WOMAC, and UCLA
Activity scores; (2) numerous radiographic parameters,
including component and limb alignment; (3) Kaplan-
Meier survivorship; and (4) complications specific to
robotic-assistance, including pin-tract infection, peroneal
nerve palsy, pin-site fracture, or patellar complications.
Methods This study was a registered prospective, ran-
domized, controlled trial. From January 2002 to February
2008, one surgeon performed 975 robotic-assisted TKAs in
850 patients and 990 conventional TKAs in 849 patients.
Among these patients 1406 patients were eligible for par-
ticipation in this study based on prespecified inclusion
criteria. Of those, 100% (1406) patients agreed to partici-
pate and were randomized, with 700 patients (750 knees)
receiving robotic-assisted TKA and 706 patients (766
knees) receiving conventional TKA. Of those, 96% (674
patients) in the robotic-assisted TKA group and 95% (674
patients) in the conventional TKA group were available for
follow-up at a mean of 13 (% 5) years. In both groups, no
patient older than 65 years was randomized because we
anticipated long-term follow-up. We evaluated 674
patients (724 knees) in each group for clinical and radio-
graphic outcomes, and we examined Kaplan-Meier survi-
vorship for the endpoint of aseptic loosening or revision.
Clinical evaluation was performed using the original Knee
Society knee score, the WOMAC score, and the UCLA
activity score preoperatively and at latest follow-up visit.
We also assessed loosening (defined as change in the po-
sition of the components) using plain radiographs,
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osteolysis using CT scans at the latest follow-up visit, and
component, and limb alignment on mechanical axis
radiographs.

To minimize the chance of type-2 error and increase the
power of our study, we assumed the difference in the Knee
Society score to be 5 points to match the MCID of the Knee
Society with power of 0.99, which revealed that a total of
628 patients would be needed in each group.

Results Clinical parameters at the latest follow-up in-
cluding the Knee Society knee scores (93 = 5 points in the
robotic-assisted TKA group versus 92 = 6 points in the
conventional TKA group [95% confidence interval 90 to
98]; p = 0.321) and Knee Society knee function scores (83
=+ 7 points in the robotic-assisted TKA group versus 85 * 6
points in the conventional TKA group [95% CI 75 to 88];
p=0.992), WOMAC scores (18 = 14 points in the robotic-
assisted TKA group versus 19 * 15 points in the con-
ventional TKA group [95% CI 16 to 22]; p=0.981), range
of knee motion (125 = 6° in the robotic-assisted TKA
group versus 128 = 7° in the conventional TKA group
[95% CI 121 to 135]; p=0.321), and UCLA patient activity
scores (7 points versus 7 points in each group [95% CI 5 to
10]; p = 1.000) were not different between the two groups
at a mean of 13 years’ follow-up. Radiographic parameters
such as the femorotibial angle (mean 2° *+ 2° valgus in the
robotic-assisted TKA group versus 3° = 3° valgus in the
conventional TKA group [95% CI 1 to 5]; p = 0.897),
femoral component position (coronal plane: mean 98° in
the robotic-assisted TKA group versus 97° in the conven-
tional TKA group [95% CI 96 to 99]; p = 0.953; sagittal
plane: mean 3° in the robotic-assisted TKA group versus 2°
in the conventional TKA group [95% CI 1 to 4]; p=0.612)
and tibial component position (coronal plane: mean 90° in
the robotic-assisted TKA group versus 89° in the conven-
tional TKA group [95% CI 87 to 92]; p = 0.721; sagittal
plane: 87° in the robotic-assisted TKA group versus 86° in
the conventional TKA group [95% CI 84 to 89]; p=0.792),
joint line (16 mm in the robotic-assisted TKA group versus
16 mm in the conventional TKA group [95% CI 14 to 18];
p=0.512), and posterior femoral condylar offset (24 mm in
the robotic-assisted TKA group versus 24 mm in the con-
ventional TKA group [95% CI 21 to 27 ]; p = 0.817) also
were not different between the two groups (p > 0.05). The
aseptic loosening rate was 2% in each group, and this was
not different between the two groups. With the endpoint of
revision or aseptic loosening of the components, Kaplan-
Meier survivorship of the TKA components was 98% in
both groups (95% CI 94 to 100) at 15 years (p = 0.972).
There were no between-group differences in terms of the
frequency with which complications occurred. In each
group, 2% of knees (15) had a superficial infection treated
with intravenous antibiotics for 2 weeks. No deep infection
occurred in these knees. In the conventional TKA group,
0.8% of knees (six) had a motion limitation (< 60°).

