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Abstract

arthroplasty.

ergonomics of the OR staff were improved.

routine and the OR efficiency was improved.

optimization

Background: The design and internal layout of modern operating rooms (OR) are influencing the surgical team’s
collaboration and communication, ergonomics, as well as intraoperative hygiene substantially. Yet, there is no
objective method for the assessment and design of operating room setups for different surgical disciplines and
intervention types available. The aim of this work is to establish an improved OR setup for common procedures in

Methods: With the help of computer simulation, a method for the design and assessment of enhanced OR setups
was developed. New OR setups were designed, analyzed in a computer simulation environment and evaluated in
the actual intraoperative setting. Thereby, a 3D graphical simulation representation enabled the strong involvement
of clinical stakeholders in all phases of the design and decision-making process of the new setup alternatives.

Results: The implementation of improved OR setups reduces the instrument handover time between the surgeon
and the scrub nurse, the travel paths of the OR team as well as shortens the procedure duration. Additionally, the

Conclusion: The developed simulation method was evaluated in the actual intraoperative setting and proved its
benefit for the design and optimization of OR setups for different surgical intervention types. As a clinical result,
enhanced setups for total knee arthroplasty and total hip arthroplasty surgeries were established in daily clinical

Keywords: Surgical workflow simulation, Discrete event simulation, Operating room management, Surgical process

Background

In the last decades, many efforts were put into the im-
provement of the operating room (OR) design and lay-
out efficiency [1, 2]. Since the nineteenth century, the
OR design has changed from anatomy theatres with vis-
itor galleries to a highly aseptic and technical
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environment [2]. The integration of large-scale medical
devices (e.g. intraoperative MRI or X-ray devices) and
innovative surgical methods (e.g. minimal invasive and
robotic surgery) in the OR have led to an increase of the
operating room size in recent years [3]. As the ORs be-
come larger, also the spatial distances in the OR and be-
tween functional units such as supply areas, sterilization
as well as anesthesia and post-anesthesia care units in-
crease. This results in ineffective traffic patterns and
long travel paths for the OR staff [1]. The OR design
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and surgical department layout have an essential impact
on the intraoperative processes, and therefore the overall
efficiency of the surgical procedures. For example, recent
studies showed the correlation between OR and equip-
ment layout and surgical workflow disruptions [4, 5].

The optimal layout of surgical departments has been
widely analyzed from different perspectives, e.g. patient
flow [6, 7], efficiency and economics [8—11], hygiene
[12], patient outcome [13] and equipment [14]. Never-
theless, little attention has been devoted so far to the de-
sign of the internal OR layout with respect to OR and
instrument tables as well as staff positions. Attempts to
determine the optimal design for special interventions,
such as hybrid ORs [3, 15] and endoscopic surgery suites
[16] were reported. However, there is no method for the
assessment and design of operating room setups for dif-
ferent surgical disciplines and intervention types avail-
able. Although, the OR setup is influencing the team’s
collaboration and communication [17], ergonomics, as
well as intraoperative hygiene substantially, the table lay-
out is set up mostly based on the subjective preference
of the lead surgeon or based on institutional practices.

The aim of this work is to establish an optimal OR
setup for common procedures of total joint arthroplasty.
Thereby, the collaborative surgical processes, ergonom-
ics and physical positions of the surgical team in the op-
erating room, positions and setups of instrument tables
as well as travel paths in the OR were considered. With
the help of computer simulation, a method for the de-
sign and assessment of improved OR setups was devel-
oped. During development, special attention was given
to the integration of clinical stakeholders in all phases of
the design, decision-making and evaluation process. The
resulting methodology enables a comparison of different
OR setup alternatives, which could lead to improved in-
traoperative processes and reduced the procedure dur-
ation. Subsequently, the best-performing OR setups
were intraoperatively evaluated regarding their impact
on the surgical processes and overall efficiency of the
procedure.

State of the art

Currently, the internal OR layout is set up mostly based
on the subjective preference of the lead surgeon, the
scrub nurse or institutional guidelines. In the orthopedic
department, every scrub nurse or surgeon had their own
preferences for instrument table layout, which led to a
variety of different setups. An objective assessment
method was needed in order to compare the OR setup
performance from different perspectives.

Computer simulation has been demonstrated to be
useful in the clinical decision-making process and sys-
tems improvement by identifying process optimization
potential and efficiency gains [18, 19]. In literature,
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different simulation techniques, such as Monte Carlo
simulation, discrete event simulation, system dynamics,
and agent-based simulation have been applied to a var-
iety of different problems in healthcare applications [20].
Hybrid simulation combines two or more of those tech-
niques and has been applied to the healthcare domain in
recent research [21-23]. Computer simulation has been
widely used for the representation, analysis,
optimization, and prediction of hospital and OR pro-
cesses. In hospital management, simulation has been ap-
plied for the analysis and optimization of pathway and
workflow planning [24], optimization of patient flow
[25] and resource planning [26]. In the OR setting, simu-
lation methods have been also utilized, mainly to im-
prove the OR scheduling [27-31] and the patient flow
[7, 32, 33]. A detailed review of OR scheduling and plan-
ning using DES and other simulation techniques as well
as mathematical models can be found in [34].

In this work, Discrete Event Simulation (DES) was uti-
lized for the design and assessment of operating room
setups. DES is a methodology to (re-) design, analyze,
execute and evaluate processes in respect of different sit-
uations or objectives. DES enables the emulation and
prediction of changes in a dynamic model of a real-
world system over time via mathematical modeling [32].
The simulation allows a safe, repeatable analysis of a
situation and the impact of different parameters and
process configurations on the process, e.g. methods and
strategies, process alternatives, different activity dura-
tions or availability of personnel and material resources
[35-37]. DES models the behavior of a system as a
discrete sequence of events. Each event triggers a state
change in the system. During DES only consecutive
events are simulated. Between those events, no system
behavior is assumed. This enables the simulation of long
periods in a shorter time, which is beneficial especially
in healthcare applications.

DES is the method most used for the simulation of
operating room workflows [6, 38]. For example, in the
domain of intraoperative process optimization, Ferndn-
dez-Gutiérrez et al. used DES methods in order to find
the optimal development of new complex procedures in
multimodal imaging environments [39] and for resource
optimization of medical equipment [40]. Khoshkenar
et al. used DES to model the traffic flow in the OR for
the improvement of the OR layout based on the distance
walked by the OR staff [41].

Analyzing success stories in healthcare simulation,
stakeholder engagement has been identified as a critical
factor for the realization of simulation and optimization
projects [19, 42]. The project success depends on the en-
gagement of those who are affected by changes in the
process [43]. The integration of different stakeholders’
knowledge and experiences in simulation projects
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enables a shared view of the problem from multiple per-
spectives as well as a collaborative decision-making
process [42]. Jahangirian et al. identified the most critical
factors for low clinical stakeholder integration:
organizational factors (e.g. high workload of clinicians,
communication gap between simulation experts and
clinical stakeholders), technical factors (e.g. difficulties
in working with simulation methods and tools), pro-
ject management factors (e.g. extensive length of pro-
jects, poor team efforts) and healthcare-specific
factors (e.g. more complex problems) [19]. Healthcare
simulation projects have been identified as more diffi-
cult then simulation projects in other industry do-
mains [44]. According to [44], healthcare simulation
often struggles with more complex systems and less
evident structure, messier problems, less client time
and less appropriate simulation software. Additionally,
it is more difficult to access and collect relevant data
for simulation modeling and implementation. In the
operating room, all stakeholders form one team,
which leads to multiple decision-makers and the need
to find a common consensus for realizing a successful
simulation project as well as implementing the results
in daily clinical routine.

In literature, a stakeholder involvement plan is sug-
gested for collaborative user engagement, by conducting
workshops, surveys, and stakeholder meetings on a regu-
lar basis [18, 42]. Additionally, visual representations of
the operating room have been shown to be effective, for
the involvement of clinical stakeholders in the develop-
ment process. User involvement enables a consensus-
based decision-making process and improves the design
of prototypes [45]. There are different techniques avail-
able, such as full-scale mockups and simulation [46] or
virtual reality environments [47]. In this study, discrete
event simulation, which provides a highly visual 3D
model of the operating room was used for the improve-
ment of the internal OR layout and to engage user in-
volvement in the design process. In addition, the
mathematical modeling functionalities of DES supports
the analysis of the intraoperative process from different
perspectives.

