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Background: Total knee arthroplasty (TKA) is a commonly performed procedure that has traditionally
utilized reproducible steps using a set of mechanical instruments. The number of TKAs performed using
robotic assistance is increasing, and augmented reality (AR) navigation systems are being developed.
Hierarchical task analysis (HTA) aims to describe the steps of a specific task in detail to reduce errors and
ensure reproducibility. The objective of this study was to develop and validate HTAs for conventional,
robotic-assisted, and AR-navigated TKA.
Methods: The development of HTAs for conventional TKA involved an iterative review process that
incorporated the input of 4 experienced arthroplasty surgeons. The HTAs were then adapted for robotic-
assisted and AR-navigated TKA by incorporating specific steps associated with the use of these systems.
The accuracy and completeness of the HTAs were validated by observing 10 conventional and 10 robotic-
assisted TKA procedures.
Results: HTAs for conventional, robotic-assisted, and AR-navigated TKA were developed and validated.
The resulting HTAs provide a comprehensive and standardized plan for each procedure and can aid in the
identification of potential areas of inefficiency and risk. Robotic-assisted and AR-navigated approaches
require additional steps, and there are an increased number of instances where complications may occur.
Conclusions: The HTAs developed in this study can provide valuable insights into the potential pitfalls of
robotic-assisted and AR-navigated TKA procedures. As AR-navigation systems are developed, they should
be optimized by critical analysis using the developed HTAs to ensure maximum efficiency, reliability,
accessibility, reduction of human error, and costs.
© 2024 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Robotic platforms for total knee arthroplasty (TKA) have been
developed in an attempt to improve implant positioning, soft tissue
balance, patient-reported outcomes, and early recovery [1]. The
accuracy and reliability of these systems have led to increased
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uptake by orthopaedic surgeons with a coinciding increase in pa-
tient demand partly due to increased marketing [2e6]. Despite
limited evidence of improved patient outcomes, in addition to
increased costs and longer operative times, there has been an
exponential increase in the utilization of robotic-assisted TKA [1,7].

Augmented reality (AR) systems are designed to overlay rele-
vant information directly into a surgeon’s field of vision via a head-
mounted display [8]. Intraoperatively, this allows surgeons to
maintain their view of the surgical field while also viewing infor-
mation such as medical imaging or input from navigation software.
Relating to TKA, this information can be interpreted by the surgeon
to guide accurate implant placement, gap balancing, and help
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interpret joint stability and range of motion intraoperatively [8,9].
These systems are largely still under development and rarely uti-
lized relative to robotic-assisted TKA. However, early clinical and
preclinical models have displayed promising results regarding
femoral and tibial cut accuracy on artificial bone models, cadavers,
and patient cases [10,11].

Due to the increasing uptake and development of these tech-
nologies, it is important to understand the key steps and potential
pitfalls. The widespread integration of these systems into the
operating room will affect workflow relative to conventional TKA;
however, these modifications have not been clearly defined.
Importantly, the specific steps associated with the risk of patient
complications have not been defined for robotic or AR-navigated
TKA.

A hierarchical task analysis (HTA) is designed to develop a
standardized plan for a predetermined task. This identifies the key
steps in a procedure, allowing inefficiencies or adverse events to be
mapped to a specific step. HTA enables the systematic decon-
struction of intricate surgical operations or procedures, facilitating
a clear delineation of the actions involved. This method makes it
easier to identify associations between particular actions and er-
rors, leading to a more straightforward elicitation of errors. Addi-
tionally, it allows for a more focused evaluation of specific technical
skills [12]. In the realm of orthopaedics, HTAs have been employed
previously to generate a HTA tree tailored to rotator cuff surgery
with the aim of facilitating the development of quantifiable metrics
for the assessment of trainee performance [13].

HTA is the main component behind the Systematic Human Error
Reduction and Prediction Approach, which aims to identify causes
of error associated with a sequence of human activity related to
human-machine systems [14]. As TKA procedures inevitably
becomemore closely linked with different technological navigation
and robotic systems, accurately mapping the workflow and likely
disruption is integral. This study was designed to develop and
validate a HTA workflow for conventional and robotic-assisted
TKAs to guide the development of AR-navigated TKA systems,
including the correlation of steps to potential patient
complications.

