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Abstract

Unicompartmental knee arthroplasty and

total knee arthroplasty are reliable treatment
options for osteoarthritis. In order to improve
survivorship rates, variables that are intraop-
eratively controlled by the orthopedic surgeon
are being evaluated. These variables include
lower leg alignment, soft tissue balance,

joint line maintenance, and tibial and femo-
ral component alignment, size, and fixation
methods. Since tighter control of these factors
is associated with improved outcomes of
knee arthroplasty, several computer-assisted
surgery systems have been developed.

These systems differ in the number and
type of variables they control. Robotic-assist-
ed systems control these aforementioned
variables and, in addition, aim to improve the
surgical precision of the procedure. Robot-
ic-assisted systems are active, semi-active,
or passive, depending on how independently
the systems perform maneuvers.

nicompartmental knee arthroplasty (UKA)

and total knee arthroplasty (TKA) are 2

reliable treatment options for patients with
primary osteoarthritis. Recently published system-
atic reviews of cohort studies have shown that
10-year survivorship of medial and lateral UKA is
92% and 91%, respectively," while 10-year
survivorship of TKA in cohort studies is 95%.2
National and annual registries show a similar trend,
although the reported survivorship is lower."37

In order to improve these survivorship rates, the

surgical variables that can intraoperatively be con-
trolled by the orthopedic surgeon have been evalu-
ated. These variables include lower leg alignment,
soft tissue balance, joint line maintenance, and
alignment, size, and fixation of the tibial and fem-

Reviewing the robotic-assisted knee
arthroplasty systems, it becomes clear that
these systems can accurately and reliably
control the aforementioned variables. More-
over, these systems are more accurate and
reliable in controlling these variables when
compared to the current gold standard of
conventional manual surgery.

At present, few studies have assessed the
survivorship and functional outcomes of
robotic-assisted surgery, and no sufficiently
powered studies were identified that com-
pared survivorship or functional outcomes
between robotic-assisted and conventional
knee arthroplasty. Although preliminary
outcomes of robotic-assisted surgery look
promising, more studies are necessary to
assess if the increased accuracy and
reliability in controlling the surgical variables
leads to better outcomes of robotic-assisted
knee arthroplasty.

oral component. Several studies have shown that
tight control of lower leg alignment,®™ balancing

of the soft tissues,'®"joint line maintenance,?**
component alignment,?*?¢ component size,?***and
component fixation®4° can improve the outcomes
of UKA and TKA. As a result, over the past 2 de-
cades, several computerassisted surgery systems
have been developed with the goal of more accu-
rate and reliable control of these factors, and thus
improved outcomes of knee arthroplasty.

These systems differ with regard to the num-
ber and type of variables they control. Computer
navigation systems aim to control one or more of
these surgical variables, and several meta-analyses
have shown that these systems, when compared
to conventional surgery, improve mechanical
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axis accuracy, decrease the risk for mechanical
axis outliers, and improve component position-

ing in TKA*8 and UKA surgery.®®" Interestingly,
however, meta-analyses have failed to show the
expected superiority in clinical outcomes following
computer navigation compared to conventional
knee arthroplasty.*¢5>% Furthermore, authors have
shown that, despite the fact that computernavigat-
ed surgery increases the accuracy of mechanical
alignment and surgical cutting, there is still room
for improvement.® As a consequence, robotic-as-
sisted systems have been developed.

Similar to computer navigation, these robot-
ic-assisted systems aim to control the surgical
variables; in addition, they aim to improve the
surgical precision of the procedure. Interestingly,

2 recent studies have shown that robotic-assist-

ed systems are superior to computer navigation
systems with regard to less cutting time and less
resection deviations in coronal and sagittal plane in
a cadaveric study,® and shorter total surgery time,
more accurate mechanical axis, and shorter hospi-
tal stay in a clinical study.®® Although these results
are promising, the exact role of robotic surgery in
knee arthroplasty remains unclear. In this review,
we aim to report the current state of robotic-assist-
ed knee arthroplasty by discussing (1) the different
robotic-assisted knee arthroplasty systems that are
available for UKA and TKA surgery, (2) studies that
assessed the role of robotic-assisted knee arthro-
plasty in controlling the aforementioned surgical
variables, (3) cadaveric and clinical comparative
studies that compared how accurate robotic-as-
sisted and conventional knee surgery control these
surgical variables, and (4) studies that assessed
the cost-effectiveness of robotic-assisted knee
arthroplasty surgery.

