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Abstract

Background/Objectives: Minimally invasive surgery benefits patients but places physical
and cognitive demands on surgeons. While robot-assisted laparoscopic surgery (RALS)
reduces musculoskeletal strain, it may increase cognitive load. This study examined
whether physical and psychological preparatory protocols (warm-ups) influence surgeon
strain during RALS. Methods: Ten consultant surgeons from East Lancashire Hospitals
NHS Trust (UK) participated in a preregistered, randomized study. Each performed RALS
under three conditions: control, physical warm-up (10 min simulation tasks on the Da
Vinci system), and psychological warm-up (10 min PETTLEP-based mental imagery).
Electromyography (EMG) and electroencephalography (EEG) were recorded during key
surgical phases. EMG data were normalized to maximal voluntary contractions. Results:
The physical warm-up significantly increased EMG activity in the right deltoid and right
trapezius (p < 0.05) compared to control, with no differences observed in other muscle
groups. EEG alpha power data did not significantly differ between conditions. Conclusions:
These findings suggest that brief physical warm-up can enhance muscle activation in key
regions involved in RALS, potentially improving motor control and reducing fatigue.
Incorporating such strategies may support surgeon performance and well-being.

Keywords: laparoscopy; surgical training; electromyography; ergonomics; electroencephalography

1. Introduction

The era of minimally invasive surgery has heralded a transformative shift in surgical
practice, significantly advancing patient care and outcomes [1,2]. Characterized by less
invasive procedures, minimally invasive surgery offers a plethora of benefits such as
minimized postoperative discomfort, reduced hospital stays, and expedited recovery [3]
thereby enhancing the overall patient experience. Consequently, there has been a notable
surge in its adoption across various surgical disciplines, underscoring its pivotal role in
modern medicine.
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The ergonomic benefits of robot-assisted laparoscopic surgery (RALS), as evidenced
by a body of research including our previous work [4], signify a marked reduction in
musculoskeletal demands when compared to traditional laparoscopic surgery (LS). This
ergonomic advantage, however, does not come without its own set of challenges. For
example, we have previously revealed an intriguing paradox where the decreased physical
strain of RALS is counterbalanced by heightened cognitive and attentional demands [4].
However, this observation is not ubiquitous as findings remain heterogeneous. A systematic
review by Shugaba et al. [4] synthesizing ten observational studies reported that the
majority demonstrated lower cognitive load during RALS, as assessed using validated tools
such as NASA-TLX, suggesting a potential advantage of robotic systems in reducing mental
fatigue. In contrast, a broader systematic review by Park et al. [5], including 30 studies,
found inconclusive results, with some studies favoring RALS and others showing no
difference, and overall substantial methodological variability across cognitive workload
measures. Together, these findings indicate a trend towards reduced cognitive load with
RALS but highlight a lack of consensus due to heterogeneity in study design, measurement
tools, and surgical contexts, under-scoring the need for more standardized and high-quality
research in this area.

The mechanism behind these cognitive differences is presently unknown, yet one
thing is certain; surgeons and workplace policies should consider these additional cognitive
demands and attempt to mitigate these additional stresses [6,7]. In parallel, developments in
surgical technologies continue to explore strategies borrowed from other similar professions
like elite sports and the performance arts to mitigate the inherent demands of surgical
procedures. Practices such as warm-up exercises, akin to those utilized by athletes and
performers to enhance their physical and cognitive readiness, are gaining traction in surgical
training and preparation [8]. For example, warm-up exercises used by athletes to increase
blood flow and flexibility can similarly help surgeons by reducing muscle stiffness and
improving precision during operations. Studies have shown that surgeons who perform
targeted warm-up activities before procedures experience improved manual dexterity and
reduced error rates [9], which parallels findings in sports performance enhancement [10].

The ergonomic benefits of RALS [4] introduces a nuanced set of challenges, particularly
in terms of the physical and cognitive demands placed on surgeons [11,12]. Laparoscopic
surgery imposes substantial musculoskeletal strain, a drawback markedly mitigated by
RALS [4,13]. Yet, the reduced physical strain of RALS is counterbalanced by heightened
cognitive and attentional demands [4]. Consequently, developments in surgical technolo-
gies continue to explore strategies to mitigate the demands of procedures. The specific
objective of this study was to test preparing surgeons before operating through physical
and psychological warm-ups, to examine if these could benefit surgeons by influencing
musculoskeletal and cognitive strain during RALS.