Conclusions At a minimum follow-up of 10 years, we
found no differences between robotic-assisted TKA and
conventional TKA in terms of functional outcome scores,
aseptic loosening, overall survivorship, and complications.
Considering the additional time and expense associated
with robotic-assisted TKA, we cannot recommend its
widespread use.

Level of Evidence Level 1, therapeutic study.

Introduction

Although good long-term results of conventional TKA
have been obtained in younger patients with osteoarthritis
or rheumatoid arthritis [4, 5, 7-9, 11, 15, 16, 19, 28, 37, 38],
robotic-assisted TKA was introduced with the goal of im-
proving implant alignment, particularly in younger patients
[3, 6, 13, 23-26, 30, 36]. Several comparative studies of
conventional and robotic-assisted TKA have demonstrated
that improved component alignment was obtained by
using a robotic-assistance compared with conventional
TKA instrumentation [22, 30, 35, 36, 39].

To our knowledge, no long-term randomized trial has
compared robotic-assisted TKA and conventional TKA,
particularly in younger patients. It is crucial to determine
whether any potential implant-alignment improvements (or
reductions in numbers of alignment outliers) associated
with robotic-assisted TKA results in improved long-term
outcomes scores or implant survivorship.

We conducted a large randomized, controlled trial of
robotic-assisted versus conventional TKA with long-term
(10-year minimum) follow-up, to determine whether
robotic-assisted TKA was superior to traditional TKA in
terms of (1) functional results based on Knee Society,
WOMAC and UCLA Activity scores; (2) numerous ra-
diographic parameters, including component and limb
alignment, (3) Kaplan-Meier survivorship, and (4) com-
plications specific to robotic-assistance, including pin tract
infection, peroneal nerve palsy, pin-site fracture, or patellar
complications.

Patients and Methods

This study was a registered, prospective, randomized
controlled trial. From January 2002 to February 2008, one
surgeon (S-HY) performed 975 robotic-assisted TKAs in
850 patients and 990 conventional TKAs in 849 patients.
Among these patients, 1406 were eligible for participation
in this study based on prespecified inclusion criteria.
Patients younger than 65 years who had an end-stage of
osteoarthritis of both knees were included. No patients
older than 65 years were randomized because we antici-
pated long-term follow-up. Patients were excluded if they
had inflammatory arthritis, or they had a foot or ankle
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Assessed for eligibility
(n= 1699 patients, 1516 knees)

Robotic-assisted TKA: 850 patients (975 knees)
Conventional TKA: 849 patients (990 knees)

e Excluded: > 65 years old
Robotic- 150 patients
Enrollment —  r assisted TKA: (225 knees)
Conventional 143 patients
TKA: (224 knees)
Randomized
e Robotic-assisted TKA: 700 patients (750 knees)
e Conventional TKA: 706 patients (766 knees)
I i !
Allocation to intervention Allocation to intervention
Robotic-assisted TKA Conventional TKA
(n =700 patients, 750 knees) (n =706 patients, 766 knees)
v ¥
Before 2 years Before 2 years
(n = 696 patients, 746 knees) (n = 699 patients, 756 knees)
Lost to follow-up Lost to follow-up
(n = 4 patients, 4 knees) (n =7 patients, 10 knees)
Between 2 and 5 years Between 2 and 5 years
(n = 692 patients, 742 knees) (n = 692 patients, 746 knees)
Lost to follow-up Lost to follow-up
(n = 4 patients, 4 knees) (n =7 patients, 10 knees)
Between 6 and 10 years Between 6 and 10 years
(n = 682 patients, 732 knees) (n = 685 patients, 736 knees)
Lost to follow-up Lost to follow-up
(n =10 patients, 10 knees) (n =7 patients, 10 knees)
Between 10 and 13 years Between 10 and 13 years
(n = 674 patients, 724 knees) (n =-674 patients, 724 knees)
Lost to follow-up Lost to followup
(n = 8 patients, 8 knees) (n= 11 patients, 12 knees)
B )
! | Analysis | v
Analyzed . ) Analyzed
(n = 674 patients, 724 knees) (n = 674 patients, 724 knees)