Robotic-Assisted Knee Arthroplasty Systems
Several systems have been developed over the
years for knee arthroplasty, and these are usu-
ally defined as active, semi-active, or passive.®
Active systems are capable of performing tasks
or processes autonomously under the watchful
eye of the surgeon, while passive systems do not
perform actions independently but provide the
surgeon with information. In semi-active systems,
the surgical action is physically constrained in order
to follow a predefined strategy.

In the United States, 3 robotic systems are
FDA-approved for knee arthroplasty. The Stryker/
Mako haptic guided robot (Mako Surgical Corp.)
was introduced in 2005 and has been used for
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over 50,000 UKA procedures (Figure 1). There are
nearly 300 robotic systems used nationally, as it
has 20% of the market share for UKA in the Unit-
ed States. The Mako system is a semi-active tactile
robotic system that requires preoperative imaging,
after which a preoperative planning is performed.
Intraoperatively, the robotic arm is under direct sur
geon control and gives real-time tactile feedback
during the procedure (Figure 2).

Furthermore, the surgeon can intraoperatively
virtually adjust component positioning and align-
ment and move the knee through the range of mo-
tion, after which the system can provide
information on alignment, component
position, and balance of the soft tissue
(eg, if the knee is overtight or lax through
the flexion-arch).®° This system has a
burr that resects the bone and when the
surgeon directs the burr outside the pre-
planned area, the burr stops and prevents
unnecessary and unwanted resections
(Figure 3).

The Navio Precision Free-Hand Sculptor
(PFS) system (Blue Belt Technologies)
has been used for 1500 UKA procedures,
with 50 robots in use in the United States
(Figure 4). This system is an image-free
semi-active robotic system and has
the same characteristics as the afore-
mentioned Mako system.5 Finally, the
OmniBotic robotic system (Omnilife
Science) has been released for TKA and
has been used for over 7300 procedures
(Figure 5). This system has an automat-
ed cutting-guide technique in which the

Figure 1. The robotic-assisted
Mako (Stryker) system with the
haptic arm for unicompartmental
knee arthroplasty surgery.
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Figure 2. Intraoperative picture of robotic-assisted unicompartmental knee arthroplasty
surgery using the Mako (Stryker) system.The surgeon moves the burr over the designed
area and receives direct feedback on the screen. If the burr moves out of the designed
zone, the burring stops automatically.
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surgeon designs a virtual plan balancing, and component positioning, and after
on the computer system. After  an operative plan is made, the surgical resections
this, the cutting-guides are are performed by the robot. Reflective markers are
placed by the robotic system attached to the leg and all robotic movements are
at the planned location for all5  monitored using an infrared camera system. Any
femoral cuts (ie, distal, anterior ~ undesired motion will be detected by this camera

chamfer, anterior, posterior system and will stop all movements.® A second
chamfer, and posterior) and the  and more frequently reported system in the litera-
surgeon then makes the final ture is the active Robodoc surgical system (Curexo
cuts 5782 Technology Corporation). This system is designed
Three robotic systems for for TKA and total hip arthroplasty (THA) surgery.
knee arthroplasty surgery Although initial studies reported a high incidence of
have been used in Europe.The  system-related complications in THA, % the use of
Caspar system (URS Ortho) this system for TKA has frequently been reported
is an active robotic system in in the literature.%:636569 A third robotic system that

which a computed tomography  has been used in Europe is the Acrobot surgi-

(CT) scan is performed preop- cal system (Acrobot Company Ltd), which is an
eratively, after which a virtual image-based semi-active robotic system’® used for
implantation is performed both UKA and TKA surgery.”0”!

on the screen. The surgeon

Figure 3. Intraoperative picture of robotic-

assisted unicompartmental knee arthroplasty ~ can then obtain information Accuracy of Controlling Surgical Variables in
surgery using the Mako (Stryker) system. : . H

The burring process of the femoral condyle on lower leg alignment, gap Robotic Ass.lsted Knee Arthroplasty

is shown. Several studies have assessed the accuracy of

robotic-assisted surgery in UKA surgery with
regard to control of the aforementioned surgical
variables. Pearle and colleagues’? assessed the
mechanical axis accuracy of the Mako system in
10 patients undergoing medial UKA robotic-assist-
ed surgery. They reported that the intraoperative
registration lasted 75 minutes and the duration of
time needed for robotic-assisted burring was 34.8
minutes. They compared the actual postoperative
alignment at 6 weeks follow-up with the planned
lower leg alignment and found that all measure-
ments were within 1.6° of the planned lower leg
alignment. Dunbar and colleagues’ assessed the
< accuracy of component positioning of the Mako

