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B The aim of this systematic review was to present and
assess the quality of evidence for learning curve, compo-
nent positioning, functional outcomes and implant sur-
vivorship for image-free hand-held robotic-assisted knee
arthroplasty.

B Searches of PubMed and Google Scholar were performed
in line with the Preferred Reporting Items for System-
atic Review and Meta-Analysis statement. The criteria for
inclusion was any published full-text article or abstract
assessing image-free hand-held robotic knee arthroplasty
and reporting learning curve, implant positioning, func-
tional outcome or implant survival for clinical or non-
clinical studies.

B There were 22 studies included. Five studies reported
the learning curve: all were for unicompartmental knee
arthroplasty (UKA) — no learning curve for accuracy, oper-
ative time was reduced after five to 10 cases and a steady
surgical time was achieved after eight cases.

B There were 16 studies reporting accuracy: rate of outliers
was halved, higher rate of joint line and mechanical axis res-
toration, supported by low root mean square error values.

B Six studies reported functional outcome: all for UKA,
improvement at six to 52 weeks, no difference from
manual UKA except when assessed for lateral UKA which
showed improved clinical outcomes.

B Two studies reported survivorship: one reported an unad-
justed revision rate of 7% at 20 months for medial UKA
and the other found a 99% two-year survival rate for UKA.

B There was evidence to support more accurate implant
positioning for UKA, but whether this is related to superior
functional outcomes or improved implant survivorship
was not clear and further studies are required.
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Introduction

Robotic-arm-assisted knee arthroplasty has been shown to
enable more accurate implant positioning for both uni-
compartmental knee arthroplasty (UKA) and total knee
arthroplasty (TKA) when compared to manual surgery.'2
Robotic-arm-assisted surgery is also associated with reduced
intraoperative trauma to the soft tissue envelope when
performing the bone cuts compared to manual performed
knee arthroplasty.3 This has been associated with improved
early outcomes, such as shorter length of hospital stay,
improved range of movement and better patient-reported
outcomes.#-6 Robotic-arm-assisted UKA has been shown to
be a cost-effective intervention, with the increased costs of
the robot being balanced against improved outcomes,
relative to TKA, and lower early revisions costs when com-
pared to manually performed UKA.”

A disadvantage of robotically assisted knee arthroplasty
is that some systems, such as the robotic-arm-assisted Mako
(Stryker) knee, need a preoperative computed tomogra-
phy (CT) scan to enable intraoperative shape matching of
the scan onto the real bony anatomy. This exposes the
patient to radiation which is potentially associated with an
increased risk of developing life-threatening cancer.? In
addition, there is also an extra financial cost for the scan.”
Image-free robotically assisted knee surgery, by definition,
does not require a preoperative CT scan and averts any
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increased risk of cancer and the associated cost of the
scan. Current systematic reviews of robotic-assisted knee
surgery often amalgamate the outcomes of both image-
based and image-free systems.? Despite the advantages of
image-free hand-held robotic-assisted knee arthroplasty
surgery, the authors are not aware of any published
review reporting the evidence for this in isolation from
image-based systems.

The aim of this systematic review was to present and
assess the quality of evidence for learning curve, compo-
nent positioning, functional outcomes and implant survi-
vorship for image-free hand-held robotic-assisted knee
arthroplasty.

Methods

A search of PubMed and Google Scholar was perfor-
med in September 2019 in line with the 2009 Preferred
Reporting Items for Systematic Review and Meta-Analy-
sis (PRISMA) statement.’0 Titles and abstracts identified
were independently reviewed by two authors (NDC and
MA) and those not meeting the inclusion criteria were
excluded prior to full-text review. On occasions when it
was not clear from the abstract whether studies were of
relevance, the full text of the article when possible was
subsequently reviewed. Unanimous consensus was met
on the inclusion of proposed studies for full-text review
amongst the authors (NDC and MA). Full-text studies
were further evaluated against the inclusion and exclu-
sion criteria. A search of the references was performed of
the selected studies to ensure no other relevant studies
were overlooked.