Fig. 1 A Consolidated Standard of Reporting Trials (CONSORT) flow diagram is shown. In
all, 724 knees in 674 patients were treated with robotic-assisted TKA and another 724 knees
in 674 patients were treated with conventional TKA.

disorder that limited walking. Of those 100% (1406)
patients agreed and were randomized, with 700 patients
(750 knees) receiving robotic-assisted TKA and 706
patients (766 knees) receiving conventional TKA. Of
those 96% (674 patients) in the robotic-assisted TKA
group and 95% (674 patients) in the conventional TKA
group were available for follow-up at a mean of 13 (£ 5)
years. Consequently, the authors evaluated 674 patients
(724 knees) in each group for clinical, radiographic, and
CT scan evaluation at a mean (range) of 13 years (10 to 15
years) follow-up (Fig. 1). The study was registered in the
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Clinical Trials.gov Protocol Registration System (Trial
number, NCT 03659318). We obtained institutional
review board approval for the study, and we acquired
informed consent from each patient.

Although the learning curve with this ROBODOC®
system (Integrated Surgical Systems Inc, Davis, CA, USA)
was not addressed in this study, the surgeon (S-HY) who
performed the procedures in this report performed 30
robotic-assisted TKAs using the system before the first
patient was enrolled in this study. The robotic-assisted
TKA cohort consisted of 542 women and 132 men with a
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Table 1. Patient demographics

Parameter Robotic-assisted TKA Conventional TKA p value
Patients (knees), n 674 (724) 674 (724) 1.000?
Male/female, n 132 of 542 144 of 530 0.121°
Age, mean = SD (range), years 60 = 7 (49 to 65) 61 * 8 (46 to 65) 0.136°
Weight, kg, mean =+ SD (range) 66 = 10 (51 to 98) 67 = 9 (48 to 101) 0.131°
Height, cm, mean = SD (range) 158 = 7 (141 to 185) 156 = 6 (142 to 181) 0.418°
BMI, kg/m?, mean (range), 28 + 9 (26 to 36) 29 * 8 (25 to 35) 0.511°
Diagnosis (knees), n (%)

Osteoarthritis 724 (100) 724 (100) 1.000?
American Society of Anesthesiologists 2(1to3) 2(1to3) 1.000?
class (mean)

Arthroscopic débridement previously 236 (35%) 256 (38%) 0.375°
Preoperative mean varus/valgus 13 = 4° (2 to 31) varus 14 * 3° (2 to 29) varus 0.748
deformity

Follow-up, years, mean (range) 13 (10 to 15) 14 (10 to 15) 0.331°

aChi-square test.
bStudent’s t-test.

mean (range) age of 60 = 7 years (49 to 65 years), and
mean (range) BMI of 28 = 9 kg/m2 (26 to 36 kg/m2).
Ninety percent of patients (609) had varus knees and 10%
of patients (65) had valgus knees. The conventional TKA
group consisted of 530 women and 144 men with a mean
(range) age of 61 £ 8 years (46 to 65 years) and a mean
(range) BMI of 29 *= § kg/m2 (25to 35kg/m2). In all 93%
(627) of patients had varus knees and 7% (47) of patients
had valgus knees. Other demographic variables including
preoperative deformity (mean, 13° varus in the robotic-
assisted TKA group and 14° varus in the conventional
TKA group), history of prior arthroscopic procedures and
The American Society of Anesthesiologists (ASA) physi-
cal status classification system, which was used to measure
the overall health status of each patient, did not differ be-
tween the groups (Table 1).

Randomization to a robotic-assisted or conventional
manual jig-based TKA was done by the allocation ratio 1:1
between the two groups using a computer program, and
patients were not blinded to the procedure performed. All
operations were performed by one surgeon (S-HY) who
was experienced in both conventional TKA and robotic-
assisted TKA. The measured resection technique was used
in both groups. In the conventional TKA group, 10 mm of
tibial bone was resected from the less-deficient side with a
7° posterior tibial slope. Anterior cortical reference was
used for the AP cut of the distal part of the femur. Femoral
component rotation was determined with use of three ref-
erence axes: (1) the transepicondylar axis, (2) the medial
trochlear line (Whiteside line [1]), and (3) 3° of external
rotation relative to the posterior aspect of the femoral
condyles. Tibial component rotation was aligned with the
medial one third of the tibial tubercle. Ligamentous balance