Material and methods

Development of HTA for conventional TKA

All HTAs were developed for cemented primary TKAs. This
involved an iterative process to ensure the accuracy and compre-
hensiveness of the workflow. Input was first obtained from a
combination of published literature and the expertise of 4 experi-
enced, fellowship-trained orthopaedic surgeons. These surgeons
have collectively performed over 5000 TKAs and have extensive
experience with robotic and AR platforms. Over multiple rounds of
review, the HTA was developed and validated. The procedure was
broken down into individual tasks and subtasks, and any optional
tasks were identified where relevant. Next, the tasks and subtasks
were arranged in a hierarchical structure based on the expected
sequence of events. Each step of the HTA was then reviewed and
correlated with potential TKA complications. This allowed for the
identification and incorporation of best practices and generaliz-
ability across multiple surgeons, ultimately resulting in a compre-
hensive and standardized plan for the conventional approach.

Adaptation of HTA for robotic-assisted TKA

Another HTA was then developed for robotic-assisted TKA
procedures. The HTA for conventional TKA was modified to
accommodate the specific steps associated with the use of robotic
systems. The input of the same 4 expert orthopaedic surgeons who
validated the HTA for conventional TKAwas crucial in ensuring the
accuracy and completeness of the adapted HTA for robotic-assisted
TKA. These authors have experience with 3 different robotic knee
systems, and the HTA aims to be inclusive of all robotic knee sys-
tems currently available. This HTA reflects the key steps involved in
a robotic-assisted TKA procedure. This initial creation process
aimed to generate an HTA that was comprehensive and reliable for
use in clinical settings.

Validation of conventional and robotic HTAs

To validate the developed conventional and robotic-assisted
HTAs for primary cemented TKA, 10 of each TKA procedure was
observed by the research team while correlating them to the HTA
protocols. The observed procedures were conducted by 2 surgeons
at 2 different institutions to ensure the generalizability of the HTAs.
During the observation, the research team collected feedback from
the operating surgeons, and any deviations from the HTA were
documented for further analysis, and the HTAs were updated
accordingly.

Development of AR HTA

The HTA for AR-navigated TKA was then developed by the
research team. Theworkflow of an AR systemwas analyzed, and the
specific tasks and subtasks involved in the AR-navigated TKA pro-
cedure were identified. We also conducted a literature search using
OVID Medline and Embase databases to identify all primary articles
on the application of AR for TKA. The developed HTA for AR-
navigated TKA was reviewed and validated by one of the expert
orthopaedic surgeons with over 4 years of experience developing
an AR-navigated TKA platform. This surgeon’s expertise in AR
technology ensured the accuracy and completeness of the most up-
to-date available version of an AR-navigated TKA system.

Incorporation of potential complications in HTAs

Potential complications arising from each step were then
incorporated into the HTAs. A list of potential complications that
can occur during TKA was adapted from the standardized list and
definitions developed by The Knee Society in 2013 [15]. This
allowed for the accurate classification of potential complications
associated with TKA procedures.

The identified complications were then correlated with each
step in the conventional and robotic HTAs. The experience and
feedback of the expert orthopaedic surgeons who validated the
HTAs were critical in this process. Their input and feedback allowed
for the refinement of the HTAs to account for potential complica-
tions associated with each step in the procedure. Quantitative
validation of the highest-risk steps for each complication was not
possible due to the low incidence.

Potential complications were also incorporated into the HTA for
AR-navigated TKA. The correlation of potential complications with
each step in the AR-navigated HTA was reviewed and validated by
reviewing the literature and the orthopaedic surgeon with AR
expertise.

Results

Hierarchal task analysis for conventional, robotic-assisted, and
AR-navigated TKA is demonstrated in Figures 1-3, respectively. For
conventional TKA, the procedure was divided into 11 tasks. An
additional task was added to both robotic-assisted and AR-



Figure 1. Hierarchical task analysis for conventional, primary cemented total knee arthroplasty. *Step order interchangeable. yRoutine tourniquet use is surgeon-dependent.
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navigated procedures. The HTA was divided into 2 sections: pre-
operative preparations and intraoperative procedures.

For the conventional HTA, preoperative preparation included
clinical evaluation, radiographic templating, room preparation, and
patient positioning, prepping, and draping. In the clinical evalua-
tion step, we included coronal plane stability, sagittal plane sta-
bility, and range of motion assessment to determine any potential
ligamentous pathology which could impact implant choice or
positioning. A soft tissue integrity assessment step allows for
identification of previous scars or defects in the surgical field. The
radiographic templating step includes the size and type of the
implant to achieve optimal alignment and stability. Operating room
preparation step included the sterilization of the operating room
and the setup of the necessary equipment for the TKA procedure.
Patient positioning, prepping, and draping step involved posi-
tioning the patient on the operating table and prepping and
draping the surgical site to maintain a sterile field during the
procedure.