Search terms and criteria for inclusion

Search terms included “robot” or “robotic” and “knee”. A
single search of PubMed using the search term ((Robot)
OR Robotic) AND (Knee) yielded 1235 abstracts. Two
searches of Google Scholar using the search terms (1)
allintitle: robot Knee and (2) allintitle: robotic Knee yielded
420 and 321 articles, respectively. The criteria for inclusion
were any published research article studying robotic total
or unicompartmental (medial, lateral, or patellofemoral)
knee arthroplasty and reporting on functional outcomes
or component positioning or learning curve or survivor-
ship including clinical, cadaveric or dry bone studies.
Studies were excluded if they were case reports, review
articles or were not available in the English language.

Data extraction

The collected data from each study included the authors,
year of publication, title, where it was published, type
of publication (full article, abstract only or case report),
compartment replaced (medial, lateral, patellofemoral,
or total), study design (prospective or retrospective), type
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(clinical, cadaver or saw bones), age, number of patients/
specimens, follow up (if applicable), the type of implant
used, type of tibial prosthesis, and depending on the aims
of the study: implant survival, functional outcome,
implant alignment and learning curve. In addition, the
main conclusion from each study was also recorded.

Outcome measures

Our primary objectives were to report learning curve,
component positioning, functional outcomes and impl-
ant survivorship within the included studies. Secondary
objectives included presenting the demographic data as
well as the type of robots and implants used across the
included articles.

Quality assessment

All studies were quality assessed by two authors (NDC
and MA) using the NIH Quality Assessment Tool for Obser-
vational Cohort and Cross-Sectional Studies.!” The assess-
ment tool uses 14 questions to enable allocation of a score
to each article (poor, fair or good). If there was disagree-
ment regarding the scoring of a study, consensus was met
after discussion between both assessors.

Results

There were 1976 articles identified in the initial search of
databases and reference lists. After initial screening of titles
and abstracts, 51 articles met the inclusion criteria for
review. On full-text screening (when available), a further 29
studies were removed as they represented review articles
or duplicate studies (Fig. 1). A list of the 22 studies which
met the inclusion criteria are presented in Table 1.12-33
Nine studies were identified from PubMed, three additional
studies from Google Scholar and 10 more through the ref-
erence lists of the identified studies (Table 1). The year of
publication ranged from 2012 to 2020. There were 11 clinical
studies of which one was prospective and the remainder
were retrospective cohort studies. There were 11 non-clinical
studies of which six involved only cadavers, three involved
only saw bone models and two were a mix of both speci-
men types. There were no randomized controlled trials
or cost-analysis studies identified. There were 11 full-text
published articles included and the remaining 11 were
published abstracts from scientific meeting presentations
(Table 1). Fig 2 illustrates the outcomes reported by the
22 studies included in this review.

Learning curve (weak evidence)

There were five studies reporting the learning curve, all of
which were for UKA (Table 2). There was only one pub-
lished full-text article reporting the learning curve which
assessed 27 lateral and 53 medial robotically assisted UKA
and concluded there was no learning curve.’? They stated,
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Fig. 1 PRISMA flow diagram outlining article/abstract selection process.
Source: Moher D, Liberati A, Tetzlaff ], Altman DG; The PRISMA Group. Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA statement.
PLoS Med 2009;6:e1000097. doi:10.1371/journal.pmed1000097. For more information, visit www.prisma-statement.org

‘There was no learning curve for the robotic-assisted group
(implant position, revision rate or clinical outcomes)’, but
do not describe the methods used to assess these endpoints
or how these were defined. Of the remaining four abstract
publications there was no learning curve found for accu-
racy (n = 2),?7?8 and the operative time was reduced by 15
to 37 minutes after five to 10 cases and a steady state surgi-
cal time was achieved after eight cases.?6:33

Implant accuracy (fair evidence)