To the best of our knowledge, DES methods have not
been utilized yet for the design of enhanced OR setups
considering intraoperative processes, instrument table
positions, OR staff ergonomics, and the travel path of
the circulator. In this study, DES enables a quantifiable
comparison of different setup options based on defined
simulation parameters (e.g. handover time, travel paths).
Additionally, a 3D graphical representation of the simu-
lation software provided an adequate environment for
the involvement of clinical stakeholders in the design of
the new setup alternatives and the group-based
decision-making process.
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Methods
For the development of improved OR setups, a method-
ology was designed and is presented in Fig. 1. The meth-
odology was adapted from the basic structure of
simulation studies presented by Law and Kelton [35].
The methodology integrates clinical stakeholders in all
phases of simulation development, implementation, and
evaluation. After every major work step, results were
presented in stakeholder workshops and user surveys
were conducted. The discussion results were then con-
sidered in the next steps of simulation development.
Firstly, the problem of inefficient OR setups was
identified, and the study objectives have been formalized in
cooperation with the clinical stakeholders. Additionally, the
two most common arthroplasty procedures were identified
as adequate use cases and evaluation criteria of the study
have been defined in user interviews (Conception phase).
For the assessment of the operating room setups, various
intraoperative data were acquired, and an ergonomic as-
sessment of the surgical team was performed (Data acquisi-
tion). With the help of DES software, a 3D simulation
model of the orthopedic OR was implemented and verified
with the intraoperatively recorded data (Simulation imple-
mentation). Based on the initial simulation and the as-is
analysis, requirements for an optimal OR setup were de-
fined in stakeholder workshops, and new OR setups for
orthopedic surgery were designed (Scenario development).
In the next step, the newly designed setups were imple-
mented in the simulation environment (Simulation experi-
ments) and simulation experiments have been performed.
Then the simulation results were analyzed from different
perspectives and the improved setups have been clinically
validated (Analysis). Finally, the improved setups were eval-
uated in the actual intraoperative setting (Evaluation).

Conception phase

Problem statement

Initially, the procedural and structural problems in the
orthopedic OR at the University of Leipzig Medical Center,
Division of Endoprothetic Joint Surgery and General Or-
thopaedics, were identified in discussion with the relevant
stakeholders. The surgeons and nursing staff reported a
physical strain during surgeries due to static positions with
bent or twisted back and head as well as prolonged stand-
ing. The scrub nurses, who are responsible for the handover
of sterile items to the surgeon, stated insufficient instru-
ment handovers during the surgery. The circulators, who
provide assistance to the OR team (e.g. brings and handle
aseptic supplies), described structural problems within the
OR layout and long travel paths between material stocks.

Objective formalization
To address these problems, the study aimed at the im-
provement of the OR setups and the implementation of
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a standardized setup for two common orthopedic sur-
geries at the University of Leipzig Medical Center. The
main objective of this study was to improve the overall
efficiency of the surgical procedure by optimizing the
OR setups for Total Hip Arthroplasty (THA) and Total
Knee Arthroplasty (TKA) surgeries. THA and TKA sur-
geries were defined as a use case within this study. In
THA surgeries, the hip joint is replaced by a prosthetic
implant to treat arthritis pain or hip fractures. With over
1.4 million cases per year [48], it is one of the most per-
formed surgeries worldwide. During TKA the knee joint
is replaced to relieve debilitating pain or osteoarthritis.
With over 1.1 million cases per year worldwide, TKA
surgery is also a commonly performed orthopedic pro-
cedure [49]. Although surgical implants surgeries bear a
high risk for surgical site infections, the infection rates
are less common than e.g. catheter-related infections
[50]. Nevertheless, the treatment of implant infections is
complex, longer and more cost-intensive [50, 51]. There-
fore, intraoperative hygiene for THA and TKA surgeries
is in continuous consideration and optimization. Besides
hygienic aspects, also economic and ergonomic consid-
erations are highly relevant during OR layout design for
THA and TKA surgeries.

Evaluation criteria

According to the identified problems, special attention
was given to increase instrument handover efficiency be-
tween the scrub nurse and the surgeon as well as
optimize the travel path of the circulator. In addition,
the surgery duration should be reduced, and the surgical
teams’ ergonomic situation should be improved. For this
purpose, different simulation scenarios were developed,

implemented and analyzed. The evaluation of the OR
setup improvements was performed in the intraoperative
setting.

Data acquisition

Intraoperative process recording

Initially, 15 THA and 7 TKA surgeries were recorded at
the University of Leipzig Medical Center, Division of
Endoprothetic Joint Surgery and General Orthopaedics
in 2016 for the intraoperative process optimization and
setup improvement. The results of the data acquisition
are presented in Results.

During process acquisition, the intraoperative pro-
cesses for THA and TKA were manually recorded with a
low granularity level. Thereby, the duration of the sur-
gery (incision-to-begin-of-closure time (IBCT)), as well
as the used OR setups for THA and TKA with positions
of instrument tables and the position of the OR staff,
were acquired. For every OR setup the amount, duration
and pathway of instrument hand-over between the sur-
geon and scrub nurse were measured. The organization
of instruments on the table is not considered in this
study. Furthermore, the pathways of the circulator were
recorded for every THA and TKA OR setup.

The ground plan of the orthopedic OR at the Univer-
sity of Leipzig Medical Center was digitized for the mod-
eling in the simulation environment. Additionally,
dimensions of furnishing, OR table (fixed position in the
OR), instrument tables (mayo stands, instrument/equip-
ment stands, solutions stands, etc.), medical devices (e.g.
c-arm and anesthesia equipment) as well as OR display
were acquired. The dimensions were integrated into the
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3D simulation model to create a realistic image of the
orthopedic OR.

Ergonomic assessment

Ovako working posture analyzing system The ergo-
nomic assessment of the initial OR setups for THA and
TKA was performed using the Ovako Working Posture
Analyzing System (OWAS). The method was developed
by Karhu et al. in 1977 [52] and is used to ergonomically
classify working postures of the back, arms, legs and op-
tionally the head. For the ergonomic evaluation of the
operating room theatres, OWAS was already used for
different surgical disciplines [48, 53, 54] as well as differ-
ent occupational groups, like surgeons [55] and scrub
nurses [56].

Especially, orthopedic surgeons have an increased risk
of musculoskeletal injuries and disorders due to the
more physical demands of the surgeries [57, 58]. To ad-
dress this problem, the intraoperative situation in the
orthopedic OR should be improved. Therefore, the
OWAS assessment was performed for the surgeon, assis-
tants, scrub nurse and the circulator in THA and TKA
surgery for the initial OR setups. A detailed analysis of
the ergonomic situation in the orthopedic OR as well as
all results of the OWAS assessment can be found in
[59]. The evaluation results showed ergonomic critical
positions most of the time for the surgeon, the scrub
nurse and the assistants regarding bent or twisted back
and head postures as well as static positions and pro-
longed standing during surgery. Based on the findings of
the OWAS assessment, requirements for ergonomically
improved OR setups were defined.

Total rotational movement (TRM) In addition to the
OWAS assessment, the amount of rotational movement,
which is performed by the surgeon and the scrub nurse
during an instrument handover, was calculated with a
simplified theoretical model. The body rotation depends
significantly on the OR setup and has a great impact on
the staffs’ ergonomics. The theoretical degree of rotation
was calculated for each OR setup by determining and
adding the angles between the tables and persons for an
instrument handover. For simplicity, it has been as-
sumed that the scrub nurse rotates the torso according
to the instrument tables’ angle. The Total Rotational
Movement of an OR table TRM 1, is defined as

TRMrapie = [(i- @) + (- B) + (k- y)]
withi,j, k€ Nand 0<i, j, k<2

a may be the angle of rotational movement of the
scrub nurse for grabbing an instrument from an
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instrument table. {3 is defined as the rotation angle of the
scrub nurse for giving the instrument to the surgeon
and y is the angle of the surgeons’ rotational movement
for grabbing the instrument from the scrub nurse. Let i,
j, and k be the number of movements for one rotational
movement. In most cases, the person needs to move two
times — firstly, to the target (table or person) and sec-
ondly back in the original position. The Total Rotational
Movement of the OR setup is the sum of the overall
TRMrgple- In Fig. 2 an example of the rotational model
for a left-side THA OR setup is presented.

Simulation implementation

To create a realistic digital OR simulation environment
for the evaluation of different OR setups, a simulation
environment was utilized. Following the argumentation
in [40], Delmia by Dassault Systems [60] was used to im-
plement THA and TKA intraoperative processes. A de-
scription of the Delmia simulation environment and a
detailed representation of the simulation implementation
can be found in Appendix A.

Scenario development

Requirements analysis

The positioning of the OR table, instrument tables, and
the OR personnel is mostly defined by the preference of
the main surgeon or the scrub nurse. Even for the same
intervention type in the same institution, there are often
different OR setups implemented. The OR layout is af-
fecting the surgical processes, the staffs ergonomic as
well as team collaboration in the OR. For example, the
impact of instrument table positions on the surgeon and
scrub nurse instrument transfer performance was ana-
lyzed in [17]. The study showed that the alignment (gaze
direction) and the relative position of the table in the
proximity of the surgeon have an influence on the hand-
over time [17].

