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Abstract

Introduction Many laparoscopic surgeons report muscu-

loskeletal symptoms that are thought to be related to the

ergonomic stress of performing laparoscopy. Robotic sur-

gical systems may address many of these limitations. To

date, however, there have been no studies exploring the

quantitative ergonomics of robotic surgery. In this study,

we sought to compare the activation of bilateral biceps,

triceps, deltoid, and trapezius muscle groups during tradi-

tional laparoscopic surgery (TLS) and robot-assisted lapa-

roscopic surgery (RALS) procedures, as quantified by

surface electromyography (sEMG).

Methods One surgeon with expertise in TLS and RALS

performed 18 operative procedures (13 TLS, 5 RALS)

while sEMG measurements were obtained from bilateral

biceps, triceps, deltoid, and trapezius muscles. sEMG

measurements were normalized to the maximum voluntary

contraction of each muscle (%MVC). We compared mean

%MVC values for each muscle group during TLS and

RALS with unpaired t-tests and considered differences

with a p value \0.05 to be statistically significant.

Results Muscle activation was higher during TLS compared

to RALS in bilateral biceps (L Biceps RALS:1.01 %MVC, L

Biceps TLS:3.14, p = 0.01; R Biceps RALS:1.81 %MVC, R

Biceps TLS:4.53, p = 0.0002). Muscle activation was higher

during TLS compared to RALS in bilateral triceps (L Triceps

RALS:1.73 %MVC, L Triceps TLS:3.58, p = 0.04; R Tri-

ceps RALS:1.59 %MVC, R Triceps TLS:5.11, p = 0.02).

Muscle activation was higher during TLS compared to RALS

in bilateral deltoids (L Deltoid RALS:1.50 %MVC, L Deltoid

TLS:3.68, p = 0.03; R Deltoid RALS:1.19 %MVC, R Del-

toid TLS:2.57, p = 0.01). Significant differences were not

detected in the bilateral trapezius muscles (L Trapezius

RALS:1.50 %MVC, L Trapezius TLS:3.68, p = 0.03; R

Trapezius RALS:1.19 %MVC, R Trapezius TLS:2.57,

p = 0.01).

Discussion We have quantitatively examined the ergo-

nomics of TLS and RALS and shown that in a single

surgeon, TLS procedures are associated with significantly

elevated biceps, triceps, and deltoid activation bilaterally

when compared to RALS procedures.
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The widespread adoption of laparoscopic surgery has been

very beneficial for patients with improvements reported in

length of hospitalization [1], post-operative pain [2], and

post-operative complication rates [3]. For operating sur-

geons, however, these procedures have been associated

with a variety of musculoskeletal symptoms that are

thought to be due to the ergonomic stress of performing

laparoscopy [4]. A recent study revealed that 73 % of

laparoscopic surgeons reported neck, back, shoulder, or

hand pain during or after laparoscopy [4]. Another recent

report of subjective symptoms showed that 87 % of lapa-

roscopic surgeons regularly experienced musculoskeletal
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pain or discomfort, and that these symptoms correlated

most closely with laparoscopic case volume [5]. The lap-

aroscopic OR environment has many ergonomic challenges

that surgeons must contend with, including suboptimal

operating table and monitor positioning, non-ergonomic

instrument handles, and maintenance of awkward body

positioning for extended periods of time [6–9]. Robotic

surgical systems seek to address many of these limitations

[10–12]. While using a robotic surgical platform, the

operating surgeon is in a seated position, viewing the

procedure through a viewfinder on the console and

manipulating instruments using lightweight masters. These

features may provide ergonomic benefits to operating sur-

geons, and indeed several reports describe subjective

improvements in ergonomic stress associated with robotic

surgery [13–15]. To date, however, the potential ergonomic

benefit of robotic surgery in the operating room has never

been objectively analyzed.