There were 16 studies identified that reported implant
position accuracy, of which six were clinical studies and
10 were cadaver/saw bone studies (Table 3). The six clin-
ical articles included two full-text published papers
which found the rate of outliers to be half that of manu-
ally performed UKA and that joint line restoration was

more accurate with robotically performed UKA.21° The
four clinical abstract publications supported these find-
ings with a higher rate of restoration of planned mech-
anical axis to within 1 to 3 degrees 89% to 99% of the
time.16.17,26.28 There were six published full-text non-
clinical studies of which two assessed TKA'>:23 and four
assessed UKA,17,20,24.29 3|| of which demonstrated low
root square mean (RMS) error values. Khare et al?* com-
pared manual with robotic-assisted UKA, finding a lower
error rate in the robotically assisted group. Lonner et al?3
demonstrated the RMS error of the Navio-assisted UKA to
be similar to the published figures of the image-based
Mako UKA system. An abstract publication by Jaramaz
et al (2015) was the only study assessing patellofemoral
arthroplasty position, which was accurate with a maximal
RMS error of less than 0.9 mm.2?
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Table 1. Studies included in the systematic review according to how they were identified, where they were published, design, patient demographics, fol-
low up and type of implant

Authors Year Search Journal Compartment Design Clinical/ Patients Age FU Implant Tibial
(n) non-clinical  (n) (months) prosthesis
Batailler et al'? 2019 PM Yes M57 123 Retrospective  Clinical 80vs. 80 69 20 HLS Uni All poly
case control evolution,
Tornier®
Battenberg etal’> 2020 PM Yes M124 L4 Retrospective Clinical 128 64 28 ?
Canetti et al™* 2018 PM Yes Lateral Retrospective  Clinical 11vs. 17 66vs.59 37 HLS Uni All poly
case control Evolution,
Tornier®
Casper et al'® 2018 PM Yes TKA Prospective ~ Cadaver 18 N/A N/A Journey I, ?
Genesis,
Legion
Gregori et al'¢ 2014 REF No M Retrospective  Clinical 57 63 6 weeks 7 All poly
Gregori et al'” 2015 REF No M Prospective Clinical 92 ? N/A ? ?
Gonzalezetal™® 2014 REF No ? Retrospective  Clinical 18 61 6 weeks 7 Metal backed
Herry et al® 2017 PM Yes M23 L17 Retrospective Clinical 40vs. 40 69 vs. 68 N/A HKS Uni All poly
case control Evolution
Tornier
Jaramaz and 2012 PM Yes M Prospective Saw bone 5 N/A N/A ? ?
Nikou?0
Jaramaz et al?' 2013 REF No ? Prospective Cadaver 4 knees  N/A N/A ? ?
Jaramaz et al?? 2015 REF No PF Prospective ~ Saw bone & 24 N/A N/A ? ?
cadaver
Jaramaz et al?? 2018 GS Yes TKA Prospective ~ Saw bone & = ** N/A N/A Journey Il XR 2
cadaver
Khare et al?* 2018 PM Yes M Prospective Cadaver 6 Vs 6 N/A N/A Stride Uni ?
comparison S&N
Lonner et al?* 2015 PM Yes M Prospective Cadaver 25 N/A N/A HLS Uni ?
Evolution,
Tornier®
Picard et al?6 2014 GS No M Retrospective Clinical 65 63 6 weeks  ? ?
Simons and 2014 REF No M Prospective ~ Saw bone 25 N/A N/A HLS Uni ?
Riches?” Evolution,
Tornier®
Smith et al?8 2015 REF No ? Retrospective Clinical 298 ? N/A ? ?
Smith et al?® 2014 PM Yes M Prospective Saw bone 20 N/A N/A Blue Belt ?
Technologies
Smith et al3° 2014 REF No ? Prospective ~ Cadaver 25 N/A N/A ? ?
Smith et al3! 2013 REF No ? Prospective ~ Cadaver 9 71 N/A Tornier Uni ?
Vega Parraetal’?2 2017 REF Yes M Retrospective  Clinical 47 67 12 Stride Uni ?
S&N
Wallace et al?3 2014 GS No ? Retrospective Clinical ? ? N/A ? ?