However, current research lacks in the objective deter-
mination of how an efficient and well-organized OR
setup could be defined for different intervention types
and surgical disciplines and which aspects need to be
considered in the design phase. Due to the lack of litera-
ture, a non-exhaustive list of requirements was identified
with the help of ergonomic assessment, process analysis,
and clinical expert interviews. For this purpose, 22
orthopedic procedures were observed with respect to
their functional, spatial and ergonomic requirements.
Additionally, a brain-storming workshop with 3 experi-
enced senior surgeons and 5 scrub nurses was con-
ducted to define the requirements of an optimal OR
setup. The identified aspects are presented in Table 1
and should be considered in the design of OR setups.
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J 0° Table 1
TRMry = [(0-0°) + (2-90°) + (2-90°)] = 360°
— Table 2
TRMy, = [(2-90°) + (2-90°) + (2-90°)] = 540°
Table 3

180°

[ ]

TRMp3, = [(2-180°) + (2-90°) + (2-90°)] = 720° or
TRMyps, = [(1-180°) + (2-90°) + (2 -90°)] = 540°
Table 4

TRMrpy = [(1-135°) + (1-45°+1:90°) + (2-90°)]
= 450°

—

and surgeon (right)

TRM = TRMTl + TRMTZ + TRMT3IJ + TRMT4 = 1890°

Fig. 2 Example of the simplified theoretical model to calculate the Total Rotational Movement of an OR setup, including the scrub nurse (left)

Table 1 Requirements considered during the intraoperative design of optimal OR design

Functional requirements

1 Alignment of instrument tables

2 Relative positioning of instrument tables in
proximity to the surgeon

Spatial requirements

3 Freedom of movement

4 Planning of pathways

5 Sufficient space for medical devices

Hygienic requirements

6  Positioning of the instrument tables next to
or in front of the surgeon

7 Minimizing staff circulation

8 Positioning of the instrument tables in the
proximity of the OR table

Ergonomic requirements

9 Minimizing the rotational movement of the
OR staff

Avoiding twisted or bent body postures
10

For the design of optimal OR setups, the positioning of instrument tables should allow the
whole OR team, and especially the surgeon, 1st assistant and scrub nurse a direct view on the
operating area whenever possible. Hence, the scrub nurse is able to anticipate the surgeons’
actual and next needs (e.g. instrument or material handover), which has a positive impact on
the process flow of the surgery [17].

The instrument tables should be positioned in adequate proximity to the surgeon. This
shortens the paths for instrument handover between the scrub nurse and the surgeon [17].

The space for the OR staff, especially for the surgeon, should be planned generously to ensure
unrestricted freedom of movement during surgery. There should also be sufficient space
available in the setup if large-sized equipment is used during surgery [14].

The pathways to supply stocks, workstations and the sterile area should be as short as possible
to minimize the travel path of the circulator during surgery [61].

If large-sized medical devices (e.g. c-arm or a surgical microscope) are needed during surgery,
sufficient space should be planned in the setup. When the equipment is not in use, it should
be located opposite to the surgeon and in proximity to the operating area to enable a fast
preparation and set up.

The instrument tables should not be located behind the surgeon. Although in most cases the
surgeon is dressed completely in sterile clothing, the back is considered as less sterile due to
the clothes closure.

The pathways of the OR staff, especially the circulator, should not impinge on the instrument
tables. The airflow and unintentional contacts may cause physical and bacteriological effects
and increases the risk of instrument and implant contamination.

The instrument tables should be positioned in proximity of the OR table, which is specially
protected against pathogens by a sterile area with a stable flow of filtered air.

Where possible the instrument tables should be positioned next to or in front of the surgeon
and in a U-shape in front of the scrub nurse. This minimizes rotational movement and improves
an ergonomic body posture.

The height of the OR table and instrument tables should be adapted to the individual needs of
the OR personnel [62]. In addition, the operating area and displays in the OR should be seen by
the personnel without bending or twisting the head or back.
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Design and verification of new OR setups for THA and TKA
Considering these requirements as well as the results of the
OWAS and TRM assessment, improved OR layouts for THA
and TKA surgeries were designed in the 3D environment of
Delmia. In addition to the initial setups, three new TKA
setups and one new THA Setup were selected for further
analysis, simulation, and comparison. The newly designed
setups were clinically verified during discussions with
surgeons and the nursing staff. In sections OR setups for total
knee replacement and OR setups for total hip replacement,
the initial and newly developed setups for THA and TKA
surgeries are presented and discussed in detail.

Simulation experiments

For every recorded and newly designed OR setup, a simula-
tion model was created with Delmia. Figure 3 shows an ex-
ample of the Delmia simulation environment with a 3D
model of the orthopedic OR for a left-side THA setup. Due
to the different setups according to the operated leg of the
patient, in each case, a left-side and right-side setup were
modeled. This results in 6 THA simulation models (2 initial
setups and 1 newly designed setup) and 8 TKA simulation
models (1 initial setup and 3 newly designed setups). The
TKA/THA setups are described in detail in sections OR
setups for total knee replacement and OR setups for total
hip replacement. For all models, a simulation study was
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performed in which the instrument handover between the
surgeon and the scrub nurse as well as the travel path of the
circulator were analyzed. Thereby, the initial setups could be
objectively compared to new setups without the need to im-
plement the setup alternatives directly in the intraoperative
environment. A detailed description of the conducted simu-
lation experiments can be found in Appendix B.

Analysis

In the next step, a statistical analysis was performed based
on the simulation results. Thereby, the initially recorded
setups, which were used at the University of Leipzig
Medical Center, were compared with the newly developed
setups to determine an improved intra-OR layout for THA
and TKA surgeries. For every setup and instrument table
the instrument handover times, and the total instrument
handover times of a surgical intervention were simulated
and compared. Additionally, the TRM was calculated and
the travel paths of the circulator were simulated in Delmia
for right-side and left-side setups. The results were analyzed
in the in-silico-comparison, which is presented in section
In silico comparison of initial and newly designed OR
setups. The THA and TKA setups, which performed best
in the simulation scenario were validated and discussed
with the surgical team and a final adaptation was made.

2 e 118 Lok
/% File Model Advanced Run CAD Draw Tools Userl Pref Help

Fig. 3 Example of a 3D simulation model of left-side THA Setup 1 (created with Delmia Quest, Dassault Systemes, version V5-6R)
.
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Evaluation

The THA and TKA setup, which performed best in the
simulation scenario was implemented in the orthopedic OR.
Thereby, in 2018 15 THA and 14 TKA surgeries were re-
corded at the Division of Endoprothetic Joint Surgery and
General Orthopaedics at the University of Leipzig Medical
Center. The number and duration of instrument handover,
the incision-to-begin-of-closure time (IBCT) as well as the
incision-to-closure-time were recorded for every surgery. In
further data analysis and setup evaluation (Evaluation of the
best-performing setup in the actual intraoperative OR envir-
onment), only the surgery duration until the end of the last
interventional activity and the beginning of the suturing is
considered. The suturing is often performed by a novice,
which results in a higher amount of instrument handovers
and longer durations for suturing. Therefore, only the IBCT
is considered to ensure better comparability. Subsequently,
the data were compared with the simulation results and eval-
uated against the data, recorded in the initial THA and TKA
setups (Inter-setup evaluation of the simulation results).

Results

OR setups for Total knee replacement

Initial TKA setup 1

During data acquisition, the initial TKA Setup 1 was used
with minor variations in the position of the 1st assistant in
every TKA surgery at the orthopedic department. In the
left-side TKA Setup 1 (Fig. 4, left) the scrub nurse (SN),

surgeon (SU) and the 1st assistant (A1) stand on the left
side of the OR table as seen by the patient. The A1l stands
either on the same site as the surgeon or together with the
2nd assistant (A2) on the opposite. The instrument
Tables 1-4 are located at the lower end of the OR table in
a U-shape around the scrub nurse. In some surgeries,
Table 5 is used as a backup table. The c-arm is used dur-
ing surgery for the evaluation of the implant position. It is
located behind the A2 and is brought to the right side of
the OR table when needed. The setup is mirrored along
the operating table for the right-side TKA (Fig. 4, right).

A beneficial factor is that the scrub nurse has a direct
view of the operating area and has a good position for the
instrument handover with the surgeon. Disadvantages arise
from the need of the scrub nurse to turn around to reach
Tables 2, 3 and 4. Thereby, the direct view to the surgeon
and the operating area is blocked. In the right-side setup,
the instrument tables are close to the working place (WP1),
which indicates that the circulator is often passing the in-
strument tables nearby. This entails air movement and a
potential threat to the sterility of the instruments and im-
plants. For the left-side setup, there is also little space be-
tween the WP1 and Tables 2 and 3, when the circulator is
going to the sterile room on the left side of the OR.

Newly designed TKA setup 2
In this newly designed left-side TKA setup (Fig. 5, left) the
rotational movement of the scrub nurse should be reduced
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by arranging the instrument tables in a U-shape behind the
surgeon. Thereby, Tables 1 and 2 are located between the
scrub nurse and the surgeon. Tables 3 and 4 are located on
the left and the right side of the scrub nurse.

In the right-side setup (Fig. 5, right) there is little
space for the circulator between the WP1 and the in-
strument tables. In the left-side setup, workplace 2 is al-
most completely blocked by an instrument table. In
addition, the travel path is entirely impassable to one
side, but all destinations can be reached. Another disad-
vantage is that the scrub nurse stands behind the sur-
geon, which leads to an increase in the rotational
movements of the surgeon and possibly has a negative
impact on the hygiene. Nevertheless, the setup was con-
sidered for further evaluations.

Newly designed TKA setup 3

The goal of the TKA Setup 3 design was to maintain
the compact table layout of Setup 2 but to establish a
direct view between the surgeon and the scrub nurse
as well as the operating area. Therefore, in the left-
side TKA Setup 3 (Fig. 6, left) the instrument tables
are located in a U-shape around the scrub nurse at
the bottom of the OR table. The scrub nurse faces
the surgeon directly and has a direct view of the op-
erating area. The circulator can reach all workplaces
and supply storage without any obstructions. The
right-side THA Setup 3 (Fig. 6, right) is mirrored
along the operating table.