Our group is performing a line of research to quantita-

tively describe the ergonomics of surgical platforms using

surface electromyography (sEMG). This technology pro-

vides a non-invasive method to capture voltages from

working muscles and has been widely used in a variety of

industrial fields to help quantify workload [16]. Applica-

tion of sEMG to study surgical ergonomics has been

described in a few recent reports [17]. Lee et al. [18] used

sEMG to evaluate ergonomic differences between task

performance in a dry lab model using traditional laparo-

scopic instruments and endoscopic instruments, showing

considerable ergonomic challenges associated with endo-

scopic task performance compared to laparoscopy. Berguer

et al. [19] compared laparoscopic task performance to task

performance using an early-generation robotic surgical

system (ZEUS, Computer Motion, Inc., Goleta, CA) in a

dry lab experimental model, identifying significantly lower

dominant-arm thenar activation, but no significant differ-

ences in deltoid or forearm flexor activation during robotic

task performance. Our group recently reported preliminary

results from an analysis of fundamentals of laparoscopic

surgery (FLS) tasks as an experimental model for com-

paring traditional laparoscopic surgery (TLS) and robot

assisted laparoscopic surgery (RALS) using the da Vinci

Surgical System� (dVSS) (Intuitive Surgical, Incorporated;

Sunnyvale, CA) [20]. We showed that FLS tasks can be

used to identify statistically significant differences in

muscle activation as quantified by sEMG, setting the stage

for further studies of ergonomics using these tasks. In this

study, we sought to compare the activation of bilateral

biceps, triceps, deltoid, and trapezius muscle groups during

TLS and RALS procedures performed by a single surgeon,

as quantified by sEMG data. We hypothesize that muscle

activation in all muscle groups tested will be significantly

higher during TLS when compared to RALS.

Methods

Subject recruitment

Under an IRB-approved protocol, one general surgeon with

fellowship training in minimally invasive surgery and

expertise in both TLS (1,250? cases) and RALS (250?

cases) was recruited to participate in this study.

Operative procedures

Data were collected during eighteen operative procedures

performed at Barnes-Jewish Hospital. Thirteen TLS and

five RALS procedures were used. The choice of platform

used in this series reflected the practice of the participating

surgeon who uses RALS primarily for complex foregut

procedures and TLS for abdominal wall hernia and solid

organ procedures. All RALS procedures were performed

using a da Vinci Si� surgical system (Intuitive Surgical,

Incorporated; Sunnyvale, CA),. All procedures were

scheduled and identified for use in this study after being

added to the operating room schedule as TLS or RALS

procedures. There were no procedures that were converted

from RALS to TLS, from TLS to RALS, or from either TLS

or RALS to open surgery during the course of this study. All

procedures were performed with the assistance of a surgical

resident or fellow. Data on intra-operative task performance

were collected as well. During TLS, only portions of each

case in which the surgeon was operating primarily or

assisting during laparoscopic surgical task performance

were analyzed. Abdominal access and closure were exclu-

ded from analysis. During RALS, only portions of each case

in which the surgeon was operating using the surgeon’s

console were included in the analysis. Abdominal access,

closure, and portions of the case in which the surgeon

assisted at the bedside were not included in the analysis.

Surface EMG

sEMG data were collected with an 8-channel Bioradio� 150

data acquisition system (Great Lakes Neurotechnologies,

Incorporated�; Cleveland, OH). Skin surfaces overlying

target muscle groups were wiped with rubbing alcohol and

allowed to dry, then two 100 9 100 MVAP-II� electrodes

(MVAP Medical Supplies, Incorporated�; Newbury Park,

CA) were placed over the bellies of each muscle group and

attached to the positive and negative input poles for each data

acquisition channel. Bilateral biceps, triceps, deltoid, and

trapezius muscles were tested. The bicep and tricep muscles

are very active muscles of arm flexion and extension, two of

the most common actions during laparoscopic and robotic

surgery, and were therefore selected as indicators of overall

muscle activation during task performance. In addition, these
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muscle groups were selected to provide continuity and ref-

erence points with other surgical ergonomics studies, in

which their activation was studied [21]. Trapezius and del-

toid muscles were also selected because the shoulder and

neck are among the most common sites of musculoskeletal

symptoms reported by laparoscopic surgeons [22]. An

electrode attached to the right elbow served as the ground

input to complete the input circuit.

The Biocapture� software package (Great Lakes Neu-

rotechnologies, Incorporated�; Cleveland, OH) was used to

filter and record sEMG data. A sampling frequency of

256 Hz was used to capture sEMG data from each channel.

Low (\10 Hz) and high frequency ([127 Hz) signals were

excluded at the time of data capture using digital signal

processing filters.