Note. PM: PubMed; GS: Google Scholar; REF: references; M: medial; L: Lateral; TKA: total knee arthroplasty; PF: patellofemoral; ?: not stated; FU: follow up; N/A:

not applicable.
**Cadaveric: 24 femurs and 2 tibias. Synthetic saw bone: 8 femurs and 10 tibias.

Functional outcomes (weak evidence)

There were six clinical studies reporting the function out-
come of UKA (Table 4), of which three were published arti-
cles and three were abstract publications. Batailler et al'?
found no significant difference in functional outcome
between robotic-assisted and manual UKA. However, in
contrast, when assessing lateral UKA, Canetti et al'* found a
significantly greater improvement in the clinical compo-
nent of the Knee Society Score (KSS) of 8 points, which was
also clinically significant being greater than the minimally
important difference of 5 points,3* for robotic-assisted com-
pared to manual UKA. Neither of these studies were pow-
ered to the KSS, nor did they correct for multiple statistical
testing. Vega Parra et al?? demonstrated a significant
improvement in function at one year after medial robotic
UKA but did not compare this to a manual UKA cohort.
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There were three published abstracts identified by the
same research group from 2014, all of which demon-
strated a 14 to 15-point improvement in the Oxford Knee
Score six weeks following robotic UKA,'6:18.26 but again this
was not compared to a control/manual group.

Survival (weak evidence)

Only two survivorship studies were identified.'?13 Batail-
ler et al'? found no revisions at a mean of 20 months
follow up in the those undergoing lateral robotic-assisted
UKA but did identify four (n = 4/57, 7%) revisions of
robotic-assisted medial UKA. However, they did not use
standard survival analysis. In contrast, Battenberg et al'3
used Kaplan—Meier survivorship analysis and demon-
strated a 99% two-year survival for a cohort of 128 robot-
ically assisted UKA. Battenberg et al'? did not state what
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Author Year

Batailler C, et al. 2019
Battenberg A, et al. 2020

Canetti R, et al. 2018
Casper M, et al. 2018
Gregori A, et al. 2014
Gregori A, et al. 2015
Gonzalez D, et al. 2014
Herry Y, et al. 2017
Jamaraz B & Nikou C. 2012
Jaramaz B, et al. 2013
Jaramaz B, et al. 2015
Jaramaz B, et al. 2018
Khare R, et al. 2018
Lonner JH, et al. 2015
Picard F, et al. 2014
Simons M & Riches P. 2014
Smith R, et al. 2015
Smith R, et al. 2014a
Smith R, et al. 2014b
Smith R, et al. 2013
Vega Parra P, et al. 2017
Wallace D, et al. 2014

Learning

curve

Alignment | Function | Survival

Fig. 2 Heatmap illustrating the reporting of outcomes for the included studies.

Green: yes, red: no.

Table 2. Evidence for learning curve

Author Year  Findings

Batailleretal'2 2019
Gregori et al'® 2014
Simons and 2014
Riches?”

Smith et al?® 2015
Wallace et al?? 2014

No learning curve for position/revision/function*
Learning curve reduced by 15 minutes after ten cases*
No learning curve for accuracy, and a significant
decrease in surgical time after five cases (37 minutes)
No learning curve for accuracy*

Eight procedures (range 5-11) to reach a steady state
surgical time*

Studies in italics signifies an abstract publication only
*Signifies a clinical study

type of implant was assessed or whether it was an all
polyethylene tibial component (Table 1).

Discussion

The key findings of this systematic review of image-free
hand-held robotic-assisted knee arthroplasty were: (1) cur-
rently there was limited evidence to support the use of such
robotic-assisted surgery, (2) the majority of the evidence
relates to UKA, (3) evidence for learning curve, functional
outcome and survival is weak, (4) the evidence for the clin-
ical accuracy of implant position is fair, (5) there is poor
reporting of implant type/design, and (6) there were no

data reporting patient expectations or cost-economic anal-
ysis and there were no randomized controlled trials.