The major tasks of the intraoperative steps of conventional HTA
included approach and exposure, followed by femoral and tibial
cuts, and knee soft tissue balancing to ensure the proper tension of
the ligaments surrounding the knee joint. This is followed by
Figure 2. Hierarchical task analysis for augmented reality-guided, primary cemented tota
dependent.
patellar preparation, implant placement, and finally wound closure.
Optional steps in the HTA included use of tourniquet, which is
surgeon dependent, and whether the patella was resurfaced. Steps
for femoral and tibial cuts are interchangeable in the HTA, based on
surgeon preference.

Additional preoperative steps required for robotic-assisted
and AR-navigated TKA includes ensuring appropriate preopera-
tive imaging is acquired and procedure-specific templating is
performed. Both systems are also required to be set-up, the
systems draped, the limb prepped and draped to accommodate
tracking pins, and the limb positioned appropriately. Intra-
operatively, anatomical registration is required for both systems.
Visualization of anticipated medial and lateral knee gaps is done
with both systems. With robotic-assisted TKA, this is performed
by the surgeon adjusting tibial and femoral cut targets on the
associated robotic monitor, while in AR this is performed directly
at the surgical field through an AR control panel. Guides are then
placed onto the femur and tibia following the plan and cuts are
made.

The HTAs are annotated with potential complications, corre-
lated to those listed in Table 1. These are the major intraoperative
complications associated with each step of the TKA. These are
l knee arthroplasty. *Step order interchangeable. yRoutine tourniquet use is surgeon-



Figure 3. Hierarchical task analysis for robotic-assisted, primary cemented total knee arthroplasty. *Step order interchangeable. yRoutine tourniquet use is surgeon-dependent.
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divided into soft tissue and implant-related complications. Table 2
demonstrates the number of potential major complications asso-
ciated with each procedure at each group of steps of the TKA
workflow.

To annotate the AR-navigated TKA HTA with potential compli-
cations, a comprehensive literature search was performed. Table 3
demonstrates the major studies that have investigated the appli-
cation of AR in TKA. These studies were mostly preclinical studies
on artificial bone models and small clinical case series and case
reports on patients. Based on our search, overall, 26 AR-navigated
TKA procedures in live patients have been published in the litera-
ture. Potential complications associated with AR were synthesized
based on the literature search and the expert surgeon’s experience
(Fig. 3).
Table 2
Number of major potential complications identified at each step during total knee
arthroplasty (TKA) for conventional, robotic-assisted, and augmented reality TKA.
Discussion

HTA is a valuable tool for developing a standardized plan for a
specific task, using the division of the task into a set of subgoals
[22,23]. HTAs are commonly developed in industrial engineering
and medical device design, allowing for the identification of sour-
ces of error associated with a sequence of human activity related to
human-machine systems [23]. In this study, we utilized HTA to
develop and validate a workflow for conventional TKA and robotic-
assisted TKA. We then developed a HTAworkflow for AR-navigated
TKA. The resulting HTAs provide comprehensive insights into the
Table 1
Intraoperative complications are potentially preventable by augmented reality.

Label Intraoperative complications

Soft tissue
A Wound complication
B Neural deficit/vascular injury
C Medial or lateral collateral ligament injury
D Extensor mechanism disruption

Implant alignment
E Instability
F Malalignment
G Stiffness
H Patellofemoral dislocation
I Tibiofemoral dislocation
J Implant loosening
K Implant fracture or tibial insert dissociation
L Periprosthetic fracture
key steps of the procedure and how to integrate these technologies
into practice.

The development of standardized tasks and subtasks for TKA
procedures that incorporate robotic and AR technology will aid in
increasing the uptake of these systems. Standardization of pro-
cedures can help to reduce human error and increase efficiency,
resulting in improved patient outcomes. While conventional
instrument-guided TKAs and robotic-assisted TKAs are commonly
performed across North America, AR-navigated TKAs are still in
their infancy, as identified by our literature review. HTAs have been
used in other industries such as the boating and forestry industries,
aiding to improve safety in emergencies, training, and efficiency
[24,25]. The AR-navigated TKA HTA developed in this study can
form the basis for studying human reliability analysis when
developing AR systems or for surgeons transitioning from per-
forming conventional or robotic TKAs to AR-navigated TKAs [26].