Before and after each surgical case, EMG data were col-

lected individually from each muscle group while the maxi-

mal voluntary contraction (MVC) of that muscle was elicited

by an assistant providing resistance. The same assistant was

used in every case. The MVC of the biceps was obtained by

flexion of each arm against resistance, MVC of the triceps was

obtained by extension of the arm against resistance, deltoid

MVC data were obtained by abduction of a flexed arm against

resistance, and MVC data from trapezius muscles were col-

lected through a shoulder shrug against resistance.

The subject then performed each surgical procedure

while continuous sEMG data were collected from each

muscle group.

%MVC

The primary outcome variable in this study was the

%MVC, calculated by a standard method [17], as defined

in the following formula:

%MVC =
iEMG

MVC
� 100 %

Where %MVC is the percentage of maximal voluntary

contraction; iEMG is the rectified, processed, and inte-

grated sEMG data for a particular muscle group during a

segment of operative task performance; and MVC is the

voltage generated by that muscle group during a maximal

contraction. In this study, the mean of two MVC repetitions

(pre- and post-operative) was used. The %MVC value

represents the percentage of maximal muscle effort that is

generated by task performance. We analyzed raw sEMG

data with the MATLAB� numerical computing environ-

ment (MathWorks, Incorporated�; Natick, MA).

Data analysis

Continuous sEMG data were collected from each operative

case and divided into 1-minute data segments using

MATLAB�. For each data segment, %MVC was calculated

for each muscle group tested. This set of %MVC values was

used to calculate a mean %MVC value for each muscle group

tested during each operative case analyzed. An overall mean

%MVC for all TLS cases and a mean %MVC for all RALS

cases were calculated for each muscle group. These values

were compared using two-sided unpaired student’s t-tests. A

p value of\0.05 was considered the threshold of statistical

significance for differences seen in this study.

Results

Thirteen TLS and five RALS procedures were used in this

study (Table 1). Muscle activation was significantly higher

during TLS compared to RALS (Fig. 1) in bilateral biceps (L

Biceps RALS: 1.01 ± 0.16 %MVC, L Biceps TLS: 3.14 ±

0.47, p = 0.01; R Biceps RALS: 1.81 ± 0.22 %MVC, R

Biceps TLS: 4.53 ± 0.34, p = 0.0002). Muscle activation

was significantly higher during TLS compared to RALS in

bilateral triceps (L Triceps RALS: 1.73 ± 0.52 %MVC, L

Triceps TLS: 3.58 ± 0.47, p = 0.04; R Triceps RALS:

1.59 ± 0.49 %MVC, R Triceps TLS: 5.11 ± 0.83, p =

0.02). Muscle activation was significantly higher during TLS

compared to RALS in bilateral deltoids (L Deltoid RALS:

1.50 ± 0.53 %MVC, L Deltoid TLS: 3.68 ± 0.52,

p = 0.03; R Deltoid RALS: 1.19 ± 0.49 %MVC, R Deltoid

TLS: 2.57 ± 0.28, p = 0.01). Statistically significant dif-

ferences were not detected in the bilateral trapezius muscle

groups (L Trapezius RALS: 1.50 ± 0.53 %MVC, L Tra-

pezius TLS: 3.68 ± 0.52, p = 0.03; R Trapezius RALS:

1.19 ± 0.49 %MVC, R Trapezius TLS: 2.57 ± 0.28,

p = 0.01).

The trapezius muscle groups were the only muscles in

which similar levels of muscle activation were seen during

laparoscopic and robotic procedures, suggesting a specific

activation of trapezius muscles during robotic surgery. We

performed pairwise comparisons of the trapezius muscle

group and other muscle groups during robotic surgery. On

the left, the trapezius muscle group showed a significantly

greater level of activation during robotic surgery than the

biceps (p \ 0.0001). No other significant differences were

noted on that side. On the right, the trapezius muscle group

showed significantly greater activation than the biceps,

triceps, and deltoid muscle groups during robotic surgery

(p = 0.002, p = 0.003, p = 0.0006, respectively).

Discussion

Laparoscopic surgeons face significant ergonomic chal-

lenges. Robotic assistance may provide ergonomic benefit

to this critical workforce. In this study, we performed the

Surg Endosc (2014) 28:3379–3384 3381
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first quantitative comparison of ergonomic stress associated

with TLS and RALS procedures.

An analysis of a single expert robotic and laparoscopic

surgeon shows that TLS is associated with significantly

higher levels of muscle activation in all muscle groups

tested except for the bilateral trapezius muscles. Several-

fold differences in %MVC were noted in affected muscles.