A limitation of this systematic review was the inclusion
of the published abstract data from scientific presenta-
tions, which were not able to be assessed fully for the
quality of the data presented and they had to be assumed
to represent weak evidence. To have excluded this data
would have resulted in losing half of the included studies.
The abstract data were thought to represent supporting
evidence for the full-text published articles that were
included, as they were found to present weak to fair evi-
dence. In addition, no meta-analysis was undertaken in
this review. This would have been possible using the
reported RMS errors identified; however, all were of a sim-
ilar accuracy and would have likely not offered any addi-
tional new information. A meta-analysis of learning curve,
functional outcome and survival would not have been
possible due to the poor quality of evidence and hetero-
genicity of the reported data.

There is limited and poor evidence for the learning
curve for image-free hand-held robotic-assisted knee
arthroplasty and what exists is for UKA. The only published
full-text article states no learning curve for accuracy, revi-
sion or functional outcomes but is not clear about how
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Table 3. Evidence for implant accuracy

Author Year Findings

Batailler et al'2 2019 Fewer outliers (> 2 degrees) with robotic UKA compared to manual UKA: medial UKA 16% vs. 32% and lateral UKA 26% vs. 61%*

Casper et al'® 2018 RMS error (degrees): femoral flexion 2.0, varus/valgus 0.1, rotation 0.5, and for tibial slope 0.2 and varus/valgus 0.2

Gregori et al'® 2014 91% within 1 degree of planned mechanical axis*

Gregori et al'’ 2015 89% within 3 degrees of planned coronal mechanical axis*

Herry et al™® 2017 Less distal joint line with robotic UKA (1.4 mm vs. 4.6 mm)*

Jaramaz and Nikou?® 2012 Average distance from the planned implant position was 0.54 mm and the average angular difference was 1.08 degrees

Jaramaz et al?! 2013 Within 1.5 mm of target position (8 divots)

Jaramaz et al?? 2015 All implants were placed within a maximum RMS error of 0.87 mm from the target position

Jaramaz et al? 2018 RMS error: femoral varus/valgus 0.7 degrees, rotation 0.7 degrees and distal resection 0.86 mm and for the tibial slope 0.9
degrees, varus/valgus 0.7 degrees and resection depth 0.68 mm

Khare et al?* 2018 RMS error less with robotic UKA compared to manual UKA: femoral flexion 1.2 vs. 7.5 degrees, varus/valgus 2.8 vs. 6.3
degrees, and rotation 1.6 vs. 5.0 degrees, and for the tibia slope 2.4 vs. 4.0 degrees and varus/valgus 3.0 vs. 1.8 degrees

Lonner et al?% 2015 RMS error: femoral flexion 1.3 degrees, varus/valgus 2.3 degrees, rotation 1.6 degrees and for the tibial slope 2.0 degrees,
varus/valgus 2.4 degrees and rotation 1.9 degrees

Picard et al?® 2014 91% within 1 degree of planned mechanical axis*

Smith et al?® 2015 Tibiofemoral angle with 1, 2 and 3 degrees of planned 89%, 97% and 99% of the time*

Smith et al?® 2014 RMS error: femoral flexion 1.1 degrees, varus/valgus 1.5 degrees, rotation 1.3 degrees and for the tibial slope 0.7 degrees,
varus/valgus 1.2 degrees and rotation 1.3 degrees

Smith et al?° 2014 RMS error: femoral rotation 2.3 degree and translation 1.6 mm, and tibial rotation 2.6 degrees and translation 1.7 mm

Smith et al! 2013 RMS error: femoral rotation 2 degree and translation 1.1 mm, and tibial rotation 2.6 degrees and translation 2.0 mm

Note. UKA, unicompartmental knee arthroplasty; RMS, root square mean.
Studies in italics signifies an abstract publication only.
*Signifies a clinical study.