was established first in knee extension and then in knee
flexion with the use of a tensor in both groups.
Robotic-assisted TKA was carried out in two steps. CT-
based preoperative planning using ORTHODOC (In-
tegrated Surgical Technology Corp, Davis, CA, USA) (Fig.
2) was performed in the first step before the day of surgery,
and robotic-assisted surgery using the ROBODOC surgical
assistance was performed in the second step. The operating
surgeon carried out preoperative ORTHODOC planning
for the femoral and tibial components [15, 34,36]. The size
and position of the femoral and tibial component was se-
lected in 3-D using the ORTHODOC workstation [15, 33].
While the surgery was performed, the knee was flexed to
approximately 70° to 80° using a special leg holder. The leg
was fixed to the ROBODOC base using two Steinman and
Hoffman fixation systems (Stryker Osteosynthesis, Ge-
neva, Switzerland), one each for the femur and tibia. Two

Fig. 2 This photograph depicts the robotic set up.
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Table 2. Operative data®

Parameters Robotic-assisted TKA Conventional TKA p value
Operative time (minutes) 97 (81 to 123) 69 (56 to 81) < 0.001
Tourniquet time (minutes) 75 (60 to 93) 38 (31 to 58) < 0.001
Mean length of incision (cm)

Extension 16.8 (15 to 19) 15.7 (12 to 18) 0.729

Flexion 18.4 (16 to 21) 17.9 (14 to 20) 0.821
Intraoperative blood loss (mL) 261 (82 to 510) 255 (95 to 536) 0.531
Drainage volume (mL) 798.1 (153 to 1389) 775 (161 to 1290) 0.761
Drainage duration (days) 2.1 (1to3) 1.8 (110 3) 0.519
Volume of transfusion (mL) 550 (0 to 1250) 600 (0 to 1360) 0.081

“The values are given as the mean with the range in parentheses.

recovery markers and one bone motion monitor were in-
stalled into the femur and tibia. Surface registration and
verification were performed using the ROBODOC Digi
Match registration system. Next, under direct control with
surgeon supervision, the ROBODOC milled the distal femur
and proximal tibia according to the plan generated in
ORTHODOC. The soft tissues were protected carefully in
the ROBODOC workspace. Once cutting was complete, the
ROBODOC device was removed from the operative field.

A Duracon® posterior cruciate-substituting total knee
prosthesis (Stryker Orthopedics, Mahawh, NJ, USA) was
used in each knee. The patella was resurfaced in 10 knees in
each group and was not resurfaced in the remaining knees.
In the beginning of these study, we had planned to re-
surface the patella. After the 10 knees in each group were
resurfaced patella, we felt that resurfacing patella would
not influence the results of robotic or conventional TKA.
Therefore, we did not resurface the remaining patellae. All
implants were cemented after pulsed lavage irrigation,
drying, and pressurization of vacuum-mixed cement. As
would be expected, operative and tourniquet times were
longer in the robotic-assisted TKA group than those in the
conventional TKA (Table 2).

Prophylactic antibiotics were administered for 24 hours.
A mechanical compression device was applied for 14 days
for thromboprophylaxis in all patients who were hospital-
ized for this time period. On the second postoperative day,
patients in both groups started walking with full weight-
bearing using crutches or a walker. All patients were dis-
charged home from the hospital. All patients were advised
to use crutches or a walker for 4 to 6 weeks to prevent a fall
and a cane thereafter as needed.

Follow-up patient examinations were conducted at
3 months and 1 year postoperatively and every 2 to 3 years
thereafter. A research associate (J-WP) who was not part of
the surgical team recorded patient’s study outcomes. The
Knee Society knee [12] and WOMAC scores [2] were
assessed preoperatively and at the latest follow-up visit.
Degree of pain with activity was scored on a 10-point VAS,

{=). Wolters Kluwer

with 0 meaning no pain and 10 meaning severe pain. The
UCLA activity score assessed activity level at the latest
follow-up visit [40]. To measure the range of knee motion
preoperatively and at each follow-up, a standard (60-cm)
goniometer was used. A research associate (J-WP ) who
was not part of the surgical team recorded these data.