Absolute differences in mean muscle activation of 2–3 %

MVC per minute lead to cumulative effects of increased

muscle work over time, particularly in long operative

cases, and differences in cumulative muscle activation

have been shown to be associated with increased subjective

workload in a dry lab model [21]. Our findings suggest that

TLS is more ergonomically challenging than RALS for the

upper extremity and shoulder. Bilateral trapezius activation

was similar on both platforms, potentially reflecting the

ergonomic strain on this muscle group associated with

operating using the dVSS in a ‘‘head down’’ posture typi-

cally employed by operating surgeons using the console.

Indeed, we have shown that trapezius muscle groups are

activated at a higher level than other ipsilateral muscles

during robotic surgery, particularly on the dominant side.

Evaluating a single surgeon’s ergonomic experience

during TLS and RALS procedures eliminates many of the

possible confounders in an experimental system as com-

plex as surgical task performance, as the subject acts as

their own control. While a single-surgeon experience

serves as a useful pilot for the study of quantitative ergo-

nomics in the operating room, it will be interesting to

assess whether these results are generalizable to additional

Table 1 Thirteen TLS and five RALS studies were included in this study

Laparoscopic cases Robotic cases

Case Procedure Complexity sEMG data

analyzed (min)

Case Procedure Complexity sEMG data

analyzed (min)

1 Cholecystectomy Basic 46 1 Heller Myotomy Advanced 82

2 Ventral Hernia Repair Advanced 34 2 Nissen Fundoplication Advanced 125

3 Ventral Hernia Repair Advanced 44 3 Paraesophageal Hernia Repair Advanced 131

4 Diagnostic Laparoscopy Basic 44 4 Nissen Fundoplication Advanced 33

5 Ventral Hernia Repair Advanced 96 5 Paraesophageal Hernia Repair Advanced 111

6 Splenectomy Advanced 42

7 Diagnostic Laparoscopy Advanced 10

8 Ventral Hernia Repair Advanced 95

9 Ventral Hernia Repair Advanced 58

10 Ventral Hernia Repair Advanced 21

11 Inguinal Hernia Repair Advanced 94

12 Cholecystectomy Basic 86

13 Ventral Hernia Repair Advanced 27

sEMG data analyzed include only portions of the procedure in which the surgeon was using the primary surgical platform under investigation

(RALS or TLS) and acting as the primary surgeon or surgical assistant

Fig. 1 Mean muscle activation,

as quantified by %MVC during

traditional laparoscopic surgery

(TLS), and robot-assisted

laparoscopic surgery (RALS),

*p \ 0.05
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surgeons. Follow-up studies will be needed to evaluate

larger data sets obtained from many laparoscopic and

robotic surgeons. Additionally, while it would be ideal to

compare the ergonomics of the same procedures on both

TLS and RALS platforms, in practice most surgeons at our

institution use one platform or the other based on the type

of procedure and case complexity. The cases used in this

series reflected the practice of the participating surgeon

who uses RALS primarily for complex foregut procedures

and TLS for abdominal wall hernia and solid organ pro-

cedures. As a result, TLS procedures included in this study

tended to be shorter and of a lower complexity, potentially

introducing the possibility that they may have also been

less ergonomically challenging than the RALS cases ana-

lyzed due to selection bias. Interestingly, despite these

differences the TLS procedures remained more ergonomi-

cally challenging than the RALS cases, suggesting that a

study of comparably long and complex laparoscopic fore-

gut procedures on both platforms may have yielded even

larger differences than those noted in this series. Future

multi-surgeon ergonomic evaluations may focus on specific

cases that are commonly performed on both platforms.

Finally, examining a single mean %MVC value for each

muscle group across an entire case creates a broad over-

view of the ergonomics of a procedure, but compresses

hundreds of data points that may contain interesting find-

ings. Future studies will examine muscle activation over

the course of individual cases and will identify differences

between specific tasks within individual cases, such as

assisting and acting as the primary surgeon.

In conclusion, we have quantitatively examined the

ergonomics of TLS and RALS procedures for the first time

and shown that TLS procedures are associated with sig-

nificantly elevated biceps, triceps, and deltoid activation

bilaterally when compared to RALS procedures. We

anticipate these results will be of value in counseling sur-

geons dealing with significant ergonomic stress when

choosing an operative platform. This information may also

help to guide the design of future operative robotic systems

to further minimize operative stress.
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