Figure 4. The robotic-assisted Navio Precision Free-Hand Sculptor (PFS) system (Blue system in 20 patlehts undergomg medial UKA
BeltTechnologies). surgery by comparing preoperative and postoper
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Figure 5. The robotic-assisted OmniBotic system (Omnilife Science) for total knee arthroplasty surgery is shown. (A) This robotic system automates the
cutting guide positions using the mechanical adjustment screws under navigated control. The iBlock was used to make all 5 femoral cuts in the sequence

of distal, (B) anterior chamfer, anterior, posterior chamfer and posterior cuts. (C) The positioning of the 2 femoral fixation pins relative to the 5 femoral
cuts. Reprinted from Koulalis and colleagues® with permission from Elsevier.
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ative 3-dimensional CT scans. They found that the
femoral component was within 0.8 mm and 0.9°
in all directions and that the tibial component was
within 0.9 mm and 1.7° in all directions. They con-
cluded that the accuracy of component positioning
with the Mako system was excellent. Finally, Plate
and colleagues" assessed the accuracy of soft
tissue balancing in the Mako system in 52 patients
undergoing medial UKA surgery. They compared
the balance plan with the soft tissue balance after
implantation and the Mako system quantified soft
tissue balance as the amount of mm of the knee
being tight or loose at 0°, 30°, 60°, 90°, and 110°
of flexion. They found that at all flexion angles the
ligament balancing was accurate up to 0.53 mm of
the original plan. Furthermore, they noted that in
83% of cases the accuracy was within 1 mm at all
flexion angles.

For the Navio system, Smith and colleagues™
assessed the accuracy of component positioning
using 20 synthetic femurs and tibia. They reported
a maximum rotational error of 3.2°, an angular
error of 1.46° in all orientations, and a maximum
translational error of 1.18 mm for both the tibial
and femoral implants. Lonner and colleagues’
assessed the accuracy of component positioning
in 25 cadaveric specimens. They found similar
results as were found in the study of Smith and
colleagues™ and concluded that these results
were similar to other semi-active robotic systems
designed for UKA.

For TKA surgery, Ponder and colleagues™
assessed the accuracy of the OmniBotic system
and found that the average error in the anteri-
orposterior dimension between the targeted and
measured cuts was -0.14 mm, and that the stan-
dard deviation in guide positioning for the distal,
anterior chamfer, and posterior chamfer resections
was 0.03° and 0.17 mm. Koenig and colleagues®?
assessed the accuracy of the OmniBotic system
in the first 100 cases and found that 98% of the
cases were within 3° of the neutral mechanical
axis. Furthermore, they found a learning curve with
regard to tourniquet time between the first and
second 10 patients in which they performed robot-
ic-assisted TKA surgery. Siebert and colleagues®
assessed the accuracy of mechanical alignment in
the Caspar system in 70 patients treated with the
robotic system. They found that the difference be-
tween preoperatively planned and postoperatively
achieved mechanical alignment was 0.8°. Similarly,
Bellemans and colleagues’” assessed mechanical
alignment and the positioning and rotation of the
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tibial and femoral components in a clinical study
of 25 cases using the Caspar system. They noted
that none of the patients had mechanical align-
ment, tibial or femoral component positioning, or
rotation beyond 1° of the neutral axis. Liow and
colleagues®® assessed the accuracy of mechanical
axis alignment and component sizing accuracy
using the Robodoc system in 25 patients. They
reported that the mean postoperative alignment
was 0.4° valgus and that all cases were within 3°
of the neutral mechanical axis. Furthermore, they
reported a mean surgical time of 96 minutes and
reported that preoperative planning yielded femoral
and tibial component size accuracy of 100%.

These studies have shown that robotic sys-
tems for UKA and TKA are accurate in the surgical
variables they aim to control. These studies vali-
dated tight control of mechanical axis alignment,
decrease for outliers, and component positioning
and rotation, and also found that the balancing of
soft tissues was improved using robotic-assisted
surgery.