Newly designed TKA setup 4

The newly designed TKA Setup 4 is inspired by the table
layout of the initial TKA Setup 1, but the setup differs in
the position of the scrub nurse. In the new TKA Setup 4
(Fig. 7) the scrub nurse is facing the surgeon by standing
on the opposite side of the OR table, instead of next to
the surgeon. Thus, a direct view can be established be-
tween the two persons and the operating area is also dir-
ectly visible to the scrub nurse. This does not solve the
problem that the scrub nurses’ view is blocked when
turning to Tables 3 and 4. In addition, the tables are
close to the WP1 of the circulator.

OR setups for Total hip replacement

Initial THA setup 1

For left-side THA (Fig. 8, left), the scrub nurse, the surgeon,
and the 1st assistant are positioned on the left side of the pa-
tient’s body, while the 2nd assistant stands on the right side
(healthy hip joint). The surgeon stands at the patient’s hip.
The four tables are arranged in a J-shape around the scrub
nurse at foot of the OR table with one table in front, on the
left side and two tables behind. The right-side THA Setup 1
is mirrored along the operating table (Fig. 8, right).

The main advantage is that the scrub nurse is in a
good position to the surgeon for instrument hand over.
Thus, the direct view of the operating area is occasion-
ally limited when the surgeon turns to the patient or the
scrub nurse turns to Tables 2, 3 and 4. For the right-side
THA setup, the instrument tables are located with less
than 1m distance to the WP1, which can affect the



Neumann et al. BMC Medical Informatics and Decision Making

(2020) 20:145

Page 10 of 20

ANNANNANNNRNNNNRNY

AR ==

WP2

.

AP

A

1 n W 7
I I A AA I AA A I A II A AD Z 700 Z Z Z
77777 ) 7z gz ) i,
% WP1 5 WP1 5

C-arm
= ; ~
/]
/]
% 7%
Anesthesia Anesthesia
4
L [
/]
14 L] 3
4

WP2 R1 )

Fig. 6 Schematic representation of the left-side TKA Setup 3 (left) and right-side TKA Setup 3 (right)

/A//A/////A///A;//A///A/;A///A/A/A///A////ZZ

sterility of the instrument tables. For the left-side THA
setup, there is also little space between WP2 and Table 4,
which impedes the direct travel path of the circulator to
the supply storage (R1 and R2) as well as the working
place 2 (WP2).

Initial THA setup 2

In the second recorded THA setup, there are only three
instrument tables, which are arranged in a U-shape
around the scrub nurse behind the surgeon with Table 1
between them. The use of a 3-table or 4-table setup
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Fig. 8 Schematic representation of the left-side THA Setup 1 (left) and right-side THA Setup 1 (right)

scrub nurse, and the 1st assistant are located on the left

side of the patient and the 2nd assistant stands on the
right side. For right-side THA the OR setup is mirrored

along the OR table (Fig. 9, right).

depends on the preferences of the OR team as well as

resource requirements and the complexity of the sur-
gery. In principle, a 3-table setup is sufficient for most of

the THA surgeries. Therefore, an additional table is po-

In the initial THA Setup 2, half of the OR is blocked
for the circulator, but the travel paths to the anesthesia

sitioned on the left side and one on the right side of the

scrub nurse. For left-side THA (Fig. 9, left), the surgeon,
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room on the right side and the sterile room on the left
side of the OR can be reached without close proximity
to the operating area and the instrument tables. Another
advantage is that the scrub nurse has a direct view of the
operating area and the surgeon even when turning to
Tables 2 and 3. The slight drawback of the setup is that
the surgeon has to turn around for every instrument
handover.

Newly designed THA setup 3

For THA surgery one OR setup is newly designed with
only three instrument tables. In the left-side THA Setup
3 (Fig. 10, left), the instrument tables are located around
the scrub nurse. Table 2 is positioned directly at the bot-
tom of the OR table. Table 1 stands between the scrub
nurse and the surgeon. Additionally, Table 3 closes the
U-shaped arrangement around the scrub nurse, who is
facing the surgeon directly. The circulator has unre-
stricted access to all supply stocks and workplaces. For
right-side THA (Fig. 10, right), the setup is mirrored
along the operating table.

In Silico comparison of initial and newly designed OR setups
Instrument handover times

The instrument handovers for all tables in all TKA
setups were simulated with Delmia and subsequently
compared with each other (Fig. 11, left side). As a result,
TKA Setup 3 enables the fastest instrument handover
between scrub nurse and surgeon for instrument Tables

(2020) 20:145
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1, 2 and 4. For instrument Table 3 TKA Setup 2 allows
a slightly faster handover. TKA Setup 1 and Setup 4
have equivalent instrument handover times due to the
similar setup design whereby TKA Setup 4 is slightly fas-
ter for the instrument Tables 1, 2 and 4.

For all tables and THA setups, the instrument hand-
over times were also simulated with Delmia and then
compared with each other (Fig. 11, right). The newly de-
signed THA Setup 3 enables the fastest instrument
handover between the surgeon and the scrub nurse for
all tables.

Total instrument handover times

During initial data acquisition, the total number of instru-
ment handovers and the handover path in 7 TKA surger-
ies, were recorded in the initial TKA Setup 1. For
instrument Table 1 an average of 108.3 + 32.2 instrument
handovers, for instrument Table 2 an average of 5.7 +7.3
handovers, for instrument Table 3 an average of 5.0 4.2
handovers and for the instrument Table 4 an average of
2.7 +2.3 instrument handovers were documented. Based
on the number of handovers, the total handover time was
calculated in the Delmia simulation scenarios for TKA
setups (Fig. 12, left). As a result, TKA Setup 3 performed
best with a total instrument handover time of 91.8s. TKA
Setup 2 was the slowest setup in the simulation. There was
no measurable difference between right-side and left-side
setup in the simulation of total instrument handover times.
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For the THA interventions, the total number of instru-
ment handovers and the handover path were recorded.
Thereby, 9 THA surgeries with Setup 1 and 6 THA sur-
geries with Setup 2 were recorded. In THA Setup 1, an
average of 60,8 + 19.1 instrument handovers was recorded
from instrument Tables 1, 2.2 + 2.5 handovers from in-
strument Tables 2, 1.7 + 1.5 handovers from instrument
Table 3 and 1.4 + 2.5 handovers from instrument Table 4.
In THA Setup 2, an average of 71.7 £ 22.6 instrument
handovers was recorded from instrument Tables 1, 9.2 +
8.5 from instrument Tables 2 and 0.3 +0.8 handovers
from instrument Table 3. Based on the average handovers
from THA Setup 1 and Setup 2, the total handover time
was calculated with Delmia for THA setups (Fig. 12,
right). In the simulation scenario, THA Setup 3 performed
best with a total instrument handover time of 62.6 s.

Distance traveled by the circulator

During the initial data acquisition, the number and path-
ways of the circulator were recorded in the 7 TKA sur-
geries. Thereby, the circulator travels on average 4.0 £
1.6 times to the supply rack R1, 2.7 + 2.0 times to supply

rack R2, 2.7 + 1.4 times to the supply stock ST1, which
is located outside of the OR, 3.0 £ 0.8 times to the supply
stock ST2, which is located in the sterile room on the
left side of the OR and 2.2+ 1.2 times to the anesthesia
room on the right side of the OR. Additionally, the cir-
culator walks on average 7.6 +3.0 times to the scrub
nurse to hand over sterile supplies or for the support of
material opening.

The simulation results of the traveled distance (Fig. 13,
left) showed that there are only slight differences between
the setups. The walking distance is marginally longer,
mainly for the left-side TKA, if the instrument tables are
blocking the pathway between the WP1 and the scrub
nurse as well as the supply racks R1 and R2. Setup 3 pro-
vides the best balance of left-side and right-side setup.
Thus, the travel paths do not differ for left-side and right-
side TKA, since the position of the tables does not change
as a result of the mirroring.

On the right side of Fig. 13, the total distance traveled
by the circulator during a THA surgery is presented.
The number of pathways was recorded in 15 THA sur-
geries. The circulator travels on average 2.6 £ 2.9 times
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to the supply rack R1, 1.5+ 1.1 times to the supply rack
R2, 0.3+6.6 times to the supply stock ST1, 4.5+2.3
times to the supply stock ST2 and 2.3 + 1.6 times to the
anesthesia room as well as 5.0 £4.7 times to the scrub
nurse. As a result of the Delmia simulation scenario, the
walking distance of the left-side THA Setup 3 is the
shortest. For the right-side Setup 3, it is marginally lon-
ger than Setup 1 and the right-side Setup 2. For the
right-side THA Setup 3, the circulator needs to go
around the operating room table due to a blocked pas-
sage on the left side of the OR, which leads to a slightly
longer pathway compared to the initial THA Setups 1
and 2.

Total rotational movement

In the left-side Fig. 14, the TRM for all TKA setups is pre-
sented. For the initially recorded TKA Setup 1, the theor-
etically calculated TRM is 1890° (Setup la - rotation to
the right side) and 2070° (Setup 1b - rotation to the left
side), for the newly designed TKA Setup 2 the TRM is
1800° and for TKA Setup 4 the TRM is 1350° (Setup 4a
-rotation to the right side) and 1215° (Setup 4b - rotation
to the left side). TKA Setup 3 has the lowest TRM with
1170° and seems to be the most balanced solution be-
tween the TRM of the surgeon and the scrub nurse.

