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Abstract

Introduction Computer-assisted navigation systems (CAS) are increasingly being integrated into total knee arthroplasty
(TKA) procedures, but perceptions of associated learning curve and increased operative time continue to curtail uptake.
Newer-generation navigational systems aim to streamline integration into surgical workflow to mitigate increases in opera-
tive time. Here, we assess the impact of a novel imageless CAS on operative time for TKA.

Methods A retrospective analysis of prospectively collected data of a cohort of patients undergoing primary unilateral TKA
with one of three surgeons between October 2019 and March 2020 was conducted. Consecutive cases using a novel imageless
CAS were included in analysis. For each surgeon, average operative time was recorded and compared in sequential five-case
cohorts to average operative time for the same procedure performed conventionally using a two-tailed ¢ test.

Results Average conventional operative times were 95.9 +15.0, 86.6+13.7, and 116.9 +25.1 min for the three surgeons.
Initial CAS-assisted operative times increased to 107.0+9.8 (p=0.07) and 102.4 +13.2 (p =0.06) min for Surgeons 1 and
2 and decreased to 113.2+9.8 min (p=0.52) for Surgeon 3. Most recent CAS-assisted operative times were 94.8 +13.9
(p=0.88),88.7+15.3 (p=0.84), and 104.8 +13.2 (p=0.12) min as compared to pre-CAS. Absolute differences for the most
recent navigated procedures ranged from 12.1 min faster to 2.0 min slower.

Conclusion The learning curve for TKA navigation may be as few as 10 cases, and any associated increases in operative
time may be transient and non-significant. Moreover, navigation may ultimately speed operative time, perhaps as the result
of enhanced intraoperative assessment of alignment.

Keywords Computer-assisted navigation - Patient reported outcomes - Navigated TKA

Introduction

Total knee arthroplasty (TKA) is an effective surgical inter-
vention for end stage knee joint osteoarthritis, as well as one
of the most common surgical procedures performed in the
United States [1-3]. This number is expected to increase
exponentially in the coming decades, with demand projected
to rise by 673% to 3.48 million procedures per year in 2030
[4]. Since the first use of computer-assisted navigation sys-
tems (CAS) in TKA in 1997, utilization of computer navi-
gation has slowly gained traction, with 7.0% of U.S. TKA
procedures utilizing computer navigation in 2014 [5, 6]. The
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original aim of CAS was to improve component alignment
during TKA, as proper alignment has been demonstrated to
correlate with improved stability and clinical scores as well
as lower rates of loosening [7, 8]. Conversely, malalignment
has been associated with increased post-operative pain and
risk of implant wear and loosening, contributing to risk of
revision surgery and patient dissatisfaction [9—-12]. Prior
studies have demonstrated the ability of CAS to achieve
operative alignment goals more consistently than conven-
tional TKA [6, 13-16].

Despite the advantages of CAS on implant alignment in
TKA, uptake remains curtailed by a handful of perceived
concerns. One is the potential for increased operative time,
which has been detailed in prior studies [16-20]. Increased
operative time may result in increased operating costs,
especially when taken alongside installation, training, and
maintenance costs associated with surgical technology.
In addition, it may put patients at risk for higher rates of
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complications [21]. However, it is also well-established that
new surgical techniques or technology are broadly associated
with a learning curve which may manifest as increased oper-
ative time [22-26]. More research is needed on whether any
operative time increases are inherent to a particular surgical
technology or if they are transient increases associated with
an expected learning curve, as well as whether any persistent
operative time increases are of clinical significance.

Though prior studies have examined the learning curve
associated with robotic technology for total knee and hip
arthroplasty, to our knowledge no recent study has been
performed regarding the learning curve for CAS-assisted
TKA using longitudinal, surgeon-specific, prospectively
collected cohort data. In this study, we aim to assess the
learning curve and impact on operative time associated by
contrasting operative times of three joint reconstructive sur-
geons for non-navigated vs. navigated TKA with a novel
imageless CAS.

Methods
Data collection

This was a retrospective study of prospectively collected
data including patients 18 years and older undergoing TKA
between October 2019 and March 2020 at a single urban
orthopedic specialty hospital by one of three senior fellow-
ship-trained and board-certified surgeons with more than
10 years of experience. The imageless navigation system
used in this study (Intellijoint KNEE™; Intellijoint Surgi-
cal Inc., ON, Canada) was introduced at the study center
in October 2019; as such, the included cases were the first
CAS-assisted procedures performed by the three surgeons.
The study period was ended in March 2020 to avoid con-
founding of primary outcomes by COVID-19 protocols.
Patients who underwent bilateral TKA, revision TKA,
or non-elective TKA for trauma, tumor, or other reasons
were excluded. All patients went through a mandatory pre-
admission clearance, underwent a TKA education program,
and were stratified to appropriate discharge disposition. All
patients included in this study participated in our institu-
tional comprehensive total joint pathway program, which
encompasses uniform standardized protocols for all aspects
of perioperative care. A standard institutional postoperative
rehabilitation protocol is followed for all patients at our insti-
tution. All data were extracted from our institution’s elec-
tronic data warehouse (Epic Caboodle, Version 15, Verona,
WI) using Microsoft SQL Server Management Studio 2017
(Redmond, WA).