Standing AP hip-to-ankle radiographs, supine AP and
lateral radiographs, and skyline patellar radiographic were
made preoperatively and at each follow-up. The radio-
graphs were evaluated by one observer (J-WP ), who was
not a member of operating team, to determine the limb
anatomic axis, component alignment, joint line, posterior
femoral condylar offset, and the presence and location of
radiolucent lines with use of Knee Society guidelines [12].
All radiographs were made under fluoroscopic guidance to
control knee rotation. One observer (J-WP) who was not
part of the operative team analyzed and recorded radio-
graphic data at the latest follow-up visit. We assessed
loosening (defined as change in the position of the com-
ponents) using plain radiographs, osteolysis using CT
scans at the latest follow-up visit, and component and limb
alignment on mechanical axis radiographs.

All patients underwent a CT scan between 10 and 15
years with use of a multislice scanner (General Electric
Light Speed Plus; GE Medical System, Milwaukee, WI,
USA) to determine the rotational alignment of the com-
ponents and evidence of osteolysis. The CT scan sequence
was between 10 cm proximal to the superior pole of the
patella and 10 cm distal to the tibial tuberosity and was
made in contiguous 2.5-mm slices. The rotational align-
ment of the femoral and tibial components was measured as
noted in previous studies [15-18]. Osteolysis was defined
as a nonlinear region of periprosthetic cancellous bone loss
with definable margins. One author (J-WP), who was not
part of the surgical team, examined all CT scans.

All radiographic and CT parameters were measured
three times (with a 3-day interval between measurements).
To determine intraobserver agreement for measurements
for all radiographic and CT scan parameters, the chance-
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corrected kappa coefficient [20] was calculated as pre-
viously reported [17]. Intraobserver agreement ranged
from 0.95 to 0.97.

We identified the complications that might be specifi-
cally related to robotic assistance, including soft tissue
damage, deep infection, pin-site fracture, pin tract in-
fection, patellar tendon disruption, patellar dislocation,
patellar fracture, supracondylar fracture, or peroneal nerve

palsy.

Statistical Analysis

Lee et al. [21], in 2017, found the minimum clinically
important difference (MCID) for Knee Society function
score to be between 6.1 and 6.4 and for Knee Society
knee score to be between 5.3 and 5.9 after TKR. Our
study was carried out before 2017 and MCID was not
used for the study. An a priori power calculation was
performed with use of a clinically relevant difference in
the Knee Society score to be 25 points and a SD of 5
points to match the MCID of the Knee Society with a
power of 0.99 (a = 0.05 and = 0.99) which revealed
that a total of 657 628 patients would be needed in each
group. To evaluate whether the axial alignment
followed a normal (Gaussian) distribution, we used the
Kolmogorov-Smirnov test [32, 33]. To assess the ho-
mogeneity of variance (constant variance), we used the
Levine test [29]. We used an unpaired Student’s t-test,
with the assumption of homogeneity of variance used as
appropriate, to compare the limb alignment and surgery
duration. We assessed the differences between the two
groups with regard to the Knee Society, WOMAC and
UCLA activity scores with the Student’s paired t-test and
the Pearson nonparametric chi-square test. The knee
ROM was compared between the two groups with use
of a two-way repeated-measures ANOVA. We used
nonparametric chi-square tests to compare complication
rates, radiographic, and CT scan data between the two
groups.

The level of significance was set at p < 0.05. Kapan-
Meier survivorship analysis was carried out to determine
the cumulative rate of survival of the implant during the
period of the study with revision for any reason or aseptic
loosening as the endpoint [ 14]; the 95% CI at certain times
was calculated with the formula of Greenwood [10].

Results
Functional Outcomes
There was no difference in any clinical outcome mea-

sure at the latest follow-up for patients who received
robotic-assisted TKAs compared with those who

received conventional TKAs. There was no difference in
mean total Knee Society knee scores (93 = 5 points
versus 92 * 6 points, respectively; mean difference 1
point [95% confidence interval 0.8 to 2.4 points]; p =
0.321). There were no differences between the groups in
terms of the proportions of patients with residual pain; in
the robotic-assisted TKA group, 85% of patients (573 of
674) had no pain, 13% of patients (88) had mild pain,
and 2% of patients (13) had severe pain at latest follow-
up. In the conventional TKA group, 82% of patients
(553 of 674 patients) had no pain, 16% (108) had mild
pain, and 2% (13) had severe pain at latest follow-up (p =
0.598). There was no difference (95% CI 16 to 22; p =
0.981) in the mean WOMAC scores (18 * 14 points and
19 = 15 points) between the two groups at latest follow-
up. The knee ROM in the robotic-assisted TKA group
and conventional TKA group was not different pre-
operatively (128° = 6° versus 129° = 8°;p=0.725) or at
latest follow-up (125 = 6° versus 128 £ 7°; p=0.321).
Mean UCLA activity scores in the robotic-assisted TKA
group and conventional TKA group were not different
preoperatively (2 points versus 2 points, 95% CI 1 to 4)
or at latest follow-up (7 points versus 7 points, 95% CI 5
to 10; p = 1.000). Using the Bonferroni method for
multiple comparison correction, the mean operation and
tourniquet times were longer in the robotic-assisted
TKA group than in the conventional TKA group
(Table 2).