The TRM of all THA setups is presented in the right-
side Fig. 14. For the initially recorded THA Setup 1, the
TRM is 1890° (Setup la - rotation the right side) and
2070° (Setup 1b - rotation to the left side) and for THA
Setup 2 the TRM is 1140° for every instrument hand
over. The newly designed THA Setup 3 has the lowest
TRM with 900° and provides a good balance between
the TRM of the surgeon and the scrub nurse.

Evaluation of the best-performing setup in the actual
intraoperative OR environment

For TKA surgery, Setup 3 seemed to be the best option
of all analyzed TKA setups. Instrument handover times,
TRM, as well as the travel paths of the circulator,

performed better than the other designed setups and the
initial Setup 1. The tables are arranged in a U-shape
around the scrub nurse at the bottom of the OR table.
Beneficially, the scrub nurse faces the surgeon directly
and has a direct view on the operating area. Further-
more, the circulator can reach all workplaces and supply
storage without any obstructions. The instrument table
setup was discussed with the surgical team of the Div-
ision of Joint Replacement and Orthopedics and a final
adaptation was made before the setup was implemented
in the actual OR and daily clinical routine. This led to a
slightly adapted OR layout with only 3 instrument tables
for TKA surgery (Fig. 15).

For THA surgery, also Setup 3 seems to be the best
option of the analyzed setups. The single and the total
instrument handover times, TRM, as well as travel paths
of the circulator, showed better results than both initial
setups. In Setup 3 the three instrument tables are ar-
ranged in U-shape around the scrub nurse at the bottom
of the OR table. The scrub nurse faces the surgeon and
has a direct view of the operating area. Additionally, the
circulator has unrestricted access to all destinations.

THA Setup 3 was also discussed with the orthopedic
OR team before it was implemented in the intraopera-
tive OR environment. Thereby, a working method for
the position change of the surgeon and the 1st assistant
was identified (Fig. 16). The challenge was the rearrange-
ment of the instrument tables during the insertion of the
femur part of the hip implant. The scrub nurse should
be able to reach the surgeon within an arm length, al-
though the 1st assistant stands between them. For this
purpose, the scrub nurse pushes the instrument Tables 1
and 3 (left-side THA) respectively Tables 1 and 2 (right-
side THA) forward between the 1st assistant and the
surgeon. Thereby, all instruments needed for the inser-
tion of the femur implant need to be available at the two
moving tables. After the femur implant is inserted, the
surgeon, 1st assistant and scrub nurse change back to
the initial position.
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The setups, which performed best in the simulation
scenarios, were evaluated in the actual intraoperative OR
environment and additionally 14 TKA and 15 THA were
recorded. Therefore, the time of instrument handovers,
as well as the IBCT, were documented and compared to
the initial intraoperative data.

Instrument handover times

Firstly, the instrument handover times of the new TKA
setup were compared to the initial measured data of the
TKA Setup 1 (Fig. 17, left). The instrument Tables 1 and
2 were combined in the final TKA Setup 3 (Fig. 15) to
one 0°-table. Consequently, the measured handover
times of the initial TKA Setup 1 for instrument Table 1
(0°) and 2 (45°) were merged for better comparability
with the new three-table TKA setup. The 90° table in

TKA Setup 1 was compared with the left-side 90° Table
2 in Setup 3. Since the 180° instrument table in Setup 1
and the right-side 90° table in Setup 3 involve the same
instruments, both tables were compared with each other.
The instrument handovers in Setup 3 are faster for all 3
instrument tables. Although, statistical significance has
not been reached for instrument Table 2 (p =0.121) and
Table 3 (p=0.102), a statistical significance in a two-
tailed t-test have been reached for instrument Table 1
(p =0.004).

The instrument handover times of the new THA
Setup 3 were compared to the initial data measured in
the initial THA Setup 1 (Fig. 17, right). Table 3 and
Table 4 of THA Setup 1 were combined for better com-
parability with the three-table THA Setup 3. The mea-
sured handover times of the initial THA Setup 1 for

90°

Fig. 15 Schematic representation of the final TKA Setup 3, which was evaluated in the actual OR setting
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Fig. 16 Schematic representation of the final left and right-side THA Setup 3 during position change of the surgeon and 1st assistant

1

Table 1 were compared with Table 1 of THA Setup 3. Table
2 of THA Setup 1 was compared with the left-side Table 2
of THA Setup 3. Due to the equivalent instrument usage,
Table 3 and Table 4 of THA Setup 1 were compared with
the right-side Table 3 of THA Setup 3. The instrument
handovers in THA Setup 3 are faster for Tables 1 and 3. A
statistical significance of Setup 3 in a two-tailed t-test could
be shown for Table 1 (p = 0.0001) and Table 3 (p = 0.047).

Incision-to-begin-of-closure time

Secondly, the impact of the improved instrument hand-
over time has an impact on the overall efficiency of the
surgical procedure was analyzed. Therefore, the IBCT of
TKA Setup 3 was recorded and compared to the initial

IBCT performance of the TKA Setup 1 (Fig. 18, left). In
surgeries performed with TKA Setup 1, the mean IBCT
is 71.1 £20.7 min. In surgeries performed with the new
TKA Setup 3, the mean IBCT was slightly faster with
70.7 +17.1 min. Although the variance of procedures
performed with TKA Setup 3 is lower and indicates a
faster and more efficient surgery, there is no significant
difference in the duration of the procedure for TKA sur-
geries (p = 0.94).

The IBCT was also measured for both initial THA
setups and subsequently compared to the intraopera-
tively recorded IBCT of THA Setup 3 (Fig. 18, right).
The mean IBCT is 53.2+14.7 min for surgeries per-
formed with THA Setup 1, 54.5+22.8 min for THA
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Setup 2 and 49.7 + 12.2 min for THA Setup 3. Although
the newly designed setup performs on average 3.49 min
faster than THA Setup 1 and 4.77 min faster than THA
Setup 2, a statistical significance was not reached (Setup
1 p=0.53, Setup 2 p =0.50).

Inter-setup evaluation of the simulation results
In the last step, the Delmia simulation results of the newly
designed THA Setup 3 and TKA Setup 3 were compared
with the intraoperatively recorded data to evaluate the accur-
acy and closeness to the actual intraoperative situation. For
this purpose, the instrument handover time was analyzed.
The simulated and real intraoperative instrument hand-
over times (IHT) of TKA Setup 3 and THA Setup 3 are
presented in Table 2. The difference between the simula-
tion and real OR IHT is exceptionally small for all tables
in TKA Setup 3 and Tables 1 and 2 in THA Setup 3. Only
Table 3 in THA Setup has a higher deviation between
simulation and the real OR measurement of 0.66 s. Never-
theless, the results indicate high accuracy and closeness of
the Delmia simulation to the actual intraoperative situ-
ation. This enables a valid evaluation of setup changes by
a computer simulation before their implementation in the
actual OR environment.

Discussion
The improved TKA Setup 3 and THA Setup 3 were per-
manently implemented in the daily clinical routine at

the University of Leipzig Medical Center. In particular,
the surgeons and scrub nurses acknowledged the newly
designed setups’ good operability and improved ergo-
nomics. In a questionnaire study, the OR personnel indi-
cates a high level of satisfaction with the improved
setups [63]. For the TKA setup, the scrub nurses espe-
cially like the good view of the operating area and the
surgeon, which enables a faster and proactive instrument
handover. The surgeons have improved accessibility to
the instrument tables and often perform instrument
handover without any rotations, which consequently im-
proves the ergonomics of the setup. The same applies to
the improved THA setup. The surgeon does not need to
turn or bend the upper body, to grab an instrument.
Also, the scrub nurses describe the setup after the pos-
ition change of the surgeon and the 1st assistant as good
manageable.

One of the main benefits of the presented method-
ology is the strong user involvement in the development
process and the simulation study. With the help of the
3D graphical representation, the clinical stakeholders
were able to contribute their expertise in the design of
the new OR setups, which enables the intraoperative im-
plementation of efficient OR layouts with high user ac-
ceptance. The new setups were also analyzed with
respect to hygienic considerations and were assessed
positively by the Institute of Infection Control and Hos-
pital Hygiene of the University Medical Center Leipzig.

