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The learning curve of imageless robot-assisted total knee arthroplasty
with standardised laxity testing requires the completion of nine cases,
but does not reach time neutrality compared to conventional surgery
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Abstract

Purpose The assistance of robot technology is introduced into the operating theatre to improve the precision of a total knee
arthroplasty. However, as with all new technology, new technology requires a learning curve to reach adequate proficiency.
The primary aim of this study was to identify the learning curve of an imageless robotic system with standardised laxity
testing. The secondary aim of this study was to evaluate the accuracy of the intra-operative coronal alignment during the
learning curve.

Methods A prospective study was performed on 30 patients undergoing robot-assisted total knee arthroplasty with an image-
less robotic system (Corin, Massachusetts, USA) associated with a dedicated standardised laxity testing device. The learning
curve of all surgical steps was assessed with intra-operative video monitoring. As comparison, the total surgical time of the
last 30 patients receiving conventional total knee arthroplasty by the same surgeon and with the same implant was retro-
spectively assessed. Coronal lower limb alignment was evaluated pre- and post-operatively on standing full-leg radiographs.
Results CUSUM (cumulative summation) analysis has shown inflexion points in multiple steps associated with robot-assisted
surgery between one and 16 cases, which indicates the progression from the learning phase to the proficiency phase. The
inflexion point for total operative time occurred after nine cases. Robot-assisted total knee surgery required significantly
longer operative times than the conventional counterpart, with an average increase of 22 min. Post-operative limb and implant
alignment was not influenced by a learning curve.

Conclusion The introduction of an imageless robotic system with standardised laxity assessment for total knee arthroplasty
results in a learning curve of nine cases based on operative time. Compared to conventional surgery, the surgeon is not able
to reach time neutrality with the robotic platform. There is no learning curve associated with coronal limb or implant align-
ment. This study enables orthopaedic surgeons to understand the implementation of this surgical system and its specific
workflow into clinical practice.
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Introduction

During the last decades, several surgical innovations have seen
daylight in total knee arthroplasty. For example, surgical navi-
gation has been introduced in the nineties to aid the surgeon to
result in a more precise surgery compared to the conventional
technique [1]. While the early results were promising, computer-
assisted total knee arthroplasty failed to gain traction due to
the absence of clear superior clinical results [2, 3]. Similarly,
patient-specific instruments did not deliver a breakthrough to
improved patient outcomes [4]. Currently, robotic systems have
been introduced into the surgical workflow to improve the pro-
cedure precision even further [5]. Whether this technology can
improve long-term clinical outcomes is yet to be defined.

In the advent of these new robotic platforms, the assess-
ment of its learning curve is important, as it gives an idea
on how an individual surgeon or hospital should prepare
the workflow in the operating theatre for the cases fol-
lowing the introduction of new technology [6]. Initially,
there is an expected increase of operative time during the
learning phase, followed by a steady decrease during the
proficiency phase of the surgeon [5, 7]. The length of the
learning curve seems likely to be subject to the individual
surgeon and robotic system. Although, to date, there is
not enough information available to make assumptions on
individual personal characteristics influencing one’s indi-
vidual learning curve [8, 9].

Currently, several orthopaedic companies have released their
own robotic device which can be used during total knee arthro-
plasty [7-11]. Each system is associated with unique charac-
teristics related to their soft- and hardware, with both benefits
and flaws. As such, the different aspects of the robotic systems
should be analysed individually. For instance, the learning curve
on other imageless systems has only been assessed in few stud-
ies, demonstrating a learning curve of six to 11 cases [10-13].
Currently, the knowledge on the learning curve associated with
the OMNIBot platform (Corin, Massachusetts, USA) is lacking.

The aim of this study is therefore to assess the learning curve
of robot-assisted total knee arthroplasty with an imageless
robotic device capable of standardised laxity testing. A second-
ary aim of this study is to evaluate the accuracy of the coronal
limb and implant alignment during the learning curve with the
proposed robotic platform.

Material and methods

As part of a prospective study, 30 patients receiving
a gap-balancing robot-assisted total knee arthroplasty
were included in this study. All of these patients received
the surgery by an arthroplasty surgeon with extensive
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experience with both image-based and imageless naviga-
tion. Prior to the start of the surgery, the surgeon received
two hours of training on the specific robotic system. Insti-
tutional Review Board approval was obtained prior to the
start of the study (B670201837736).

