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Abstract

Purpose of the Review The utilization of technology has increased over the last decade across all surgical specialties. Robotic-
assisted surgery, among the most advanced surgical technology, applied to hip and knee arthroplasty has experienced rapid
growth in utilization, surgical applications, and robotic platforms. The goal of this study is to provide a comprehensive review of
the most commonly utilized robotic platforms for hip and knee arthroplasty and the most up to date literature on the benefits and
limitations of robotic arthroplasty.

Recent Findings Studies consistently demonstrate that that robotic-assisted surgery during total hip arthroplasty (THA), total
knee arthroplasty (TKA), and unicompartmental knee arthroplasty (UKA) improves component position and alignment. There is
also growing evidence that robotic-assisted UKA improves clinical outcomes and implant survivorship and, therefore, may be
cost-effective. However, there remains to be convincing evidence that robotic-assisted arthroplasty improves clinical outcome
measures or reduces revision rates for THA and TKA. Potential disadvantages of robotic arthroplasty remain, including a
learning curve, potential for additional radiation exposure preoperatively, and the financial costs.

Summary Robotic hip and knee arthroplasty remains attactive as studies show that it consistently improves implant position and
alignment over conventional techniques. There is growing evidence that robotic UKA may improve patient outcomes and reduce
revision rates, but further study is needed. In addition, further and longer-term studies are needed to determine if improved
component position and alignment in TKA and THA leads to improved clinical outcomes and reduced revision rates.

Keywords Total hip replacement - Total knee replacement - Unicompartmental knee replacement - Robotics - Clinical outcomes -
Implant alignment
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chalmersh @hss.cdu The utilization of robots in the operating room is increasing

across multiple surgical subspecialties. More specifically,
robotic-assisted surgery for hip and knee arthroplasty has rap-
idly evolved in the last several years, now with nearly every
major implant company developing or offering a robot [1-3].
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In a statewide database, use of robotic total knee arthroplasty
increased over 500% from 2009 to 2013 [1]. Since the original
more primitive robotic systems utilized in hip and knee
arthroplasty, several other robotic systems have been developed
with more advanced and variable features. While robotic
arthroplasty represents only 5—7% of cases overall [2, 3], nearly
12% total knee arthroplasty and 17% of surgeons used a form
of computer assistance in New York State for 2015 [3e].
Several potential benefits of robotic-assisted surgery include
enhanced surgical planning, improved component positioning,
real-time information about soft tissue tensioning and balance,
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and restoration of hip length and offset [4-9]. On the other
hand, opponents cite a high financial cost, the need for preop-
erative advanced imaging for many systems, pin sites for array
placement, increased operative times, and learning curves as
major disadvantages [10, 11]. Furthermore, robots are not uni-
versally equivalent, and different systems offer specific tech-
nologies and designs with unique advantages and disadvan-
tages [12—-14]. As with any new technology, further study and
longer follow-up are necessary to critically evaluate the use of
robots in the operating room. Primary goals of this review are to
describe contemporary robotic systems available; to summarize
radiographic and clinical outcomes for total hip arthroplasty
(THA), total knee arthroplasty (TKA), and unicompartmental
knee arthroplasty (UKA); and to outline on specific limitations
and disadvantages of robotic arthroplasty.

Robotic System Designs

Robotics is a non-descript term for many available technolo-
gies in hip and knee arthroplasty. Most major arthroplasty
implant companies already have or are developing robotic
systems for use in the operating room [12—14]. However, ro-
botic systems and designs are not uniform. Systems differ
based on the amount of control provided to the robot and the
surgeon with systems being generally categorized as active,
passive, and semi-active designs. Some of these systems also
require preoperative advanced imaging. Lastly, systems may
only be compatible with specific implant designs or compa-
nies. For the arthroplasty surgeon, it is important to understand
these key differences, along with their advantages and
disadvantages.