Table 2 Comparison of Delmia simulation results and intraoperative measurements of instrument handover times

TKA Setup 3 THA Setup 3
IHT Delmia simulation IHT intraoperative measurement A IHT Delmia simulation IHT intraoperative measurement A
[sec] [sec] [sec] [sec] [sec] [sec]
Table 070 0.65 0,05 0.79 0.72 0.07
1
Table 124 1.14 0,10 142 1.44 0.02
2
Table  1.66 146 020 120 1.86 0.66
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Besides the positive subjective assessment of the im-
proved setups, an objective assessment has been per-
formed in this study. It was shown, that the newly
designed setups perform better in the simulation envir-
onment as well as in the intraoperative setting. In the
simulation, the instrument handover times, total instru-
ment handover times and travel path of the circulator
could be slightly reduced. In the intraoperative setting,
the instrument handover time, surgery duration, and the
ergonomic situation, team collaboration, and intraopera-
tive hygiene could be improved by the implementation
of the enhanced OR setups. Additionally, the simulation
results strongly correlate to the intraoperative measured
data. Therefore, the developed methodology for the de-
sign, simulation, analysis, and evaluation of improved
OR setups has proven its suitability for the intended ap-
plication. The methodology has been successfully ap-
plied to different orthopedic intervention types (THA
and TKA) and could be adapted to other interventions
and surgical disciplines. With the simulation-based
methodology, it is possible to analyze different possible
setups from different perspectives. This allows a valid as-
sessment of the performance prior to the implementa-
tion of untested setups in the intraoperative setting,
which could lead to adverse effects. Intraoperative pro-
cesses are highly variable, complex, intertwined and have
a significant impact on each other. Therefore, a change
in the intraoperative setting should not be tested ad-hoc
without prior considerations and tests. The proposed
methodology enables the design and assessment of im-
proved OR setups for different surgical disciplines tai-
lored to the procedural, structural and personnel
characteristics of a specific OR and clinic. However, the
introduced THA and TKA setups are basically applicable
to other similar equipped ORs, if the structural, and pro-
cedural requirements are met.

A slight drawback of the presented methodology is the
high effort for data acquisition and simulation implementa-
tion. Nevertheless, the DES enables an objective performance
evaluation of the analyzed setups from different perspectives,
which would not have been possible solely on the base of the
intraoperative measurements. Additionally, the 3D represen-
tation provides an adequate environment for the design of
the new setup alternatives considering the requirements for
the improvement of THA and TKA setups. Also, the ani-
mated 3D models provide the base for the involvement of
different clinical stakeholders in the group-based decision-
making process. Overall, the study shows that the results are
worth the effort due to the improvement of the surgeries’ ef-
ficiency. The new THA setup is about 4 min faster than the
initial setups. In [64] it was shown, that also small improve-
ments in IBCT in combination with a perioperative business
process reengineering could to lead a better balancing and
improved utilization of available OR capacities.
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Conclusion

Modern operating rooms are the most cost-intensive but
also a high-income department in the hospital. The sur-
gical department is in the focus of continuous
optimization to create an efficient and safe environment
for optimal patient treatment. Due to the complexity
and sensitivity of perioperative processes, changes in the
intraoperative setting should not be tested ad-hoc with-
out prior considerations and tests. Simulation models
provide an effective approach for the improvement of
processes and structures. Additionally, the simulation
could indicate in which way processes need to be
adapted and how the process efficiency is changed due
to the impact of different procedural, behavioral, struc-
tural, operational or temporal parameters.

In this work, a methodology was presented for the design,
analysis, simulation, and evaluation to determine improved
OR setups tailored to a specific surgical intervention. For the
use case of TKA and THA surgeries, enhanced OR setups
were designed, and analyzed form different perspectives
based on discrete event simulation. The simulation results
were evaluated in the actual intraoperative OR setting.
Thereby, the instrument handover time could be reduced for
all instrument tables in the newly designed TKA setup and
statistical significance was shown for the primarily used
Table 1. For the improved THA setup, the instrument hand-
over times are significantly faster for the main instrument
Table 1 and Table 3. Comparing the setups in the simulation
scenario, the travel paths of the circulator could be slightly
reduced, and the ergonomic situation of the OR team was
improved. With the implementation of the improved THA
and TKA setups in the actual OR environment, the incision-
to-begin-of-closure-time could be reduced. An inter-setup
evaluation was performed to demonstrate the accuracy of
the method. The results indicate high accuracy and closeness
of the simulation model to the actual intraoperative situation.
This enables a valid evaluation of setup changes before their
implementation in the actual OR environment. The strong
user involvement in the development process results in the
implementation of efficient OR setups with high user accept-
ance. Therefore, the presented method proved to be suitable
for the presented use case but provides also high flexibility
for other optimization objectives concerning the OR layout.
Additionally, the method can also be adapted to further
intervention types and surgical disciplines.
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Dassault Systemes) and the implementation of the simulation
environment.
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Abbreviations

AT: st assistant; A2: 2nd assistant; AN: Anesthesiologist; AR: Anesthesia room;
CAD: Computer-aided design; DES: Discrete Event Simulation; IBCT: Incision-
to-begin-of-closure-time; IHT: Instrument handover time; MRI: Magnetic
Resonance Imaging; OR: Operating room; OWAS: Ovako Working Posture
Analyzing System; R1: Rack 1; R2: Rack 2; SN: Scrub nurse; ST1: Supply stock 1;
ST2: Supply stock 2; SU: Surgeon; THA: Total Hip Arthroplasty; TKA: Total Knee
Arthroplasty; TRM: Total Rotational Movement; WP1: Working place 1;

WP2: Working place 2

Acknowledgements

We acknowledge support from the German Research Foundation (DFG) and
Leipzig University within the program of Open Access Publishing. The
authors would like to thank the staff of the Department of Orthopaedic,
Trauma and Plastic Surgery, Division of Endoprothetic Joint Surgery and
General Orthopaedics at the University of Leipzig Medical Center for their
kind support during data acquisition and evaluation as well as for their
valuable insights in intraoperative THA and TKA processes. Many thanks are
also owed to Fabiola Ferndndez-Gutiérrez for her patient assistance on
Delmia. Thanks to Michael Unger and Erik Schreiber for proof-reading the
article.

Authors’ contributions

JN. conceived and planned the study design including data acquisition and
the simulation experiments. She performed the calculations and data
analysis and wrote the manuscript with support from all authors. CA. carried
out the initial intraoperative data acquisition, implemented and performed
the simulation experiments and analytic calculations. CH. carried out the
data acquisition of the actual intraoperative OR setup evaluation and
analyzed the evaluation data. CA, D.Z, M.G. and AR. contributed to the data
acquisition and to the clinical interpretation of the data and evaluation
results. AR. and T. N. conceived the original idea. T.N. designed and directed
the project. All authors discussed the results and contributed to the final
manuscript. The author(s) read and approved the final manuscript.

Funding

This work was funded by the German Federal Ministry of Education and
Research (Bundesministerium fir Bildung und Forschung (BMBF)). The
funding body had no role in the design of the study, data collection, analysis
and interpretation of results, or writing the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

Innovation Center Computer Assisted Surgery (ICCAS), Leipzig University,
Semmelweisstr. 14, 04103 Leipzig, Germany. “Department of Orthopaedic,
Trauma and Plastic Surgery, Division of Endoprothetic Joint Surgery and
General Orthopaedics, University of Leipzig Medical Center, Leipzig, Germany.

(2020) 20:145

Page 19 of 20

Received: 9 August 2019 Accepted: 31 March 2020
Published online: 02 July 2020

References

1. Laufman H. What's wrong with our operating rooms? Am J Surg. Sep. 1971;
122(3):332-43. https.//doi.org/10.1016/0002-9610(71)90253-4.

2. Essex-Lopresti M. Operating theatre design. Lancet. Mar. 1999;353(9157):
1007-10. https://doi.org/10.1016/50140-6736(98)11356-9.

3. Rostenberg B, Barach PR. Design of cardiovascular operating rooms for
tomorrow's technology and clinical practice — part 2. Prog Pediatr Cardiol.
2012;33(1):57-65. https://doi.org/10.1016/j.ppedcard.2011.12.010.

4. Palmer G, et al. Realizing improved patient care through human-centered
operating room design: a human factors methodology for observing flow
disruptions in the cardiothoracic operating room. Anesthesiology. 2013;
119(5):1066-77. https://doi.org/10.1097/ALN.0b013e31829f68cf.

5. Joseph A, Khoshkenar A, Taaffe KM, Catchpole K, Machry H, Bayramzadeh S.
Minor flow disruptions, traffic-related factors and their effect on major flow
disruptions in the operating room. BMJ Qual Saf. 2019;28(4):276-83. https.//
doi.org/10.1136/bmjgs-2018-007957.

6. Sobolev BG, Sanchez V, Vasilakis C. Systematic review of the use of
computer simulation modeling of patient flow in surgical care. J Med Syst.
Feb. 2011;35(1):1-16. https://doi.org/10.1007/510916-009-9336-z.

7. Marjamaa RA, Torkki PM, Hirvensalo EJ, Kirveld OA. What is the best
workflow for an operating room? A simulation study of five scenarios.
Health Care Manag Sci. 2009;12(2):142. https://doi.org/10.1007/510729-008-
9073-8.

8. Krupka DC, Sandberg WS. Operating room design and its impact on
operating room economics. Curr. Opin. Anesthesiol. 2006;19(2):185. https.//
doi.org/10.1097/01.ac0.0000192795.64678.e7.

9. Lin Q-L, Liu H-C, Wang D-J, Liu L. Integrating systematic layout planning
with fuzzy constraint theory to design and optimize the facility layout for
operating theatre in hospitals. J Intell Manuf. Feb. 2015;26(1):87-95. https://
doi.org/10.1007/510845-013-0764-8.

10.  Weiss G, von Baer R, Riedl S. The influence of the optimal use of space on
the efficient running of an operating theatre. Chir. 2002;73(2):174-9. https.//
doi.org/10.1007/500104-001-0414-0.