Potential complications at each step of the procedures were
annotated. During the preoperative phase of TKA, the primary error
that can occur is improper patient selection, implant selection, or
inaccurate templating [27e29]. Determining the implants and
ensuring correct bone cuts and implant positioning are the most
essential steps for every TKA, regardless of the technology used.
Stage Step Conventional
TKA

Robotic-
assisted
TKA

Augmented
reality TKA

Preoperative Clinic - - -
Preoperative
planning

4 4 4

Room preparation 2 2 2
Positioning, prepping,
and draping

2 3 3

Intraoperative Approach/exposure 4 4 4
System registration - 21 18
Femoral cuts 10 11 9
Tibial cuts 10 11 9
Knee soft tissue
balancing

4 4 5

Patella preparation 6 6 6
Final implant
placement

8 8 8

Wound closure 1 1 1



Table 3
Studies on the application of augmented reality in total knee arthroplasty (TKA).

Study Country AR system Aim Subjects Control Method of assessment Conclusion

Tsukada 2019 [16] Japan AR-KNEE Assessing accuracy of
proximal tibial resection by
AR

Preclinical
10 tibial sawbones models
operated on using an AR-based
navigation system

- Computed tomography (CT)
of sawbones

AR navigation system
provided reliable accuracy for
coronal, sagittal, and
rotational alignment in tibial
bone resection on sawbones.

Tsukada 2021 [10] Japan AR-KNEE Assessing accuracy of distal
femoral resection by AR
compared to conventional

Preclinical
10 femoral sawbones models
operated on using an AR-based
navigation system

72 patients
undergoing
conventional
TKA

CT of sawbones Standing
long-leg radiographs of
patients

AR navigation system has the
potential to enhance the
precision of distal femoral
resection during TKA in
comparison to the traditional
intramedullary guides based
on sawbones.

Iacono 2021 [17] Italy Knee þ augmented reality
navigation (Pixee Medical
Company, Besancon,
France)

Assessing accuracy of TKA
by AR

Clinical
5 patients underwent total knee
arthroplasty utilizing an
augmented reality navigation
system

- Full-leg-length weight-
bearing radiographs,
anteroposterior
radiographs, and lateral
radiographs of the knee

The procedure was accurate
and effective.

Fucentese
2021 [18]

Switzerland NextAR TK (Medacta
International SA, Castel San
Pietro, Switzerland)

Narrative Study: AR
workflow description

- - - -

Su 2022 [19] China Unspecified AR platform Assessing accuracy of TKA
by AR

Clinical
1 patient underwent total knee
arthroplasty utilizing an
augmented reality navigation
system

- CT of the knee
postoperatively

The procedure was accurate
and effective.

van der Putten [20] Netherlands Microsoft HoloLens 2 þ
Microsoft Dynamics 365
Remote Assist Software

Providing unplanned
remote assistance

Clinical
1 patient undergoing total knee
arthroplasty

- - The study demonstrated the
feasibility of providing
immediate telesurgical
support by an industry
representative using AR.

Bennett 2023 [21] Australia Knee þ augmented reality
navigation (Pixee medical
company, Besancon,
France)

Assessing accuracy of TKA
by AR

Clinical
20 patients underwent total
knee arthroplasty utilizing an
augmented reality-assisted
navigation system (ARAN)

- CT of knees postoperatively Acceptable accuracy in coronal
and sagittal alignment of the
femoral and tibial bone cuts.
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Improper selection of implants can lead to instability of compo-
nents and suboptimal outcomes [27e29]. Robotic and AR naviga-
tion systems enable preoperative planning of precise component
position, increasing the relative time required during this period.
However, implant position is then adjusted intraoperatively by the
surgeon via the robotic screen or AR interface to appropriately
balance joint gaps. While preoperative planning reduces some
intraoperative cognitive burden and allows for more accurate
component placement, it adds more time to preoperative planning
[30,31]. During the intraoperative phase, errors related to implant
positioning can result in malalignment, instability, stiffness, early
aseptic loosening, and patellar maltracking. In conventional TKA,
this is due to poorly aligned or placed cutting guides, while the
robotic and AR systems rely on accurate navigation registration or
displacement of the optical arrays.