According to the inclusion criteria, all patients with
end-stage primary osteoarthritis were included in this
study. Exclusion criteria were post-traumatic arthritis,
inflammatory arthritis, neurologic disorder limiting knee
mobility, history of femur or tibia fracture and history of
ligamentous knee injury.

Surgery

The Unity Posterior Stabilized implant (Corin, Massachu-
setts, USA) was used in this study. During the procedure,
the exposition of the knee joint was obtained with a stand-
ard medial parapatellar approach. The imageless robotic
system used in this study (OMNIBotics, Corin, Massachu-
setts, USA) requires a tibial-first technique. A Cartesian
coordinate system was constructed after rigidly attaching
tracking arrays, followed by registration of anatomical
landmarks on femur and tibia. Native tibiofemoral kinemat-
ics and laxity were collected during full range of motion.
A tibial cutting block was positioned while its position is
monitored with navigation. A dedicated robotic tensioning
device was inserted into the tibiofemoral space to distract
the femur and tibia under a known force during full range
of motion. Based on these gaps, the position of the femoral
component was planned to obtain adequate tension on the
soft tissue envelope. A femoral cutting guide was attached
to the femur to perform all femoral cuts. After removal of
the menisci and preparation of the femoral box, the trial
components were inserted. The predicted gaps were vali-
dated by assessing the ligament tension with the dedicated
robotic tensioning device once more. Once the tibial keel
was prepared, all trial components were inserted to assess
range of motion and joint stability. Finally, all implants
were cemented, and the incision was closed.

Outcomes assessed

Operative times were assessed based on intra-operative
videos of the surgeon and the surgical field. The operative
time of the following steps was defined:

— Attachment of the tibial array*

— Exposure: skin incision until transition to the next phase
— Attachment of the femoral array*

— Registration*
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— Native kinematic assessment based on navigation*

— Tibial guide positioning and tibial resection*

— [Initial gap evaluation*

— Femoral component planning*

— Femoral cutting guide position and femoral resection*®

— Gap validation*

— Trial components — kinematic and laxity assessment

— Cementing

— Closure

— Total surgical time: from attachment of the tibial array to
closure of the wound*

The learning curve of all steps involving the robot was
visualised with an asterisk. As comparison, the total surgical
time, which is from skin incision to surgical closure of the
wound, of the last 30 patients receiving conventional total
knee arthroplasty by the same surgeon and with the same
implant was retrospectively assessed.

Coronal lower limb alignment was evaluated pre- and
post-operatively on standing full leg radiographs. The hip-
knee-ankle axis (HKA) was defined as the angle between
the mechanical axis of the femur and the mechanical axis of
the tibia. Femoral coronal alignment was measured as the
mechanical lateral distal femoral angle (mLDFA), which is
the angle between the mechanical axis of the femur and the
line connecting the most distal points on the medial and lat-
eral femoral condyle. Tibial coronal alignment was defined
as the mechanical medial proximal tibial angle (mMPTA),
which is the angle between the mechanical axis of the tibia
and the line connecting the medial to the lateral base of the
tibial plateau.

Intra-operatively, the HKA, mLDFA and mMPTA were
assessed based on the coordinate system of the imageless
system.

Statistical analysis

Categorical data analysis was performed with chi square
test. Homogeneity of variances was evaluated with Lev-
ene’s test. Normal distribution of continuous variables was
tested with Shapiro Wilk test and visually verified with
boxplots. Parametric data was analysed using independent
t-test in case of unpaired variables and one-way ANOVA
in case of multiple variables. Statistical significance was
set at 0.05.