Robotic Autonomy

The major robotic categories of passive, semi-active, and ac-
tive (autonomous) are based on the amount of autonomy de-
livered to both the surgeon and the robot [12—14]. Passive
systems enhance the surgeon’s ability to carry out tasks under
direct supervision, while active systems complete tasks entire-
ly independent of the surgeon. Semi-active systems have a
more nuanced relationship. Haptic feedback is one example
of a semi-active system, providing tactile feedback to the sur-
geon, which helps define specific boundaries (i.e., for surgical
resection or safety). Landmarks are defined preoperatively or
intraoperatively to create a 3-dimensional representation of
the patient’s anatomy. Computer software then generates spe-
cific limits in the 3-dimensional field. The surgeon becomes
aware of these limits through a variety of feedback mecha-
nisms. Many semi-active systems provide tactile feedback
(vibratory), but may include visual and auditory feedback as
well [12¢]. Furthermore, semi-active systems can restrict the
speed and position of cutting instruments. Some systems em-
ploy speed modulation to areas of specific concern (i.e.,
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resections intimate to the collateral ligaments of the knee or
the posterior border of the tibia), while others limit surgical
resection to defined preopertiave or intraoperative boundaries.
The major goals of a semi-active system are to reduce devia-
tions from the surgical plan and prevent gross intraoperative
errors to ensure a safe procedure with well-aligned
components.

Preoperative Advanced Imaging

Advanced imaging in the form of magnetic resonance imaging
(MRI) or computed tomography (CT) can be used to create 3-
dimensional representations of patient anatomy. From this,
intraoperative referencing can use landmarks to create active
spatial feedback between the instruments and the patient
[12—14]. Reference points are typically bony landmarks that
are registered intraoperatively in relation to a static marker.
The marker (reference frame) is typically a temporary array
statically fixed to the patient’s appendicular skeleton. A key
advantage to image-based systems is preoperatively planning.
Three-dimensional imaging provides the surgeon information
about preoperative alignment, accurate size measurements,
and in some cases extrapolated data on gap balancing or op-
timal implant position. With the aid of computer software, a
surgeon can devise a complete surgical plan, including align-
ment, component position, and implant sizing, prior to the
operating room and adjust plans intraoperatively. However,
advanced imaging is not routine prior to hip and knee
arthroplasty for most surgeons, which undoubtedly adds
front-end cost, patient inconvenience, and potential radiation
exposure (CT).

While image-based systems cross-reference the patient
anatomy to data from preoperative advanced imaging,
imageless systems rely on the surgeon to provide accurate
points of reference during the procedure. Imageless systems
utilize the intraoperative data to generate a 3-dimensional rep-
resentation of the patient anatomy solely from anatomical
landmarks. Imageless systems relieve the burden and cost of
preoperative advanced imaging, but also limit the role of pre-
operative planning. The surgeon must create an accurate mod-
el of the patient’s anatomy as well as determine
target alignment, implant sizing, and position intraoperatively
which are only as accurate as the data the surgeon is inputting
into the system.

Closed vs Open

Closed systems limit implant selection, while open systems
leave implant selection to the discretion of the surgeon [12¢].
Moreover, closed systems may further limit implant selection
not only to one implant manufacturer, but to certain types of
implant systems of a specific manufacturer. Beyond the obvi-
ous restrictions to the surgeon, closed systems may have
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further contractual implications as they are often negotiated
between device companies and hospitals or hospital systems
[12¢]. In contrast, open systems lack specificity. In practice,
general bone cuts can be planned, but techniques specific to a
certain implant cannot be employed. Furthermore, there is a
lack of data on optimal kinematics for each specific implant
design. Therefore, open systems, while allowing greater im-
plant flexibility, have a lower level of precision [12, 14].
Surgeons should carefully scrutinize these benefits and limi-
tations before broadly adopting a system.

Specific Robotic Systems

Robodoc/TCAT® (Curexo Technology, Fremont, CA/Think
Surgical Inc., as of 2014, Think Computer Assisted Tool)

ROBODOC/TCAT® is an open, active, image-based (CT)
system that uses a robotic mill to accurately make boney re-
sections for TKA and THA. First, implemented in 1992 , it
was one of the first use of robotics in total joint arthroplasty.
The clinical success and utility has been demonstrated in a
series of clinical trials [15]. TCAT workflow starts with ad-
vanced imaging, which is used to design a virtual preoperative
plan. The surgeon uses the “ORTHODOC” workstation to
download advanced imaging and the software aides in plan-
ning implant positioning. Surgical markers are used to cross-
reference the anatomy with advanced imaging. Finally, a fully
automated, milling robotic arm executes bone removal for
implant positioning; unlike other robotic systems, the plan
cannot be adjusted intraoperatively but rather it executes the
predetermined planned.