2. Materials and Methods

Ten consultant surgeons from the East Lancashire Hospitals NHS Trust (UK) pro-
vided written informed consent to participate (Table 1), as did patients of the participat-
ing surgeons (Ethics number: FHM-2023-3462-IRAS1), and the study was preregistered
(NCT05884385). No changes were made to the methods after trial commencement. Sur-
geons undertook RALS under three conditions in a randomized order. Inclusion criteria
were: possession of a certification of completion of training (CCT), and competence in
RALS and LS. Exclusion criteria were substantial musculoskeletal health conditions; pain
or stiffness; manifesting any cognitive symptoms, including but not limited to poor motor
coordination, memory loss, visual disturbances, or persistent headaches; prescribed med-
ications known to alter cognitive function, such as psychoactive drugs, antidepressants,
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or anticonvulsants; or a positive COVID-19 test. Ten participants were recruited and en-
rolled, and all participants completed all conditions. The study ran from March 2023 to
December 2023.

Table 1. Description of surgeon characteristics included in this study (n = 10). Data are displayed as
mean + SD.

Age (years) 47 £3
Body mass (kg) 92 £2
Height (m) 1.74 + 0.04
BMI (kg-m?) 30.1 £ 0.5
Handedness (Left:Right) 1:9
Average Glove size 75+0.1
Years of Experience 9+1
Specialty (Colorectal:Urology:Gynaecology) 6:2:2

In the control condition, surgeons performed RALS in their usual manner (as per local
standard operating procedures), mirroring their everyday clinical practices. In the physical
warm-up condition, surgeons engaged in preselected simulation tasks on the Da Vinci
robotic console (Intuitive, 2023, Sunnyvale, CA, USA; Mimic Technologies, 2023, Seattle,
WA, USA) for 10 min. In the psychological warm-up protocol, participants completed
10 min of guided mental visualization using the Physical, Environment, Task, Timing,
Learning, Emotion, and Perspective (PETTLEP) model of mental practice [14]. Random-
ization to different study condition orders was managed using an online randomizer tool
(https:/ /www.randomizer.org), using block randomization, whilst adhering to established
randomization principles. The lead author allocated sequence, enrolled participants, and
assigned body sites to interventions. Detailed descriptions of the robot-assisted surgical
procedures are available in the Supplementary Material.

2.1. EMG Methods

Whilst performing the surgical procedures, surgeons were fitted with electromyog-
raphy (EMG; biceps brachii, deltoid, trapezius, latissimus dorsi muscles) and electroen-
cephalography (EEG) monitoring devices [13], which continuously recorded data at pre-
determined surgical points of interest. These were selected to capture a comprehensive
spectrum of surgeons’ physical exertion and cognitive engagement during key phases of
the surgical process and represented critical phases in each procedure that were comparable
across specialties, during dissection, organ mobilization, tissue dissection, and suturing.
Surgeries encompassed various specialties, including nephrectomies, bowel resections,
hysterectomies, and hepatectomies. To maintain the integrity of the study, operations that
extended beyond 50% of the average surgery time due to complications were excluded.
Points of interest are displayed in Table 2.

Table 2. Description of points of interest within the present study.

Point of Interest Colorectal Urology Gynecology
Zeroing Zeroing Zeroing Zeroing
Point of interest 1 Bowel mobilization Bowel mobilization Round ligament dissection

Point of interest 2
Point of interest 3

Vessel dissection and control ~ Vessel dissection and control ~ Vessel dissection and control