The learning curve of the specific steps and the total
surgical time used during robot-assisted TKA were
assessed with cumulative summation analysis (CUSUM).
A cumulative sum is a running total of the sum of the
deviations of all individual sample results from a prespeci-
fied target. In case there is a clear inflexion point in the
visualised trend, it was defined as the transition from a

Table 1 Pre-operative demographics of the robot-assisted and con-
ventional total knee arthroplasty cohorts (mean + standard deviation)

Conventional Robot-assisted p-value
Age (years) 68.5+9.4 63.4+11.8 0.15
Gender (M/F (%)) 27173 23/77 0.76
Side (R/L) (%) 47/53 43/56 0.58
BMI (kg/m?) 28.5+5.8 28.7+£5.2 0.95
HKA (°) 32447 23+54 0.65

Table 2 The operative time (minutes) of the robotic-associated steps
in the first and last 10 cases performed during robot-assisted total
knee arthroplasty

First 10 cases  Last 10 cases

Operative time (min) Average Std Average Std p-value
Tibial array 39 39 2.2 04 0.18
Femoral array 34 1.5 2.8 1.4 0.40
Registration 7.2 2.5 6.1 2.3 0.30
Kinematic assessment 2.0 0.7 1.9 0.7 0.78
Tibial block + resection 8.2 3.2 8.7 2.6 0.72
Planning femur 3.5 1.1 34 0.7 0.81
Femur guide +resection  16.4 37 12,6 2.8 0.02
Gap validation 14.6 42 154 5.7 0.72

Total surgical time 115.0 14.8 101.1 10.8 0.03

learning phase to a proficiency phase. The target used in
this study was the average time of all robot-assisted pro-
cedures. MATLAB 2016a (MathWorks, Massachusetts,
USA) was used to perform the statistical analysis.

Results

Pre-operatively, there was no difference between the robot-
assisted and conventional total knee arthroplasty cohorts
based on age, body mass index, side, gender and HKA
(Table 1).

Learning curve

The steps which are different to the robot-assisted total
knee surgery have shown mostly no significant differences
between the first and last ten cases performed in this series.
Both the positioning of the femoral resection guide com-
bined with the femoral resections and the total surgical time
have shown significantly lower operative times in the last ten
compared to the first 10 cases (p <0.05). The total operative
time was 106.4 min (SD 13.8) for the last 10 cases in the
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Fig. 1 Visualisation of CUSUM
analysis in all robot-associated
steps of robot-assisted total knee
arthroplasty with a vertical line
at clear inflexion points
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Table 3 Inflexion points on the CUSUM analysis plots of all robot-
associated surgical steps in robot-assisted total knee arthroplasty

Surgical step CUSUM inflexion point
Tibial array 1 case

Femoral array 4 cases

Registration 7 cases

Kinematic assessment No inflexion point

Tibial guide and resection 3 cases
Gap assessment 3 cases
Planning femoral component No inflexion point
Femoral guide and resection 16 cases
Plan validation No inflexion point

Total surgical time 9 cases

robot-assisted cohort, compared to 84.8 min (SD 15.8) in the
conventional TKA cohort (»p=0.001) (Table 2).

CUSUM analysis has shown inflexion points in multiple
steps associated with robot-assisted surgery between 1 and
16 cases (Fig. 1; Table 3). Both native kinematic assessment
and planning of the femoral component position and its vali-
dation did not result in clear inflexion points.

Alignment

During the learning curve, CUSUM analysis did not lead
to clear inflexion points based on HKA, femoral or tibial
coronal implant alignment. The mean deviation of the post-
operative alignment compared to the intra-operative planned
alignment was 0.0° (SD 2.5) for HKA, 0.5° of valgus (SD
1.7) for the femoral component and 0.3° of varus (SD 1.3)
for the tibial component.

Discussion

This is the first study describing the learning curve of this
imageless robotic system with a standardised laxity assess-
ment for total knee arthroplasty. The presented results
deliver evidence on a short learning curve when introducing
robot-assistance for total knee arthroplasty, encompassing
nine cases based on total operative time. One of the strengths
in this prospective study is the fact that all time stamps were
based on intra-operative videos. As such, any bias on the
acquisition of the different time points could be limited,
which would not be the case when it would have been a
retrospective assessment of a surgeon’s learning curve based
on the patient intra-operative files.