Radiographic Outcomes

There were no differences between the two groups at
latest follow-up with regard to any radiographic
parameters measured, including limb alignment, com-
ponent alignment, or aseptic loosening (Table 3). If one
presumes that it is desirable to align the knee to within *
3° of a neutral mechanical axis, the prevalence of out-
liers was 14% in the robotic-assisted TKA group and
26% in the conventional TKA group (p = 0.035).
However, if one assumes a tolerance level of = 5° froma
neutral mechanical axis, the prevalence of outliers was
4% in the robotic-assisted TKA group and 6% in the
conventional TKA group (p =0.731). There was also no
difference in rotational alignment of the femoral com-
ponent from transepicondylar axis (5° = 4° versus 5° =
5¢ external rotation [95% CI 4 to 7]; p = 0.786) or tibial
component (6° £ 7° versus 6° * 8° external rotation
[95% CI 4 to 10]; p = 0.762) in the CT scans analyzed
between the two groups at latest follow-up. No knee in
either group had evidence of osteolysis on either plain
radiographs or CT scans. In each group, 2% of knees
(15) had aseptic loosening of the femoral and/or tibial
component.
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Table 3. Radiographic results at final follow-up (15 years)®

Parameters

Mean (95% Cl)

Robotic-assisted TKA

Conventional TKA

p value (t-test)

Femorotibial angle (standing)
(degrees)

Preoperative
Final follow-up
Outliers ( 0° to 3°)
Outliers ( 3.1° to 5°)
Femoral component position (°)
Coronal (°)
Outliers (0° to 3°)
Outliers (3.1° to 5°)
Sagittal (°)

Outliers (0° to 3°)
Outliers (3.1° to 5°)
Tibial component position (°)

Coronal (°)
Outliers (0° to 3°)
Outliers ( 3.1° to 5°)
Sagittal (°)
Outliers (0° to 3°)
Outliers ( 3.1° to 5°)
Joint line (mm)
Preoperative
Final follow-up
Posterior condylar offset (mm)
Preoperative
Final follow-up
Aseptic loosening (%)
Femoral component
Tibial component

Rotational alignment (CT scan)
(external rotation) (°)

Femoral component
Tibial component
Osteolysis (%)

13 = 4 (2 to 31) varus
2 * 2 (0 to 6) valgus
101 knees (14%)
29 knees (4%)

98 = 2 (94 to 102)
80 knees (11%)
22 knees (3%)
3+x1(1to4)
87 knees (12%)
29 knees (4%)

90 *+ 1 (87 to 94)
80 knees (11%)
36 knees (5%)

87 = 2 (84 to 93)
80 knees (11%)
43 knees (6%)

17 =7 (12 to 24)
16 = 6 (9 to 25)

25 £ 7(17 to 29)
24 £ 7(19-33)

15 knees (2%)
15 knees (2%)

5°*4°(3to7)
6°*7°(5t08)
0 (0%)

14 £ 3 (2 to 29) varus 0.748
3 + 3 (0 to 8) valgus 0.897
188 knees (26%) 0.035
43 knees (6%) 0.731
97 = 2 (91 to 101) 0.953
152 knees (21%) 0.028
36 knees (5%) 0.891
2+2(0to4) 0.612
152 knees (21%) 0.043
43 knees (6%) 0.653
89 *+ 2 (86-92) 0.721
145 knees (20%) 0.045
43 knees (6%) 0.818
86 = 3 (78 to 91) 0.792
145 knees (20%) 0.041
51 knees (7%) 0.579
16 = 7 (8 to 25) 0.713
16 = 7 (7 to 26) 0.512
23 £ 7 (19 to 35) 0.821
24 £ 7 (14 to 31) 0.817
15 knees (2%)
15 knees (2%) 0918
5°+ 5°(4to7) 0.786
6° = 8°(5t09) 0.762

0 (0%)

“The values are given as the mean, SD, with the range in parentheses.