Mesenteric dissection Kidney Mobilization Colpectomy

The preparatory steps for affixing the EMG sensors involved shaving any hair from
the relevant skin areas and then cleansing these areas with a 70% isopropyl alcohol solution
(VWR International, Leuven, Belgium). Utilizing wireless EMG sensors (Irigno, Delsys,
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Inc., Boston, MA, USA), placement on the specified muscles was carried out in accordance
with SENIAM guidelines, supplemented by additional recommendations [15]. Prior to
the onset of surgical activities, surgeons were asked to engage in a maximal voluntary
contraction (MVC) for each muscle group, during which EMG data were captured. Further,
EMG measurements were conducted for 120 s at designated surgical points of interest
within the surgeries, especially at stages requiring interaction with the robotic console.
EMG signals were recorded at a frequency of 2000 Hz and then filtered to isolate frequencies
ranging from 10 to 500 Hz. Subsequently, the signal underwent a smoothing process via a
root mean square (RMS) calculated over 150 ms intervals (EMG Works, Delsys Inc., Boston,
MA, USA). The resulting mean average RMS EMG data from the surgical points of interest
were normalized against the MVC EMG readings, presented as a percentage of MVC RMS.

2.2. EEG Methods

The Enobio 8 5G wireless EEG device (Neuroelectrics, Cambridge, MA, USA) was
used to capture brainwave activity from surgeons during the surgical procedures. Utilizing
an eight-channel setup, specifically channels Cz, Fz, P7, P8, P3, P4, O1, and O2, the
device adhered to the internationally recognized 10-20 Montage system [16]. A reference
electrode was affixed to the right earlobe for enhanced signal stability. Silver-chloride
electrodes, integrated into a wearable cap, were positioned on surgeons prior to their
surgical preparation, with semi-solid gel enhancing the connectivity and signal capture
between the scalp and electrodes. Data collection commenced at a 500 Hz sampling rate. To
refine the signal quality, electrical interference typical of power lines (50 Hz) was mitigated
using a notch filter, while artifacts from eye movements were addressed with an EMG filter
through the ENOBIO NIC1.4 software (Neuroelectrics, Barcelona, Spain). The device’s
Holter mode facilitated uninterrupted data recording, ensuring synchronization with the
timing of identified POI, including baseline measurements. The processing stage of EEG
signals utilized EEGLAB (v.2023.0), a MATLAB (EEGLAB, v.2023.0) toolbox, where signals
were down-sampled to 256 Hz and referenced against the mean average of all electrode
channels. Bandpass filtering was then applied to isolate frequencies between 0.1 and 40 Hz.
Analysis segments were aligned with four critical temporal POIs, within which the spectral
power for each relevant frequency band was derived using EEGLAB’s spectopo() function.
Power spectral density (PSD) metrics were computed via MATLAB’s pwelch() function,
using a 400 ms Hamming window with 50% overlap for signal analysis. Power across
each frequency band was calculated by averaging spectral power across the eight channels,
subsequently expressed in decibels (10 x log(microvolt?)/Hz). This spectral power was
then averaged across all electrodes to yield a comprehensive overview of spectral density
throughout the entire electrode arrangement. PSD in the alpha frequency band (8-13 Hz)
was used as a measure of cognitive demand during zeroing, and points of interest 1, 2, and
3. Here, alpha power is used as a proxy for attention, whereby greater attentional demand
is indicated by lower alpha (alpha desynchronization).

2.3. Statistical Analysis

To determine sample size, our primary outcome variable was EMG. Previous findings
indicated that warm-up exercises could significantly enhance surgical performance, with
a notable difference in Reznick composite mean scores between warm-up (22.96) and no
warm-up (19.33) conditions [17]. Similar effects were observed in another study that re-
ported significant differences in median scores between groups with and without warm-up
(28.5 vs. 19.3, respectively) [8]. These findings gave an effect size (Cohen’s d) of d ~ 1.5.
Therefore, we predicted a more conservative effect size of d ~ 1.2 (f = 0.6). Using this effect
size, we calculated our desired sample size for a one-way (within-subjects) repeated mea-
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sures analysis of variance (ANOVA). Using the Web-Power package in R Studio (version
2026.05.0) and the wp.rmanova function, with one group, three times, f = 0.6, assuming
sphericity, o = 0.05, and 1 — {3 = 0.8, the total number of samples required was 28 (1 = 10
with three repeated measures). Consequently, we aimed to recruit 10 participants.