Robotic-Assisted vs Conventional

Knee Arthroplasty

Despite the fact that these systems are accurate
in the variables they aim to control, these systems
have to be compared to the gold standard of
conventional knee arthroplasty. For UKA, Cobb and
colleagues’ performed a randomized clinical trial
for patients treated undergoing UKA with robot-
ic-assistance of the Acrobot systems compared

to conventional UKA and assessed differences in
mechanical accuracy. A total of 27 patients were
randomly assigned to one of both treatments. They
found that in the group of robotic-assisted surgery,
100% of the patients had a mechanical axis within
2° of neutral, while this was only 40% in the con-
ventional UKA groups (difference P < .001). They
also assessed the increase in functional outcomes
and noted a trend towards improvement in perfor
mance with increasing accuracy at 6 weeks and 3
months postoperatively. Lonner and colleagues’®
also compared the tibial component positioning
between robotic-assisted UKA surgery using the
Mako system and conventional UKA surgery. The
authors found that the variance in tibial slope, in
coronal plane of the tibial component, and varus/
valgus alignment were all larger with conventional
UKA when compared to robotic-assisted UKA.
Citak and colleagues’ compared the accuracy of
tibial and femoral implant positioning between
robotic-assisted surgery using the Mako system
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and conventional UKA in a cadaveric study. They
reported that the root mean square (RMS) error
of femoral component was 1.9 mm and 3.7° in
robotic-assisted surgery and 5.4 mm and 10.2° for
conventional UKA, while the RMS error for tibial
component were 1.4 mm and 5.0° for robotic-as-
sisted surgery and 5.7 mm and 19.2° for conven-
tional UKA surgery. MacCallum and colleagues®
compared the tibial base plate
position in a prospective clinical

Studies have shown that study of 177 patients treated with
robotic-assisted surgery conventional UKA and 87 patients

treated with robotic-assisted sur

is accurate in controlling gery using the Mako system. They

surgical variables. such as found that surgery with robotic-as-

sistance was more precise in the

mechanical lower leg align-  coronal and sagittal plane and was

ment, maintaining joint-line,

more accurate in coronal alignment
when compared to conventional

implant positioning, and soft  UKA. Finally, the first results of
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tissue balancing.

robotic-assisted UKA surgery

have been presented. Coon and
colleagues®' reported the prelimi-
nary results of a multicenter study of 854 patients
and found a survivorship of 98.9% and satisfaction
rate of 92% at minimum 2-year follow-up. Compar-
ing these results to other large conventional UKA
cohorts®8 suggests that robotic-assisted surgery
may improve survivorship at short-term follow-up.
However, comparative studies and studies with
longer follow-up are necessary to assess the addi-
tional value of robotic-assisted UKA surgery. Due
to the relatively new concept of robotic-assisted
surgery, these studies have not been performed or
published yet.

ForTKA, several studies also have compared
how these robotic-systems control the surgical
variables compared to conventional TKA surgery.
Siebert and colleagues®® assessed mechanical axis
accuracy and mechanical outliers following
robotic-assisted TKA surgery using the Caspar
system and conventional TKA surgery. They
reported the difference between preoperative
planned and postoperative achieved alignment was
0.8° for robotic-assisted surgery and 2.6° for
conventional TKA surgery. Furthermore, they
showed that 1 patient in the robotic-assisted group
(1.4%) and 18 patients in the conventional TKA
group (35%) had mechanical alignment greater
than 3° from the neutral mechanical axis. Liow and
colleagues® found similar differences in their
prospective randomized study in which they
reported that 0% outliers greater than 3° from the
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neutral mechanical axis were found in the robot-
ic-assisted group while 19.4% of the patients in
the conventional TKA group had mechanical axis
outliers. They also assessed the joint-line outliers in
both procedures and found that 3.2% had joint-line
outliers greater than 5 mm in the robotic-assisted
group compared to 20.6% in the conventional TKA
group. Kim and colleagues® assessed implant
accuracy in robotic-assisted surgery using the
ROBODOC system and in conventional surgery
and reported higher implant accuracy and fewer
outliers using robotic-assisted surgery. Moon and
colleagues® compared robotic-assisted TKA
surgery using the Robodoc system with conven-
tional TKA surgery in 10 cadavers. They found that
robotic-assisted surgery had excellent precision in
all planes and had better accuracy in femoral
rotation alignment compared to conventional TKA
surgery. Park and Lee®” compared Robodoc
robotic-assisted TKA surgery with conventional
TKA surgery in a randomized clinical trial of 72
patients. They found that robotic-assisted surgery
had definitive advantages in preoperative planning,
accuracy of the procedure, and postoperative
follow-up regarding femoral and tibial component
flexion angles. Finally, Song and colleagues®%
performed 2 randomized clinical trials in which they
compared mechanical axis alignment, component
positioning, soft tissue balancing, and patient
preference between conventional TKA surgery and
robotic-assisted surgery using the Robodoc
system. In the first study,® they simultaneously
performed robotic-assisted surgery in one leg and
conventional TKA surgery in the other leg. They
found that robotic-assisted surgery resulted in less
outlier in mechanical axis and component position-
ing. Furthermore, they found at latest follow-up of
2 years that 12 patients preferred the leg treated
with robotic-assisted surgery while 6 preferred the
conventional leg. Despite this finding, no signifi-
cant differences in functional outcome scores
were detected between both treatment options.
Furthermore, they found that flexion-extension
balance was achieved in 92% of patients treated
with robotic-assisted TKA surgery and in 77% of
patients treated with conventional TKA surgery. In
the other study,®® the authors found that more
patients treated with robotic-assisted surgery had
<2 mm flexion-extension gap and more satisfacto-
ry posterior cruciate ligament tension when
compared to conventional surgery.