Table 4. Evidence for functional outcome. Studies in italics signifies an abstract publication only

Author Year Findings

Batailler et al'2 2019 No difference in the KSS (clinical and functional) at a mean of 20 months of manual (n = 80) versus robotic (n = 80) UKA

Canetti et al'* 2018 Significantly greater improvement in the clinical component of the KSS for robotic-assisted lateral UKA (n = 11) compared
to manual lateral UKA at a mean of three years follow up, but no difference in the functional component of the KSS

Gregori et al'® 2014 OKS 22 to 36 at six weeks (14-point improvement)

Gonzalez et al'® 2014 OKS 38 to 23 at six weeks (15-point improvement)

Picard et al?® 2014 OKS 38 to 24 at six weeks (14-point improvement)

Vega Parra et al3? 2017 Significant improvement in all six components of the KOOS 12-months post medial UKA (n = 47)

Note. KSS, Knee Society Score (Insall CORR 248, 1989, 13-14); UKA, unicompartmental knee arthroplasty; OKS, Oxford Knee Score; KOOS, Knee Osteoarthritis

Outcome Score.

these were assessed.’? From an accuracy perspective this is
in keeping with the image-based systems, where no learn-
ing curve is observed for UKA or TKA.3536 The reported
learning curve for operative time from the identified pub-
lished abstracts is also similar to that reported for the
image-based Mako system of between five to 10 cases.3>:36
There is a need for improved evidence for the learning
curve for UKA and especially for TKA as there is currently
none with defined methods.

Most of the studies included in this review (16 of 22)
focused on implant positioning, which may be expected
given that the potential benefit of robotic-assisted knee
arthroplasty is more accurate implant placement. The
current review found a body of evidence that supported
robotic-assisted over manual UKA with a reduced rate of
outliers (> 2 degrees from planned) and more accurate
restoration of the joint line when compared to manual
UKA, and achievement of a planned mechanical axis to
within 1 to 3 degrees 89% to 99% of the time. These
results are supported by the non-clinical studies report-
ing a low RMS error. These reported RMS error rates for
image-free are similar to those described for image-based
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systems, suggesting similar accuracy but without the
need for a preoperative CT scan.’37:38 There was no clini-
cal paper identified that assessed the accuracy of robotic-
assisted TKA for either alignment compared to a planned
or in comparison to a matched manual TKA cohort.
There were two retrospective case-control studies ident-
ified that compared the functional outcome of robotic
versus manual UKA; however, the results were conflicting.
Batailler et al'2 found no significant difference in func-
tional outcome between robotic-assisted and manual UKA,
but they included both medial and lateral UKA in each
group. Canetti et al'* only assessed lateral UKA and dem-
onstrated a statistical and greater clinically significant
improvement in the clinical component of the KSS in
those undergoing robotic-assisted compared to those
undergoing manual surgery. Neither of these studies
were powered to the KSS and their findings may represent
type Il and type | errors, respectively. Functional outcome
studies for robotic-arm-assisted image-based systems
have been shown to offer decreased postoperative pain
and increased range of motion with associated shorter
length of hospital stay (LOS), when compared to manual
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UKA and TKA.#> However, there is no significant differ-
ence in overall patient-reported outcome measures
(PROMs) with robotic-arm-assisted image-based systems
when compared to manual medial UKA.3° There were no
studies identified in this review that assessed the func-
tional outcome of TKA, nor was there any study powered
to a PROM as the primary aim. There were also no studies
assessing LOS, patient expectations, return to sports or
generic health.

The identified evidence for implant survival was weak.
Batailler et al'? reported survival as a simple percentage at
a mean of 20 months, not accounting for differences in
follow up that would be expected of standard survivor-
ship analysis. Battenberg et al'> demonstrated a 99%
two-year survival rate for their cohort of 128 robotically
assisted UKA, but did not state what type of implant was
assessed or whether it was an all polyethylene tibial com-
ponent (Table 1). The type of implant is crucial when
assessing survival as the all polyethylene tibial compo-
nent has been associated with a higher failure rate;*4° so
despite robotic-assisted knee surgery potentially offering
improved implant position it may fail due to design flaws.
There were no survival studies for image-free robotically
assisted TKA and what data exist for UKA are limited to
two-years follow up.

Conclusion

There is weak to fair evidence for: learning curve, implant
positioning, functional outcome or implant survival, of
which the majority is for UKA. There is evidence to support
more accurate implant positioning for UKA, but whether
this is related to superior functional outcomes orimproved
implant survivorship was not clear and further studies are
required.
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