All procedures were performed via the medial parapa-
tellar approach and used the same imageless CAS. Given
this navigation device accommodates either a femur- or
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tibia-first workflow, the TKA procedures included in this
study represent both workflows. The device is composed
of a camera, optical trackers, and a computer workstation
that sits outside of the sterile field and is controlled by the
surgeon via buttons on the camera. The workflow for tibial
cuts is as follows: after the primary incision and exposure
of the femur and tibia, a bone screw is drilled into the tibia
and the optical bone tracker is attached. The bone screw
may be inserted either on the articular or extra-articular
surface of the proximal tibia; however, for cut-verifica-
tion, extra-articular placement of the screw is required.
The tibia is registered using the optical probe tracker by
defining the medial and lateral malleoli, the tibial centre,
the anteroposterior (AP) axis, and the medial and lateral
tibial plateaus. The optical probe tracker is then attached
to the cutting guide, providing real-time feedback of the
prospective cut measurements. Cutting guide position can
be adjusted to the desired orientation and then secured
in place. Post-resection, the tracker is placed on the cut
surface and the bone cut is measured by the navigation
device (Fig. 1).

The workflow for femoral cuts is similar to that for tibial
cuts: a bone screw is drilled into the femur and the optical
bone tracker is attached. Again, while the bone screw can be
inserted either on the articular or extra-articular surfaces of
the distal femur, cut verification requires extra-articular posi-
tioning of the screw. The femur is registered by rotating the
hip joint through a range of motion to capture the hip centre
of rotation. The optical probe tracker is used to define the
femur centre, Anterior—posterior femoral line, and the lateral
and medial femoral condyles. As with the tibia, the optical
probe tracker is attached to the cutting guide, providing real-
time feedback to help position the cutting guide, which is
secured with pins once the desired orientation is achieved.
Post-resection, the tracker is placed on the cut surface and
the bone cut is measured by the navigation device (Fig. 1).

During the period from introduction of the CAS to March
2020, 75 total and 64 navigated cases were performed by
surgeon 1, 36 total and 33 navigated cases were performed
by surgeon 2, and 52 total and 30 navigated cases were per-
formed by surgeon 3. There were no selection criteria for
use of navigation by the surgeons only the limited access to
the technology in the early period of its use. For each of the
surgeons, each navigated case was chronologically grouped
into cohorts of 5 cases per cohort. This yielded 13 cohorts
for surgeon 1, 7 cohorts for surgeon 2, and 6 cohorts for
surgeon 3. These cohorts were created to serve as multiple
time intervals at which patients could be compared [26].
Consecutive non-navigated cases performed by each surgeon
immediately prior to the introduction of CAS served as a
control group of size equal to the number of cases included
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Fig. 1 Imageless computer navigation device. A With optical probe
tracker slotted into the femoral cutting guide (w) changes in guide
position are detected by the camera (not pictured) and the impact on
planned cut parameters are displayed on the workstation (x), in real
time. Insert shows that with extra-articular installation of the bone
screw (y) the probe tracker can be placed on femur post-resection
(z) and bone cut parameters are displayed on the workstation, in

in the study group for each surgeon. For both the study and
the control group, operative time was calculated as the time
the incision was made to the time the incision was closed,
reported in minutes.

real time. B With optical probe tracker slotted into the tibial cutting
guide (w) changes in guide position are detected by the camera (not
pictured) and the impact on planned cut parameters are displayed on
the workstation (x), in real time. Insert shows that with extra-articular
installation of the bone screw (y) the probe tracker can be placed on
tibia post-resection (z) and bone cut parameters are displayed on the
workstation, in real time

Statistical analysis

For each surgeon, the mean operative time for each cohort
was calculated and charted temporally. The first cohort and
last cohort of navigated cases were compared with each other
and with the control group of non-navigated procedures
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using two-sided ¢ tests. All descriptive data are represented
as means =+ standard deviation. All statistical analyses were
performed using Microsoft Excel for Mac (Version 16.50,
Microsoft, Redmond, WA). A p value of less than 0.05 was
considered to be statistically significant.