Mako® (Robotic Arm Interactive Orthopedic System (Rio);
Mako Stryker, Fort Lauderdale, FL) Fig. 1

The MAKO® is a closed, semi-active, image-based (CT) sys-
tem that that is now FDA approved for THA, TKA, and UKA.
The surgical plan is determined preoperatively; stereotactic
references are fixed with pins above and below the target joint.
Then, a robotic arm assists in bone resection with the end
effector (either a burr or saw cutting tool at the end of the
arm). Real-time referencing helps guide resection based on
the predetermined plan that can be adjusted intraoperatively.
The surgeon is aware of specific boundaries through haptic
feedback and specific spatial limits when the surgeon deviates
from planned resection [16].

Rosa (ROSA® Knee System, Zimmer Biomet, Warsaw, IN)

ROSA® is a semi-open (as it may be used with several im-
plants from one manufacturer), passive/semi-active, computer
system used to make boney resections for TKA that does not
require preoperative advanced imaging. Reference frames are

statically fixed to both the tibia and femur, and joint surfaces
are registered to the system. Then, a robotic arm assists in the
placement of conventional cutting jigs for the planned resec-
tion. In contrast to the above systems, there is no haptic feed-
back during boney resection, and boney resections are per-
formed by the surgeon with conventional instruments.
Furthermore, no advanced imaging is required to regenerate
3-dimension models of the patient’s anatomy [9]. Lastly, the
computing software and instruments allow the surgeon to
measure soft tissue tension intraoperatively.

Navio® (Blue Belt Technologies, Plymouth, MN) Fig. 2

Navio® is a semi-open, semi-active, system that uses spatial
referencing to create a virtual representation of the patient’s
hard tissues for UKA, PFA, and TKA that does not require
preoperative advancedimaging. Mounting pins are used on the
femur and tibia for spatial referencing intraoperatively. The
system utilizes a semi-autonomous, hand-held cutting tool
with safeguards for cutting accuracy. The mechanism is dif-
ferent than haptic feedback. The protective controls limit in-
strument speed, and will retract the cutting burr when spatial
deviations occur. Furthermore, the cutting burr can be used to
perform the boney resections directly or simply create pilot
holes for accurate cutting jig placement. In the latter, conven-
tional cutting jigs may be used for boney resection.

Total Hip Arthroplasty
Implant Position

Both MAKO and ROBODOC/TCAT have demonstrated im-
proved accuracy for acetabular positioning as well as femoral
offset and leg length [5, 17, 18]. In one study, MAKO® THA
demonstrated 100% precision in a matched-cohort study for
obtaining an acetabular position in the Lewinnek safe zone for
anteversion and inclination in comparison with only 80% for
manual placement and 92% for Callanan safe zone vs 62% for
manual (p <0.01) [17]. Two retrospective studies showed sim-
ilar results. One multicenter study showed that 95% of cups were
placed within 5° of the preoperative surgical plan [17¢]. Another
retrospective review of nearly 2000 THAs demonstrated a great-
er percentage of acetabular components in both Lewinnek and
Callanan safe zones for robotic-assisted vs conventional tech-
niques [19]. Cadaveric studies have supported inclination and
anteversion accuracy exceeding 5 times greater than manual
placement [18]. Additionally, one cadaveric study showed more
accurate leg length and femoral offset compared with conven-
tional instrumentation [Se], while others have found no difference
[19]. Lastly, MAKO® may also benefit from greater preservation
of acetabular bone stock. Eccentric reaming or excessive resec-
tion may contribute to soft tissue impingement, aseptic loosen-
ing, and altered hip-center position. Similarly, ROBODOC/
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Fig. 1 Photographs of
intraoperative acetabular
component position planning (a)
based on a preoperative CT scan
and haptic guided acetabular
reaming (b) with the Mako
robototic system for a total hip
arthroplasty

TCAT® has demonstrated improved fit, fill, and alignment of the
femoral component with no intraoperative fractures in a prospec-
tive randomized clinical trial [20].