Component Survivorship

There were no between-group differences in terms of
survivorship. Kaplan-Meier survivorship [14] analysis,
with revision or aseptic loosening defined as the end-
point, showed no differences between the groups with a
98% implant survival proportion for both groups (95% CI
94 to 100) at 15 years after the operation (p = 0.972). A
deviation between 3° to 5° from the mechanical axis of
the lower limb did not increase the rate of aseptic
loosening.

{
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Complications

There were no between-group differences in terms of the
frequency with which complications occurred. In all, 0.6%
of knees (four) in each group had a superficial infection,
and they were treated with intravenous antibiotics for
2 weeks. No deep infection occurred in these knees. In the
conventional TKA group, 0.6% of knees (four) had motion
limitation (< 60°). No knee in either group had a pin site
fracture, pin tract infection, patellar dislocation, patellar
fracture, supracondylar fracture, or peroneal nerve palsy.
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Discussion

Robotic-assisted TKA has the potential to improve the
alignment of the TKA components, and as a result could
lead to improved patient functional outcome and survi-
vorship of TKA implants [3, 6, 13, 22-26, 31]. To our
knowledge, no long-term randomized trial has compared
robotic-assisted TKA and conventional TKA. In this large,
randomized trial with analysis at a minimum of 10-years
after surgery, we found no differences between the robotic-
assisted and conventional approach to TKA alignment in
terms of outcomes scores, mean implant or limb alignment,
survivorship, or complications. Although we found a small
reduction in the proportion of knees aligned more than of
3° away from neutral when robotic assistance was used, we
found no between-group difference if the outlier cutoff was
5°, and no reduction in aseptic loosening in the robotic-
assisted group.

There are several limitations of this study. First, it
should be noted that current studies on function and sur-
vivorship with robotic-assisted TKA are analyses of one
particular autonomous robotic system. This particular
system is geared exclusively to modulating bone cuts and
has no algorithm for balancing soft tissues within the knee.
It is possible that functional outcomes would differ if the
robotic device reported on was also able to quantify soft
tissue balance. Second, there were few obese patients.
Eleven percent of patients (74 of 674) in the robotic-
assisted TKA group and 12% (81 of 674) in the conven-
tional TKA group had > 30 kg/m* BMI; no patients had
morbid obesity (> 40 kg/m? BMI), a group that may benefit
more from robotic assistance given the difficulties associ-
ated with identifying anatomic landmarks for accurate
component position. However, even if robotic assistance is
shown to improve the radiographic alignment of the
components in patients with morbid obesity, the question
still remains whether it will improve long-term clinical
outcome or survivorship of the TKA. Our study does not
address this. Third, our study population has a pre-
ponderance of women with low body weight and good
preoperative knee ROM, which is typical of the Korean
population; these factors might limit general applicability
to other patients or practice settings. On the other hand, the
patients in this series engaged in high-level activities, such
as farming, squatting, and lifting. Fourth, we performed no
interobserver comparisons of the radiologic and CT
measurements to confirm the measurements by one ob-
server, and this can lead to bias in interpreting loosening
and osteolysis, leading to either underestimation or over-
estimation. However, intraobserver agreements for the ra-
diographic and CT measurements were 0.95 to 0.98,
indicating excellent reproducibility. Fifth, the preoperative
deformities included greater varus deformities than in most
non-Asian studies and few valgus deformities, possibly

limiting general applicability to other patients or practice
settings. Finally, there may be differences that we did not
account for between the patients with un-resurfaced pa-
tellae and those few that were resurfaced, but we found no
differences overall and did not perform a separate analysis
on these 20 patients.

The findings of our study suggest that there were no
differences in Knee Society knee and function scores,
WOMAC scores, UCLA activity scores, or range of knee
motion between the two groups at mean of 13 years follow-
up. Given the relative novelty of robotic technology and
limited market penetration, there are few studies addressing
the impact of robotic-assistance on such functional out-
come parameters. Song et al. [36] found no difference in
original Knee Society knee scores between robotic-assisted
TKAs and conventional TKAs. Likewise, Yang et al. [39]
reported no differences in the functional outcomes of
WOMALC score, Hospital for Special Surgery knee score,
knee ROM, or VAS scores between robotic-assisted TKA
and conventional TKA. Liow et al. [22] also observed no
differences with the Knee Society knee and functional
scores between robotic-assisted and conventional TKA.
These studies are not dissimilar to studies of computer
navigation assistance in TKA. Kim et al. [17, 18] found no
differences between the navigated and conventional TKA
in knee ROM, Knee Society knee function scores,
WOMAC, or UCLA activity scores at 15 years follow-up.
It seems important that any technique that adds cost (or
risks associated with novelty) should deliver results that
patients can perceive as improvements; that goal was not
achieved in this study with robotic-assisted TKA.