Results

Within the time period of interest, there were 64, 33, and
30 cases meeting inclusion criteria performed by each of
the three surgeons included in the study. Average opera-
tive time for non-navigated primary unilateral TKA was
95.9+15.0 min, 86.6+ 13.7 min, and 116.9 +25.1 min.

Surgeon 1

Results from surgeon 1 yielded a mean operative time of
100.1 £11.0 (range 95.6—104.7) minutes across all of the
thirteen sequential navigated cohorts. For the first cohort of
procedures using the novel imageless CAS, average opera-
tive times were 107.0+9.8 min. (p=0.07) as compared to
95.9 + 15.0 min. for non-navigated (Table 1). Average opera-
tive time for the most recent cohort of procedures performed
with the CAS was 94.8 +13.9 min. (p=0.88) as compared
t0 95.9 + 15.0 min. for non-navigated (Table 2). Between the
first and the most recent CAS-assisted cases, average opera-
tive time was not significantly different (»p =0.20) (Table 3).
Absolute average difference in operative time from the non-
navigated control procedures to the most recent procedure
cohort was 1.2 min faster with navigation. Operative times
over the course of the study period are represented in Fig. 2.

Surgeon 2

Results from surgeon 2 yielded a mean operative time of
97.8+16.7 (range 85.2—-111.0) minutes across all of the seven
sequential navigated cohorts. For the first cohort of procedures
using the novel imageless CAS, average operative times were
102.4+13.2 min. (p=0.06) as compared to 86.6 + 13.7 min.
for non-navigated (Table 1). Average operative time for the
most recent cohort of procedures performed with the CAS was
88.7+15.3 min. (p=0.84) as compared to 86.6+ 13.7 min.
for non-navigated (Table 2). Between the first and the most
recent CAS-assisted cases, average operative time was not

Table 1 First CAS-assisted TKA vs. non-navigated TKA

Table 2 Most recent CAS-assisted TKA vs. non-navigated TKA

Control Most recent p value
Surgeon 1 95.9+15.0 min 94.8+13.9 min 0.88
Surgeon 2 86.6+13.7 min 88.7+15.3 min 0.84
Surgeon 3 116.9+25.1 min 104.8 +13.2 min 0.12

significantly different (p =0.27) (Table 3). Absolute average
difference in operative time from the non-navigated control
procedures to the most recent procedure cohort was 2.0 min
slower with navigation. Operative times over the course of the
study period are represented in Fig. 2.

Surgeon 3

Results from surgeon 3 yielded a mean operative time of
111.0+10.8 (range 104.8—13.2) minutes across all of the six
sequential navigated cohorts. For the first cohort of procedures
using the novel imageless CAS, average operative times were
113.249.8 min. (p=0.52) as compared to 116.9+25.1 min.
for non-navigated (Table 1). Average operative time for the
most recent cohort of procedures performed with the CAS was
104.8 +13.2 min. (p=0.12) as compared to 116.9 +25.1 min
for non-navigated (Table 2). Between the first and the most
recent CAS-assisted cases, average operative time was not
significantly different (p =0.29) (Table 3). Absolute average
difference in operative time from the non-navigated control
procedures to the most recent procedure cohort was 12.1 min
faster with navigation. Operative times over the course of the
study period are represented in Fig. 2.

Combined cases

When the first two navigated cohorts, the last two navigated
cohorts, and the non-navigated control cohorts from sur-
geons 1, 2, and 3 were combined to create three cohorts,
a trend similar to those of the single-surgeon analyses was
observed. The mean operative time for the earliest navigated
cases was 104.1 + 10.4 min., while the mean operative time
for the most recent navigated cases was 102.0+ 14.7 min.,
showing a decrease in operative time that did not reach the
level of significance (p=0.53) (Table 4). The mean opera-
tive time for the control cohort was 99.8 +17.9 min., which

Table 3 First CAS-assisted TKA vs. most recent CAS-assisted TKA

Control First cohort p value Cases 1-5 Most recent p value
Surgeon 1 95.9+15.0 min 107.04+9.8 min 0.07 Surgeon 1 107.0+9.8 min 94.8 +13.9 min 0.20
Surgeon 2 86.6+13.7 min 102.4+13.2 min 0.06 Surgeon 2 102.4+13.2 min 88.7+15.3 min 0.27
Surgeon 3 116.9+25.1 min 113.2+9.8 min 0.52 Surgeon 3 113.2+9.8 min 104.8 +13.2 min 0.29
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Operative Time for Navigated TKA
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Fig.2 Sequential Operative Times for TKA Procedures Using a Novel Imageless CAS

Table 4 Initial CAS-assisted TKA vs. most recent CAS-assisted TKA
for combined cohorts

Initial navigated combined Most recent navigated com-  p value
cohort bined cohort
104.1 +£10.4 min 102.0+ 14.7 min 0.53

was slightly faster than the initial navigated cohort (p=0.20)
and the most recent navigated cohort (p =0.55) (Table 5).