Clinical Outcomes

While some studies have shown improved outcomes with
robotic THA, most studies have shown equivalent clinical
outcome measures between robotic and conventional THA.
Retrospective data of 100 robotic THA and 100 manual
THA the year prior to using the specific robotic system
showed a significantly improved accuracy in abduction and
anteversion, as well as a higher UCLA scores, MHHS
(Modified Harris Hip Score), and a lower dislocation rate at
2 years [21]. Bargar et al. in a randomized multicenter clinical
trial of one robotic THA system (76) vs conventional instru-
mentation [22] showed improved pain and WOMAC scores at
14 years. However, UCLA activity, Harris Hip Scores, and
VAS scores were similar between groups [8]. Moreover, kine-
matic gait analysis and pelvic and hip motion remain similar
between conventional THA and robotic THA [23]. One po-
tential clinical advantage of the femoral milling system is a
lower rate of intraoperative embolic events compared with
standard broaching [24]. However, it should be noted that
systematic review and meta-analysis has been unable to detect

Fig. 2 Photographs of
intraoperative customization of
implant positioning and
alignment (a) after bony
registration and utilization of the
burring tool to prepare the bone
(b) with the Navio robotic system
for a unicompartmental knee
arthroplasty
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any significant differences in patient-reported outcomes for
THA [25].

Total Knee Arthroplasty
Implant Position

There is large support in the literature for improved radio-
graphic alignment and component position with robotic
TKA. MAKO® TKA has shown fewer outliers >3° from
neutral mechanical axis [4, 26, 27]. Additionally, a recent
matched-cohort study suggested that MAKO® TKA more
accurately reproduced posterior condylar offset and patellar
height compared with conventional TKA [28]. ROBODOC/
TCAT® has shown less errors > 1° of error in all planes in
comparison with conventional techniques [20, 29-31].
Moreover, many studies have demonstrated a reduction in
radiographic outliers, specifically for mechanical access align-
ment [26, 32]. Among the four clinical randomized trials, the
studies revealed no outliers (+3° from mechanical axis) with
the use ROBODOC/TCAT®, outlier rates of between 19 and
24% with conventional instruments [30, 32—34]. Long-term
follow-up for a RCT of ROBODOC/TCAT® vs conventional
TKA with large numbers, 750 vs 766 TKA’s, showed fewer
outliers for mechanical axis alignment with ROBODOC®, 14
vs 26%; however, no difference in tibial slope, femoral
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flexion, mechanical alignment, joint line height, and posterior
femoral offset could be demonstrated. Additionally, mean de-
viation from the transepicondylar axis and tibial rotation was
similar groups [32°¢]. Similar to MAKO® and
TCAT/ROBODOC®, one cadaveric study has reported mean
deviation of less than 1° for femoral and tibial alignment using
the Navio® system [9]. Resection depth was < 1 mm different
than planned resection for all boney resections, and mechan-
ical axis alignment was 0+ 1° [9].

Clinical Outcomes

Beyond radiographic parameters, consistent advantages of ro-
botic TKA have yet to be determined, with most studies show-
ing equivalent clinical outcome scores between robotic and
conventional TKA [30, 32, 34, 35]. Park and Lee demonstrat-
ed no detectable differences in Knee Society Scores at 4 years
in a prospective randomized controlled trial using a robotic
system [35]. In a recent large RCT of robotic (750) and con-
ventional (766) TKA, no differences could be demonstrated
between groups when evaluating the Knee Society Score,
WOMAC, and ROM, at UCLA activity at mean 13 years
[32¢]. Furthermore, aseptic loosening and all-cause survivor-
ship were similar at 15 years [32¢]. Similarly, a large retro-
spective review of cruciate retaining robotic and conventional
TKA showed similar clinical outcomes and survivorship at
10 years [26¢]. In contrast, Liow et al. showed improved SF-
36 vitality and emotional health at 2 years from a 60 patient
RCT (29 robotic, 31 conventional), while no difference in
KSS knee and function scores could be demonstrated [33¢].
In a prospective cohort study, Kayani et al. [36] demonstrated
improved early functional outcomes and shorter length of stay
compared with conventional TKA. Additionally, some have
suggested that robotic TKA may provide improved balancing
with limited need for soft tissue release, but the data in this
regard is not definitive [37, 38]. Systematic review and meta-
analysis has been unable to detect significant differences in
patient-reported outcomes for TKA [25].