11, Chraibi A, Osman IH, Kharraja S. Adaptive layout for operating theatre in
hospitals: different mathematical models for optimal layouts. Ann Oper Res.
2019,272(1):493-527. https://doi.org/10.1007/510479-018-2799-x.

12. Gormley T, et al. Methodology for analyzing environmental quality
indicators in a dynamic operating room environment. Am J Infect Control.
Apr. 2017:45(4):354-9. https://doi.org/10.1016/}.4jic.2016.11.001.

13. Baumgart A, Denz C, Bender H-J, Schleppers A. How Work Context Affects
Operating Room Processes: Using Data Mining and Computer Simulation to
Analyze Facility and Process Design. Qual Manag Healthc. 2009;18(4):305.
https://doi.org/10.1097/QMH.0b013e3181bee2c6.

14. Brogmus G, Leone W, Butler L, Hernandez E. Best practices in OR suite
layout and equipment choices to reduce slips, trips, and falls. AORN J. 2007;
86(3):384-98. https://doi.org/10.1016/j.a0rn.2007.06.003.

15. Nollert G, Wich S. Planning a cardiovascular hybrid operating room: the
technical point of view. Heart Surg Forum. 2009;12(3):E125-30. https://doi.
0rg/10.1532/HSF98.20091033.

16. Winer WK, Lyons TL. Suggested set-up and layout of instruments and
equipment for advanced operative laparoscopy. J Am Assoc Gynecol Laparosc.
Feb. 1995,2(2):231-4. https//doi.org/10.1016/51074-3804(05)80025-8.

17.  Korkiakangas T, Weldon S-M, Bezemer J, Kneebone R. Nurse-surgeon object
transfer: video analysis of communication and situation awareness in the
operating theatre. Int J Nurs Stud. Sep. 2014;51(9):1195-206. https://doi.org/
10.1016/.ijnurstu.2014.01.007.

18.  Brailsford SC, Bolt T, Connell C, Klein JH, Patel B. Stakeholder engagement in
health care simulation. In: Proceedings of the 2009 Winter Simulation
Conference (WSC); 2009. p. 1840-9. https.//doi.org/10.1109/WSC.2009.5429190.

19.  Jahangirian M, Taylor SJE, Eatock J, Stergioulas LK, Taylor PM. Causal study
of low stakeholder engagement in healthcare simulation projects. J Oper
Res Soc. Mar. 2015;66(3):369-79. https;//doi.org/10.1057/jors.2014.1.

20. Mustafee N, Katsaliaki K, Taylor SJE. “Profiling Literature in Healthcare
Simulation:,” SIMULATION; 2010. https://doi.org/10.1177/0037549709359090.

21, Brailsford SC, Eldabi T, Kunc M, Mustafee N, Osorio AF. Hybrid simulation
modelling in operational research: a state-of-the-art review. Eur J Oper Res.
2019,278(3):721-37. https://doi.org/10.1016/j.€jor.2018.10.025.


https://doi.org/10.1016/0002-9610(71)90253-4
https://doi.org/10.1016/S0140-6736(98)11356-9
https://doi.org/10.1016/j.ppedcard.2011.12.010
https://doi.org/10.1097/ALN.0b013e31829f68cf
https://doi.org/10.1136/bmjqs-2018-007957
https://doi.org/10.1136/bmjqs-2018-007957
https://doi.org/10.1007/s10916-009-9336-z
https://doi.org/10.1007/s10729-008-9073-8
https://doi.org/10.1007/s10729-008-9073-8
https://doi.org/10.1097/01.aco.0000192795.64678.e7
https://doi.org/10.1097/01.aco.0000192795.64678.e7
https://doi.org/10.1007/s10845-013-0764-8
https://doi.org/10.1007/s10845-013-0764-8
https://doi.org/10.1007/s00104-001-0414-0
https://doi.org/10.1007/s00104-001-0414-0
https://doi.org/10.1007/s10479-018-2799-x
https://doi.org/10.1016/j.ajic.2016.11.001
https://doi.org/10.1097/QMH.0b013e3181bee2c6
https://doi.org/10.1016/j.aorn.2007.06.003
https://doi.org/10.1532/HSF98.20091033
https://doi.org/10.1532/HSF98.20091033
https://doi.org/10.1016/S1074-3804(05)80025-8
https://doi.org/10.1016/j.ijnurstu.2014.01.007
https://doi.org/10.1016/j.ijnurstu.2014.01.007
https://doi.org/10.1109/WSC.2009.5429190
https://doi.org/10.1057/jors.2014.1
https://doi.org/10.1177/0037549709359090
https://doi.org/10.1016/j.ejor.2018.10.025

Neumann et al. BMC Medical Informatics and Decision Making

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Chahal K, Eldabi T, Young T. A conceptual framework for hybrid system
dynamics and discrete event simulation for healthcare. J Enterp Inf Manag.
2013;26(1/2):50-74. https://doi.org/10.1108/17410391311289541.

Brailsford SC. Hybrid simulation in healthcare: New concepts and new tools.
In: 2015 Winter Simulation Conference (WSC); 2015. p. 1645-53. https://doi.
0rg/10.1109/WSC.2015.7408284.

Inés A, Hayfa Z, Slim H. Workflow tool to Model and simulate patients paths
in Pediatric Emergency Department; 2013. p. 7.

Goienetxea Uriarte A, Ruiz ZUfiga E, Urenda Moris M, Ng AHC, Karlberg C,
Wallgvist P. Improved system design of an emergency department through
simulation-based multiobjective-optimization. In: presented at the 6th
edition of the modeFRONTIER International Users’ Meeting Conference.
Trieste, Italy, May 12-13, 2014; 2014.

Steins K. "Discrete-event simulation for hospital resource planning :
possibilities and requirements,” DIVA; 2010.

Azari-Rad S, Yontef A, Aleman DM, Urbach DR. A simulation model for
perioperative process improvement. Oper Res Health Care. 2014;3(1):22-30.
https://doi.org/10.1016/j.0rhc.2013.12.003.

Ballard SM, Kuhl ME. The use of Simulation to Determine Maximum
Capacity in the Surgical Suite Operating Room. In: Proceedings of the 2006
Winter Simulation Conference; 2006. p. 433-8. https://doi.org/10.1109/WSC.
2006.323112.

Saadouli H, Jerbi B, Dammak A, Masmoudi L, Bouaziz A. A stochastic
optimization and simulation approach for scheduling operating rooms and
recovery beds in an orthopedic surgery department. Comput Ind Eng. 2015;
80:72-9. https://doi.org/10.1016/j.cie.2014.11.021.

Sciomachen A, Tanfani E, Testi A. Simulation models for optimal schedules
of operating theatres. Int J Simul. 2005;6(12-13):26-34.

Persson MJ, Persson JA. Analysing management policies for operating room
planning using simulation. Health Care Manag Sci. 2010;13(2):182-91.
https//doi.org/10.1007/510729-009-9122-y.

Baumgart A, Zoeller A, Denz C, Bender HJ, Heinzl A, Badreddin E. Using
Computer Simulation in Operating Room Management: Impacts on Process
Engineering and Performance. In: 40th Annual Hawaii International
Conference on System Sciences, 2007. HICSS 2007; 2007. p. 131. https://doi.
0org/10.1109/HICSS.2007.593.

Komashie A, Mousavi A, Gore J. Using Discrete Event Simulation (DES) to
Manage Theatre Operations in Healthcare: An Audit-Based Case Study. In:
Tenth International Conference on Computer Modeling and Simulation
(uksim 2008); 2008. p. 360-5. https://doi.org/10.1109/UKSIM.2008.112.
Cardoen B, Demeulemeester E, Belién J. Operating room planning and
scheduling: a literature review. Eur J Oper Res. 2010,201(3):921-32. https.//
doi.org/10.1016/j.€jor.2009.04.011.

Law AM, Kelton WD. Simulation modeling and analysis, vol. 3. McGraw-Hill
New York; 2000.

Fishman GS. Discrete-event simulation: modeling, programming, and
analysis. New York: Springer Science & Business Media; 2013.https://doi.org/
10.1007/978-1-4757-3552-9.

Volkner P, Werners B. A simulation-based decision support system for
business process planning. Fuzzy Sets Syst. 2002;125(3):275-87. https://doi.
0rg/10.1016/50165-0114(00)00105-6.

Van Ooteghem J, Verbrugge S, Casier K, Casier G. Application of a Discrete
Event Simulator for Healthcare Processes; 2015. p. 241-6. https://doi.org/10.
5220/0005887702410246.

Ferndndez-Gutiérrez F, Barnett |, Taylor B, Houston G, Melzer A. Framework
for detailed workflow analysis and modelling for simulation of multi-modal
image-guided interventions. J Enterp Inf Manag. 2013;26(1/2):75-90.
Ferndndez-Gutiérrez F, Wolska-Krawczyk M, Buecker A, Houston JG, Melzer
A. Workflow optimisation for multimodal imaging procedures: a case of
combined X-ray and MRI-guided TACE. Minim Invasive Ther Allied Technol.
2017;26(1):31-8.

Khoshkenar A, et al. Simulation-based design and traffic flow improvements
in the operating room. In: 2017 Winter Simulation Conference (WSC); 2017.
p. 2975-83. https://doi.org/10.1109/WSC.2017.8248019.