Several orthopaedic companies have introduced their
own robotic system to aid the surgeon in performing a
total knee arthroplasty [7, 8, 10—16]. However, there are
significant differences in the intra-operative steps between

all available robotic platforms. More specifically, the pre-
sented imageless robot requires a tibial-first technique, pos-
sibly altering the routine sequence of a surgeon’s surgical
steps. The dedicated robotic tool to perform a standardised
laxity assessment introduces new intra-operative steps and
intra-operative data compared to conventional total knee
surgery [17]. Nonetheless, based on the total operative
time, relatively few cases were necessary to transition from
the learning phase to the proficiency phase in this study.
These findings are comparable to other robot-assisted total
knee arthroplasty platforms. First, in a study by Mahure
et al., the introduction of the active image-based robot
T-Solution One (ThinkSurgical, Fremont, CA, USA) has
shown a learning curve of 12—19 cases based on CUSUM
analysis [8]. Second, the imageless ROSA (Zimmer-
Biomet, Warsaw, Indiana, USA) has presented the need to
complete 6-11 cases in order to reach the inflexion point
towards the proficiency phase in a study by Vanlommel
and colleagues [11]. Third, Savov et al. have demonstrated
a learning curve of 11 cases based on total surgical time
with the imageless NAVIO (Smith&Nephew, Watford, UK)
robot [12]. Most data is available on the MAKO (Stryker,
Kalamazoo, Michigan, USA) platform, with evidence of a
learning curve of seven to 41 cases required to transition
from the learning phase to a more proficient phase in robot-
assisted total knee arthroplasty [7, 9, 13, 15]. There is no
clinical data available yet on the VELYS system (DePuy
Synthes, Raynham, Massachusetts, USA). Regarding the
imageless system presented in this study, there has been
one published conference abstract by Keggi and Plaskos,
describing a learning curve of seven cases [18]. Their
results are in accordance with the presented results in this
study.

Even though there is a short learning curve with the
presented robotic system, the total surgical time of robot-
assisted total knee arthroplasty after 30 cases was longer
than a conventional cohort by the same surgeon, with
an average increase of 26%. With the presented system,
the positioning of the femoral resection guide and its
associated resections was subject to the longest learning
curve. While the total operative time is important for
an individual surgeon to maximize operative efficiency,
several studies have been able to demonstrate the pos-
sibility to achieve time neutrality with a robotic-assisted
total knee arthroplasty [9, 13, 14]. However, Savov et al.
and Vermue et al. have shown longer operative times in
robot-assisted total knee arthroplasty after completing
the learning curve compared to the conventional proce-
dure [9, 12].

There was no learning curve associated with achieving
the planned coronal implant positions in this study. The
average difference between the intra-operative planned
position and the post-operative alignment was less than
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one degree. Although the larger standard deviation for
HKA compared to the coronal alignment of the femo-
ral and tibial component should be considered. The fact
that there is no learning curve associated with coronal
implant position can assure future surgeons in achiev-
ing the desired implant position from the first case and
onwards. These results are in line with published findings
by Mahure et al. on the T-Solution One, by Savov et al.
on the NAVIO, by Vanlommel et al. on the ROSA and by
Kayani et al., Thiengwittayaporn et al. and Vermue et al.
on the MAKO platform [7-9, 11-13].

The limitation is this study is threefold. First, the sur-
geon in this study is an experienced knee arthroplasty
surgeon. Therefore, the findings presented in this study
cannot be generalised to less experienced surgeons. Sec-
ond, the surgeon assessed in this study has experience with
multiple surgical navigation platforms and robotic sys-
tems. As such, the learning curve could be underestimated
compared to surgeons with less experience with computer-
and robot-assistance during total knee arthroplasty. Third,
due to the COVID-19 pandemic, several scheduled surger-
ies had to be postponed. As a result, the surgeries were
performed in a longer time frame than initially expected,
possibly skewing the amount of cases necessary to com-
plete the learning curve towards higher numbers.

Conclusion

The introduction of an imageless robotic system with
standardised laxity assessment for total knee arthroplasty
results in a learning curve of nine cases based on opera-
tive time. Compared to conventional surgery, the surgeon
is not able to reach time neutrality with the robotic plat-
form. There is no learning curve associated with coronal
limb or implant alignment. This study enables orthopae-
dic surgeons to understand the implementation of this
surgical system and its specific workflow into clinical
practice.
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