Robotic Unicondylar Knee Arthroplasty
Implant Position

Data for the use of robotics has been most supportive for
UKA, with consistently improved radiologic and clinical
outcomes over conventional techniques [39-41]. In a pro-
spective randomized study of 27 patients undergoing jig-
based medial UKA vs robotic, Cobb et al. [42] reported
tibiofemoral alignment within 2° of the planned position
in the coronal plane for 100% of robotic UKAs and only
40% in the conventional group. Similarly, Bell et al. [43]
used postoperative CT scans in a prospective randomized
controlled study of 62 robotic UKAs vs 58 manual UKAs to

show improved accuracy of femoral and tibial implant po-
sitioning for robotic UKA. Herry et al. [44] demonstrated
improved restitution of the native joint line when comparing
40 manual UKAs vs 40 robotic UKAs in a retrospective
study of consecutive cases. Additionally, robotic instrumen-
tation can provide data on gap tensioning intraoperatively to
fine-tune implant positioning for specific gap tension and
limb alignement [45].

A specific point that warrants mention is surgeon experi-
ence. Errors in implant positioning and low case volume have
been associated with higher rates of failure [46, 47]. One
single-surgeon series demonstrated similar accuracy for tibial
component alignment and tibial slope with manual techniques
compared with published robotic outcomes [48]. With respect
to low volume surgeons and/or those inexperienced in UKA,
Kayani et al. [49] demonstrated no learning curve effect in
robotic UKA for accuracy of achieving the planned femoral
or tibial implant positioning, posterior condylar offset ratio,
limb alignment, and restoration of native joint line.

Clinical Outcomes

Beyond improved radiographic accuracy, some data supports
improvement in clinical outcomes and implant survivorship
for robotic over conventional UKA. Kayani et al. [22] con-
ducted a prospective cohort study on 146 patients that showed
robotic UKA was associated with reduced postoperative pain,
decreased opiate analgesia consumption, reduced inpatient
physiotherapy, and decreased mean time to hospital discharge
compared with conventional manual UKA. Blyth et al. [50]
showed that robotic UKA had 55.4% less pain when com-
pared with conventional UKA in the early postoperative peri-
od (< 8weeks) in a prospective randomized control trial on
139 patients. Moreover, the robotic UKA group had improved
American Knee Society Score for 3 months following surgery,
but no difference in functional outcomes at 1 year [50]. Cobb
etal. [42] reported similar results with greater improvement in
American Knee Society Score for robotic UKA at 6 and
18 weeks postoperatively in a prospective, randomized con-
trolled trial of 13 robotic and 15 manual UKAs. The impact of
robotic UKA may be even greater in high-demand patients.
Gilmour et al. [51] performed a subgroup analysis of their
large RCT to identify the 35 most active patients. In this sub-
group, robotic UKA had greater improvements in Knee
Society Scores, Oxford Knee Scores, and Forgotten Joint
Scores compared with conventional manual UKA at 2 years
[51]. Similarly, Canetti et al. [52] reviewed outcomes in 28
highly active patients undergoing lateral compartment UKA,
and found that the robotic UKA group had earlier return to
sporting activity than the conventional UKA patients.
Batailler et al. [53] focused on survivorship for 80 conven-
tional and 80 robotic UKAs, demonstrating fewer revisions
for robotic UKA, 5 vs 9%. Furthermore, when evaluating why
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the revisions were completed in both cohorts, the authors
found that 86% of revisions in the conventional group were
secondary to component malposition or limb malalignment,
compared with none of the revisions in the robotic group [53].
Overall survivorship of robotic UKA is excellent; a recent
systematic review and prospective cohort study both showed
survivorship free from revision of 97% at 6 years [39, 54].

Disadvantages of Robotic Hip and Knee Arthroplasty

Cited disadvantages to robotic arthroplasty include increased
surgical time, learning curves, and added financial costs.
Multiple studies have demonstrated increased surgical time,
with most averaging 15-25 additional minutes for total knee
and total hip arthroplasty alike [30, 55, 56]. Once surmounted,
RAS required an additional 25 min compared with conven-
tional TKA with the use of one specific robotic system [30,
34]. Using cost estimates from Dehaan et al., this translates
into an additional cost of $1625 per surgery ($65/min of op-
erative time) for TKA [57]. This argument may not hold true
with contemporary robotic systems compared with previous
reports with the ROBODOC® system [30, 56]. More contem-
porary studies show a net-even operative times after a small
learning curve for robotic TKA, with no impact on accuracy
of implant positioning [49, 58]. Beyond the financial costs
associated with increased operative time, lengthy operative
time has been associated with increased risk for prosthetic
joint infection [59]; however, to date, there is no compelling
data that robotics in the operating room increase infection
rates in hip and knee arthroplasty. Still, the costs for patients
undergoing advanced imaging preoperatively must be consid-
ered in many systems.