Discussion

Computer navigation has proven to improve implant align-
ment and component positioning when used as part of TKA.
However, greater understanding of the impact on operative
time and associated learning curve of CAS is needed, espe-
cially regarding novel systems which have not previously
been assessed. The aim of the present study was to analyze
trends in operative time for TKA performed with a novel
imageless CAS as compared to non-navigated TKA on a

surgeon-specific basis. Our findings highlight the experi-
ences of three surgeons with the introduction of imageless
CAS into the surgical workflow and indicate that the associ-
ated learning curve may not be as pronounced as has been
previously hypothesized.

Previous studies assessing operative time of navigated vs.
conventional TKA have produced mixed results, with some
reporting no difference in operative times [27, 28] and others
reporting increased operative times for navigated TKA [17];
as a result, there is widespread perception that such technol-
ogies may lengthen operative time and are associated with a
learning curve. Previous studies have defined learning curve
as increased operative time immediately after introduction
of the CAS followed by progressively decreasing operative
times as surgeons acclimate to using the technology [27, 28].
Over the present study period, average operative time for the
first cohort of cases using CAS increased non-significantly
for two of three surgeons and decreased for the third. For the
two surgeons with initial operative time increases, operative
time decreased back toward baseline within the first 10 pro-
cedures, which aligns with learning curve trends reported in
prior studies [23, 29]. Overall, operative times for navigated

Table 5 Combined non-
navigated TKA vs. initial CAS-
assisted TKA and most recent

CAS-assisted TKA

Control combined Initial navigated com- p value Most recent navigated p value
cohort bined cohort combined cohort
99.8+17.9 min 104.1 +10.4 min 0.20 102.0 + 14.7 min 0.55
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procedures decreased modestly over the course of the study,
with average operative time actually falling below conven-
tional baseline in some cases by the end of the study period.

Our results suggest that the learning curve associated
with introduction of a novel imageless CAS may not be as
steep as is commonly perceived, and that operative time
increases during and after the acclimation period may, in
practice, have minimal effect on practice economics or
operative efficiency, as all differences were non-signifi-
cant. Recent studies support these findings. Saiki et al.
report that the learning curves between a different image-
less CAS and an acceleration-based navigation system
for TKA converged within five cases after introduction of
these systems into surgical workflow, with ultimate aver-
age surgical times of 87.8 min and 87.4 min, respectively
[30]. Meyer et al. report that mean surgery duration for
navigated TKA was 6 min longer than for conventional
TKA [31]. These minimal increases may be enabled by
standardization of navigation integration into surgical
workflow, as well as ease-of-use characteristics inherent
to a specific navigation system [31].

In addition, once the learning curve has been com-
pleted, the advantages posed by intraoperative navigation
may decrease operative time as compared to conventional
procedures. This is significant, because increased opera-
tive time has been cited as one of the main disadvantages
associated with CAS [14]. These results are in line with
a recent large database study by Sekimura et al., which
reported initial increases in surgical time after introduc-
tion of TKA that declined over time based on aggregated
data of TKA procedures utilizing a variety of CAS tech-
nologies [32]. However, to our knowledge this is the first
study evaluating trends in learning curve and operative
time for individual surgeons utilizing a single novel CAS,
an approach previously used to assess the learning curve
associated with robotic TKA technology [26].

The present study is not without limitations. Lengthen-
ing the study period may have allowed for further elucida-
tion of trends in surgeon-specific learning curve; however,
doing so would introduce cases conducted after the onset
of the COVID-19 pandemic, for which operative time may
be impacted by institutional protocols associated with pan-
demic control. In addition, patients were not randomized,
but the sequential approach to recruitment enabled assess-
ment of temporal trends in operative time. Finally, only
three surgeons’ experiences were captured as part of this
study. Future studies should assess additional surgeon
experiences to provide a more comprehensive understand-
ing of the learning curve associated with navigated TKA.

In conclusion, the results of this study suggest that
learning curve associated with a novel imageless CAS
may be less steep than is commonly perceived, and any
actual increases in operative time may be minimal when
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interpreted in a clinical context. This suggests that a novel
imageless CAS may represent an easily integrated tool
for improving alignment outcomes associated with TKA.
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