Kotiadis K, Tako AA, Vasilakis C. A participative and facilitative conceptual
modelling framework for discrete event simulation studies in healthcare. J
Oper Res Soc. Feb. 2014,65(2):197-213. https://doi.org/10.1057/jors.2012.176.
Cooke-Davies T. The 'real’ success factors on projects. Int J Proj Manag.
2002,20(3):185-90. https://doi.org/10.1016/50263-7863(01)00067-9.

Tako AA, Robinson S. Is simulation in health different? J Oper Res Soc. Apr.
2015;66(4):602-14. https;//doi.org/10.1057/jors.2014.25.

(2020) 20:145

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 20 of 20

Peavey EK, Zoss J, Watkins N. Simulation and mock-up research methods to
enhance design decision making. HERD Health Environ. Res. Des. J. 2012;
5(3):133-44. https.//doi.org/10.1177/193758671200500313.

Bayramzadeh S, Joseph A, Allison D, Shultz J, Abernathy J. Using an
integrative mock-up simulation approach for evidence-based evaluation of
operating room design prototypes. Appl Ergon. 2018;70:288-99. https://doi.
org/10.1016/j.apergo.2018.03.011.

Thalen J, van der Voort M. Facilitating User Involvement in Product Design
Through Virtual Reality, Virtual Reality -Human Computer Interaction, Xin-
Xing Tang, IntechOpen, https://doi.org/10.5772/48602. Available from:
https.//www.intechopen.com/books/virtual-reality-human-computer-
interaction/facilitating-user-involvement-in-product-design-through-virtual-
reality.

Shan L, Shan B, Graham D, Saxena A. Total hip replacement: a systematic
review and meta-analysis on mid-term quality of life. Osteoarthr Cartil. Mar.
2014;22(3):389-406. https://doi.org/10.1016/jjoca.2013.12.006.

Kurtz SM, et al. International survey of primary and revision total knee
replacement. Int Orthop. Dec. 2011;35(12):1783-9. https://doi.org/10.1007/
500264-011-1235-5.

Darouiche RO. Treatment of infections associated with surgical implants. N
Engl J Med. Apr. 2004;350(14):1422-9. https://doi.org/10.1056/
NEJMra035415.

de Lissovoy G, Fraeman K, Hutchins V, Murphy D, Song D, Vaughn BB.
Surgical site infection: incidence and impact on hospital utilization and
treatment costs. Am J Infect Control. 2009;37(5):387-97. https://doi.org/10.
1016/j.ajic.2008.12.010.

Karhu O, Kansi P, Kuorinka I. Correcting working postures in industry: a
practical method for analysis. Appl Ergon. Dec. 1977,8(4):199-201.

Kant 1J, de Jong LC, van Rijssen-Moll M, Borm PJ. A survey of static and
dynamic work postures of operating room staff. Int Arch Occup Environ
Health. 1992,63(6):423-8.

Radermacher K, Pichler CV, Rau G. Aspects of ergonomics in Minimal-
Invasive Surgery — Analysis and approaches. In: 1992 14th annual
international conference of the IEEE engineering in medicine and biology
society, vol. 4; 1992. p. 1564-5. https://doi.org/10.1109/IEMBS.1992.5761926.
Berguer R, Rab GT, Abu-Ghaida H, Alarcon A, Chung J. A comparison of
surgeons’ posture during laparoscopic and open surgical procedures. Surg
Endosc. Feb. 1997;11(2):139-42. https://doi.org/10.1007/5004649900316.
Engels JA, Landeweerd JA, Kant Y. An OWAS-based analysis of nurses’
working postures. Ergonomics. May 1994;37(5):909-19. https://doi.org/10.
1080/00140139408963700.

Lester JD, Hsu S, Ahmad CS. Occupational hazards facing orthopedic
surgeons. Am J Orthop Belle Mead NJ. Mar. 2012;41(3):132-9.

Algahtani SM, Alzahrani MM, Tanzer M. Adult reconstructive surgery: a high-
risk profession for work-related injuries. J Arthroplast. 2016;31(6):1194-8.
https://doi.org/10.1016/j.arth.2015.12.025.

Neumann J, Angrick C, Roth A, Neumuth T. Ergonomic Assessment of
Operating Room Setups for Orthopedic Reconstructive Surgery. In: 18.
Jahrestagung der Deutschen Gesellschaft fir Computer und Roboter-
assistierte Chirurgie (CURAC), Reutlingen; 2019.

"DELMIA - Dassault Systemes,” 13-Jun-2018. [Online]. Available: https://
www.3ds.com/products-services/delmia/. [Accessed: 13-Jun-2018].
Bayramzadeh S, et al. The impact of operating room layout on circulating
Nurse's work patterns and flow disruptions: a behavioral mapping study.
HERD Health Environ Res Des J. 2018;11(3):124-38. https://doi.org/10.1177/
1937586717751124.

Lauer W, Ibach B, Radermacher K. Knowledge-based OR table positioning
assistant for orthopedic surgery. In: 4th European Conference of the
International Federation for Medical and Biological Engineering. Berlin:
Springer; 2009. p. 1676-8.

D. Zajonz et al, "Increase of efficiency by optimization of table position for
elective primary THA and TKA: a prospective monocentric pilot study,”
submitted, 2020.

Neumann J, Angrick C, Rollenhagen D, Roth A, Neumuth T. Perioperative
Workflow Simulation and Optimization in Orthopedic Surgery. In: MICCAI
2018, OR 2.0 Context-Aware Operating Theaters, Granada, Spain; 2018, vol.
Lecture Notes in Computer Science. p. 3-11.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1108/17410391311289541
https://doi.org/10.1109/WSC.2015.7408284
https://doi.org/10.1109/WSC.2015.7408284
https://doi.org/10.1016/j.orhc.2013.12.003
https://doi.org/10.1109/WSC.2006.323112
https://doi.org/10.1109/WSC.2006.323112
https://doi.org/10.1016/j.cie.2014.11.021
https://doi.org/10.1007/s10729-009-9122-y
https://doi.org/10.1109/HICSS.2007.593
https://doi.org/10.1109/HICSS.2007.593
https://doi.org/10.1109/UKSIM.2008.112
https://doi.org/10.1016/j.ejor.2009.04.011
https://doi.org/10.1016/j.ejor.2009.04.011
https://doi.org/10.1007/978-1-4757-3552-9
https://doi.org/10.1007/978-1-4757-3552-9
https://doi.org/10.1016/S0165-0114(00)00105-6
https://doi.org/10.1016/S0165-0114(00)00105-6
https://doi.org/10.5220/0005887702410246
https://doi.org/10.5220/0005887702410246
https://doi.org/10.1109/WSC.2017.8248019
https://doi.org/10.1057/jors.2012.176
https://doi.org/10.1016/S0263-7863(01)00067-9
https://doi.org/10.1057/jors.2014.25
https://doi.org/10.1177/193758671200500313
https://doi.org/10.1016/j.apergo.2018.03.011
https://doi.org/10.1016/j.apergo.2018.03.011
https://doi.org/10.5772/48602
https://www.intechopen.com/books/virtual-reality-human-computer-interaction/facilitating-user-involvement-in-product-design-through-virtual-reality
https://www.intechopen.com/books/virtual-reality-human-computer-interaction/facilitating-user-involvement-in-product-design-through-virtual-reality
https://www.intechopen.com/books/virtual-reality-human-computer-interaction/facilitating-user-involvement-in-product-design-through-virtual-reality
https://doi.org/10.1016/j.joca.2013.12.006
https://doi.org/10.1007/s00264-011-1235-5
https://doi.org/10.1007/s00264-011-1235-5
https://doi.org/10.1056/NEJMra035415
https://doi.org/10.1056/NEJMra035415
https://doi.org/10.1016/j.ajic.2008.12.010
https://doi.org/10.1016/j.ajic.2008.12.010
https://doi.org/10.1109/IEMBS.1992.5761926
https://doi.org/10.1007/s004649900316
https://doi.org/10.1080/00140139408963700
https://doi.org/10.1080/00140139408963700
https://doi.org/10.1016/j.arth.2015.12.025
https://www.3ds.com/products-services/delmia/
https://www.3ds.com/products-services/delmia/
https://doi.org/10.1177/1937586717751124
https://doi.org/10.1177/1937586717751124

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	State of the art

	Methods
	Conception phase
	Problem statement
	Objective formalization
	Evaluation criteria

	Data acquisition
	Intraoperative process recording
	Ergonomic assessment

	Simulation implementation
	Scenario development
	Requirements analysis
	Design and verification of new OR setups for THA and TKA

	Simulation experiments
	Analysis
	Evaluation

	Results
	OR setups for Total knee replacement
	Initial TKA setup 1
	Newly designed TKA setup 2
	Newly designed TKA setup 3
	Newly designed TKA setup 4

	OR setups for Total hip replacement
	Initial THA setup 1
	Initial THA setup 2
	Newly designed THA setup 3

	In Silico comparison of initial and newly designed OR setups
	Instrument handover times
	Total instrument handover times
	Distance traveled by the circulator
	Total rotational movement

	Evaluation of the best-performing setup in the actual intraoperative OR environment
	Instrument handover times
	Incision-to-begin-of-closure time

	Inter-setup evaluation of the simulation results

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