There is a definitive learning curve when adopting new
technology in the operating room. Some early reports sug-
gested that technical complications can lead to aborted surgi-
cal plans in up to 10% of cases [11, 33, 60]. Most aborted
procedures were the result of repetitive failure messages,
lengthy re-registering patients, and impending risk to the pa-
tellar tendon [10]. While this is less common with modern
technologies and surgeon experience, it may be an early dis-
advantage. The learning curve may be slightly longer in terms
of operative time and accurate acetabular positioning for ro-
botic THA (35 cases), as reported in a single-surgeon experi-
ence [55]. As mentioned above, the learning curve seems
shorter for robotic UKA for accuracy of planned femoral or
tibial positioning, posterior condylar offset ratio, limb align-
ment, and restoration of native joint line [49].

One of the most cited and significant disadvantages of ro-
botic hip and knee arthroplasty are the financial cost of the
current devices. Costs associated with robotic surgery include
fixed costs (equipment purchase and maintenance fees) as
well as variable costs (advanced preoperative imaging and
cleaning fees). Start-up costs can be upwards of $800,000
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for some robotic systems [33¢]. Operating costs contribute as
well, quoted at over $1200 per case for some systems [33¢].
The requirement of preoperative advanced imaging poses ad-
ditional risk of radiation exposure to patients (in the case of
CT scans) as well as the added cost to the patient ($1500—
2000). From a break-even analysis, robotic systems would
need to reduce costs in the long run or add benefits to the
patient. Cost-effectiveness would be achieved if robotics
could lower the rate of hip and knee revision arthroplasty,
which can range from $49,360 to $93,600 per episode of care
[61]. Interestingly, recent reports have suggested potential cost
savings for some robotic TKAs. A review of Medicare data
showed a reduction in overall 90-day costs by $2391 for one
robotic TKA system in a matched retrospective cohort study.
The major difference in cost was attributed to fewer patients
being discharged to rehab or skilled nursing facility, fewer
readmissions, shorter length of stay, and less home health aide
utilization; however, this analysis may be biased as there are a
number of variables that were not analyzed in the aforemen-
tioned study that contribute to discharge disposition and
length of stay beyond the use of robotics in the operating room
[62]. The best data for a potential cost savings analysis may be
for robotic UKA. At least 1 study has shown that when total
cost of care is considered and Markov decision analysis is
used that robotic-assisted UKA 1is actually more cost-
effective than manual surgery when the number of cases ex-
ceeds 94 annually, failure rates are less than 1.2% at 2 years,
and patient age is considered [63, 64]. However, all of these
findings should be interpreted with caution as several addi-
tional costs with robotic technology can be overlooked.

Conclusion

The use of robotic assistance in the operating room for hip
and knee arthroplasty continues to grow and more robots are
being introduced annually. While many systems exist in the
USA, surgeons should be aware of key differences in auton-
omy, the type of cutting tool for each robot, the possible
requirement for preoperative advanced imaging, and options
for implant selection. Moreover, surgeons should under-
stand the most up to date literature regarding the outcomes
ofrobots in the operating room. To date, several reports show
improved precision of implant positioning in THA, TKA,
and UKA for robotic-assisted surgery compared with con-
ventional techniques. Namely, robotics may allow surgeons
to be more precise and achieve a narrower curve of implant
placement with fewer outliers. Consistent data on substan-
tially decreased revision rates and improved implant survi-
vorship is lacking for robotic THA and TKA, but there is
growing evidence for robotic over conventional UKA. This
type of analysis will likely only increase as with time since
the implementation of more modern robotic systems.
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Disadvantages of robotic hip and knee arthroplasty include
increased operative times, the learning curve associated with
new technology, and, most importantly, added financial
costs. Long-term data and further clinical evaluation will
help to define the role of robotics in hip and knee arthroplasty
and to determine if improved implant positioning in TKA
and THA leads to improvement in implant survivorship over
time.
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