These studies have shown that robotic-assisted
surgery is accurate in controlling surgical variables,
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such as mechanical lower leg alignment, maintain-
ing joint-line, implant positioning, and soft tissue
balancing. Furthermore, these studies have shown
that controlling these variables is better than the
current gold standard of manual knee arthroplasty.
Until now, not many studies have assessed survi-
vorship of robotic-assisted surgery. Furthermore, no
studies have, to our knowledge, compared survi-
vorship of robotic-assisted with conventional knee
replacement surgery. Finally, studies comparing
functional outcomes following robotic-assisted sur
gery and conventional knee arthroplasty surgery are
frequently underpowered due to their small sample
sizes.%70 Since many studies have shown that

the surgical variables are more tightly controlled
using robotic-assisted surgery when compared to
conventional surgery, large comparative studies are
necessary to assess the role of robotic-assisted
surgery in functional outcomes and survivorship of
UKA and TKA.

Cost-Effectiveness of Robotic-Assisted Surgery
High initial capital costs of robotic-assisted surgery
is one of the factors that constitute a barrier to
the widespread implementation of this technique.
Multiple authors have suggested that improved
implant survivorship afforded by robotic-assisted
surgery may justify the expenditure from both
societal and provider perspective.8% Two studies
have performed a cost-effectiveness analysis for
UKA surgery. Swank and colleagues® reviewed
the hospital expenditures and profits associat-

ed with robot-assisted knee arthroplasty, citing
upfront costs of approximately $800,000. The
authors estimated a mean percase contribution
profit of $5790 for robotic-assisted UKA, assuming
an inpatient-to-outpatient ratio of 1 to 3. Based on
this data, Swank and colleagues® proposed that
the capital costs of robotic-assisted UKA may be
recovered in as little as 2 years when in the first
3 consecutive years 50, 70, and 90 cases were
performed using robotic-assisted UKA. Moschet-
ti and colleagues® recently published the first
formal cost-effectiveness analysis of robotic-as-
sisted compared to manual UKA. The authors
used an annual revision risk of 0.55% for the first
2 years following robot-assisted UKA, based on
the aforementioned presented data by Coon and
colleagues.®' They based their data on the Mako
system and assumed an initial capital expenditure
of $934,728 with annual servicing costs of 10%
(discounted annually) for 4 years thereafter, result-
ing in a total cost of the robotic system of $1.362
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million. These costs were divided by the number
of patients estimated to undergo robotic-assisted
UKA per year, which was varied to estimate the ef-
fect of case volume on cost-effective-
ness. The authors reported that
robotic-assisted UKA was
associated with higher
lifetime costs and net
utilities compared
to manual UKA, at
an incremental
cost-effective-
ness ratio of
$47180 per
quality-adjust-

ed life year
(QALY)ina
high-volume
center. This

falls well within
the societal
willingness-to-pay
threshold of
$100,000/QALY. Sen-
sitivity analysis showed
that robotic-assisted UKA is
cost-effective under the follow-
ing conditions: (1) centers performing

at least 94 cases annually, (2) in patients younger
than age 67 years, and (3) 2-year revision rate does
not exceed 1.2%. While the results of this initial
analysis are promising, follow-up cost-effective-
ness analysis studies will be required as long-term
survivorship data become available.

Conclusion

Tighter control of intraoperative surgical variables,
such as lower leg alignment, soft tissue balance,
joint-line maintenance, and component align-

ment and positioning, have been associated with
improved survivorship and functional outcomes.
Upon reviewing the available literature on
robotic-assisted surgery, it becomes clear that this
technique can improve the accuracy of these surgi-
cal variables and is superior to conventional manual
UKA and TKA. Although larger and comparative
survivorship studies are necessary to compare
robotic-assisted knee arthroplasty to conventional
techniques, the early results and cost-effective-
ness analysis seem promising.
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