We found that there were also no differences between
the two groups in terms of various radiographic parameters,
including tibiofemoral alignment, femoral and tibial com-
ponent position, posterior femoral condylar offset, joint
line level, and osteolysis. Bellemans et al. [3] and Decking
et al. [6] found that robotic-assisted TKA demonstrated
promising Knee Society knee functional results with low
rates of component malalignment. Park and Lee [30]
demonstrated that overall knee alignment was not different
between robotic-assisted TKA and conventional TKA.
Song et al. [35, 36] demonstrated a more precise mean
neutral mechanical axis for robotic-assisted TKA of 0.2°
compared with 1.2° for conventional TKA. However, they
observed no difference between the two groups regarding
coronal alignment of either the tibial or femoral compo-
nents. Among three clinical randomized trials [22, 35, 36],
the studies revealed no outliers (+/- 3° from mechanical
axis) with the use of robotic-assisted TKA while conven-
tional TKA had outlier rates of between 19% and 24%. In
the present study, the prevalence of outliers was higher in
the conventional TKA group than in robotic-assisted TKA,
if outliers were judged as * 3° from a neutral mechanical
axis but was not different between the two groups if the
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tolerance level was = 5°. Although = 3° mechanical axis is
generally considered the optimum target, controversy over
this goal exists [17, 18]. Paratte et al. [31] found no dif-
ference in 15-year implant survival rates between “aligned”
and “malaligned” groups using * 3° outliers as the stan-
dard. In the current series, we also found no difference in
clinical outcomes and the survivorship of the implants
between aligned (< 3°) and “malaligned” (> 3°) group. A
key stated goal of robotic-assisted TKA is improvement in
radiographic parameters [3, 22,25, 35, 36, 39]; this was not
achieved here.

In the current series, we noted excellent survivorship of
TKAs in both groups at 15 years, which we attribute to
appropriate surgical technique in both groups. There is
limited evidence whether long-term survivorship of
robotic-assisted TKA is better than conventional TKA in
patients 65 years and younger. In the retrospective study by
Yang et al. [39], there was no difference in the survivorship
between the robotic-assisted and conventional TKAs in
patients younger than 65 years old. However, several
authors [5, 7, 8, 15, 16, 19, 27, 38] have reported good
results with conventional TKA in younger patients with
osteoarthritis at long-term follow-up. Others have sug-
gested that the alignment improvements anticipated with
robotic-assisted TKA might be associated with improved
survivorship [3, 22, 24, 25, 35, 36]. This benefit was not
observed in our large, randomized trial, and so this calls
into serious question the value of this new technology,
which is associated with greater cost.

In the current study, the frequency of complications
directly attributable to differences in surgical technique
was low in both groups, and there were no differences
between the two groups. Park and Lee [30] reported a high
incidence of complications (six of 32 knees), including
superficial infection, patellar tendon rupture, patellar dis-
location, supracondylar fracture, patellar fracture,
and peroneal nerve injury, during the learning curve for
robotic-assisted TKA. However, no major adverse results
were observed after the learning curve of (30 cases). Song
et al. [36] also reported that there were no differences in
complications between the robotic-assisted and conven-
tional TKAs.

At a minimum follow-up of 10 years, we found no
differences between robotic-assisted TKA and conven-
tional TKA in terms of functional outcome scores, aseptic
loosening, overall survivorship, and complications. Al-
though we observed a small improvement in the proportion
of knees with = 3° deviation from a neutral mechanical
axis in the robotic TKA group, there was no such difference
if the definition of an outlier was taken to be * 5° as is
commonly done [27], and, importantly, there was no
between-group difference in terms of aseptic loosening or
overall survival. In addition, functional outcomes and the
frequency of complications did not differ between the
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robotic TKA and conventional TKA groups. Considering
the additional time and expense associated with robotic-
assisted TKA, we cannot recommend its widespread use.
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