By identifying potential areas of inefficiency and risk, the HTA
aims to minimize operative errors and ultimately improve patient
care. The use of robotic-assisted and AR-navigated TKA may help to
reduce human error and improve patient outcomes by improving
implant positioning, patient-reported outcomes, and early recovery
[32]. In our analysis, we demonstrated that robotic-assisted and AR-
navigated approaches had an increased number of steps. However,
these additional steps do not necessarily represent an increase in
the likelihood of complications. Despite a higher number of steps
with the potential for complication, these additional steps may
decrease the overall likelihood of a patient experiencing soft tissue
or implant-related complications. This may be achieved by opti-
mizing knee gap balancing, improving joint stability, and reducing
the requirement for soft tissue releases, therefore minimizing the
risk of iatrogenic injury [33,34]. Incorporating additional steps
associated with new technology introduces an increased vulnera-
bility to errors. The complexity and interdependence of these
additional steps in surgery may amplify the potential for inaccur-
acies or complications in the overall workflow. It should be noted
that the sources of error we identified in robotic-assisted and AR-
navigated TKA systems are more dependent on surgical planning
and maintained accuracy of the software and hardware throughout
the duration of the case than purely technical skills as in conven-
tional approaches.

These systems are associated with additional costs, and robotic-
assisted TKA has been associated with longer operative times
[35,36]. By critically developing and analyzing procedural steps
using an HTA framework, more efficient systems can be designed,
potentially reducing costs and allowing these technologies to
become more accessible to a wider patient population. This is done
by identifying unnecessary steps, educating providers, and devel-
oping more efficient systems. On average, the cost of acquiring a
robotic system is approximately $1 million USD and includes
additional costs of service contracts, maintenance, and disposables
[18,37]. Although early results show improved accuracy and pre-
cision in implant positioning, improvements in long-term patient-
reported outcome measures and implant survival rates have yet to
be reported compared to conventional guides [38]. Compared to
robotic-assisted TKA, TKA with AR navigation has the potential to
be a more efficient and cost-effective solution [18]. This is due to
the improved accessibility and user interface of the heads-up
display compared to a traditional monitor. Further cost analysis
studies would be required to determine the long-term cost-effec-
tiveness of AR-navigated TKA compared to conventional and
robotic-assisted surgeries, as the initial investment cost for the
robotic systems is significant and may impact healthcare budgets.

This study is novel in that it is the first to develop and validate
HTAs for conventional, robotic-assisted, and AR-navigated TKA, the
latter of which is a relatively new technology still largely under
development. While the HTA developed in this study provides
valuable insights into the potential applications of robotic and AR
technology in TKA procedures, there are several limitations to
consider. Firstly, the HTA was developed and validated by a small
group of highly experienced orthopaedic surgeons, whichmay limit
the generalizability of the findings. We addressed this issue by
utilizing 4 fellowship-trained surgeons who had experience with 3
different robotic-assisted TKA systems, thereby improving external
validity. Secondly, the study only observed a limited number of TKA
procedures, and further validation to capture each of the potential
complications of the HTAs is necessary. However, these complica-
tions are extremely rare, and auditing TKAs while following the
HTA until each complication is captured is unfeasible. Finally, the
study did not include an analysis of efficiency (planning time, set-
up, and duration of surgery time) or cost analysis. The long-term
cost-effectiveness of AR-navigated TKA compared to conventional
and robotic-assisted surgeries needs to be evaluated.

By using the AR-navigated HTA developed in this study, AR
developers can identify specific areas in the TKA procedure where
AR technology can be further developed to improve efficiency and
reduce human error. For example, the study identified potential
areas of inefficiency and risk during the preoperative and intra-
operative phases of TKA, such as poor templating and errors related
to implant positioning. These areas could be targeted for further
development of AR technology, such as improved preoperative
image processing using machine learning algorithms and tem-
plating or real-time tracking of implant position during surgery
[39,40]. Additionally, the HTA can be used to identify potential
sources of error associated with the use of AR technology itself,
such as calibration errors or inaccuracies in tracking. By addressing
these areas of improvement, the use of AR technology in TKA
procedures can become even more effective and ultimately lead to
better patient outcomes.

Conclusions

we developed and validated hierarchical task analyses for con-
ventional, robotic-assisted, and AR-navigated TKA. AR-navigated
TKAs are currently under development, but once widely commer-
cially available, our developed hierarchal workflows may aid in the
safer integration of this technology into practice. By comparing
them to conventional TKA, these HTAs can be used to assist in the
integration of these technologies into a conventional TKA surgeon’s
practice. Robotic-assisted and AR-navigated TKA systems have the
potential to reduce human error by improving reliability, but the
efficiency of these systems needs to be optimized to reduce costs
and increase accessibility. Further studies should investigate the
long-term effects of these systems on patient outcomes and the
development of more efficient and accessible systems.
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