EMG and EEG data were processed as previously described [13]. In brief, we first
conducted a Shapiro-Wilk test to check for the normal distribution of the EMG %MVC RMS
and EEG peak alpha amplitude data, ensuring that the assumptions for further analysis
were met. Once normality was confirmed, a repeated measures one-way within-group
ANOVA for both EMG and EEG data were conducted. These were complemented by
Bonferroni corrections, to examine the differences in both EMG %MVC RMS and EEG
alpha amplitude across the different conditions: no intervention, physical warm-up, and
psychological warm-up. Statistics were conducted in GraphPad Prism v9.4.1 (GraphPad
Software, San Diego, CA, USA), and significance was defined as p < 0.05.

3. Results
3.1. EMG

The ANOVA revealed effects of condition for EMG in the right deltoid (p < 0.05)
and the right trapezius (p < 0.05), but not the right biceps brachii (p = 0.975), left biceps
brachii (p = 0.767), left deltoid (p = 0.903), left trapezius (p = 0.997), right latissimus dorsi
(p = 0.920), or left latissimus dorsi (p = 0.690). Post-hoc analyses revealed differences in
EMG between physical warm-up and control in the right deltoid (p < 0.001, d = 1.93) and
the right trapezius (p = 0.0490, d = 0.95) whereby the physical warm-up increased EMG.
These pairwise comparisons are visualized in Figure 1.

- Deltoid Trapezius
2]
E 2.0 n *
= 25-
O * %k % 2 2.5 |
= 1.5- Q
> 2 2.0
o
X

S 1.0 < 1.5+
® K]
2 T 1.0
O 0.5 2
o S
% © 0.5-
® 0.0- S
=) : f.m)
= ,éo\ ,OQ g 0.0-

& o &

» o 3

é\O 0\¢\
Q‘Qﬁ é\o
)

R

Figure 1. Muscle activation during robot-assisted laparoscopic surgery following control or physical

warm-up. * Indicates p < 0.05; *** indicates p < 0.001.
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3.2. EEG

There were no differences in EEG for alpha power at any point of interest between
conditions (zeroing, p = 0.292; point of interest 1, p = 0.271; point of interest 2, p = 0.296;
point of interest 3, p = 0.282).

4. Discussion

The aim of the study was to explore the effects of a physical warm-up and psycho-
logical warm-up on the physical and cognitive demands experienced by surgeons during
real-life RALS. The findings show differential impacts, with a physical warm-up demon-
strating a notable reduction in musculoskeletal demands and psychological warm-up
showing no effect on cognitive load.

The observed increase in EMG activity in the right deltoid and trapezius following a
physical warm-up suggests that preparatory exercise may enhance neuromuscular engage-
ment during task performance. Rather than reflecting increased strain, this pattern may
indicate improved neuromotor readiness, facilitating more efficient muscle recruitment.
Importantly, increased EMG activity does not inherently equate to increased fatigue or
strain but instead reflects the level of muscle activation required to perform a task [18-20].
As such, the present findings should be interpreted as a change in activation patterns rather
than a reduction in physical load.

This interpretation aligns with evidence from both the surgical and sports science
literature, where warm-up protocols are known to enhance motor unit activation, coor-
dination, and task efficiency [19-21]. In the context of RALS, where surgeons operate in
static postures for prolonged periods [7,22], optimizing neuromuscular engagement may
reduce fatigue accumulation and mitigate the risk of musculoskeletal injury over time [23].
Previous work has consistently demonstrated lower overall musculoskeletal demand in
RALS compared to laparoscopic surgery [4,7,13,22,24-26], but the present findings extend
this by suggesting that targeted physical warm-ups may further modulate these demands
at a muscular level.

Alternative interpretations of increased EMG amplitude must also be considered.
Increased EMG amplitude may reflect greater muscular effort rather than improved effi-
ciency [27], particularly if task demands remain constant [28]. It is also possible that the
observed increases represent compensatory activation patterns or altered motor strategies,
rather than beneficial adaptations [29,30]. Without direct measures of fatigue, efficiency,
or performance outcomes, it is not possible to determine whether the increased activation
reflects advantageous or maladaptive changes.

EMG amplitude reflects the level of muscle activation rather than strain or fatigue per
se and therefore should not be interpreted in isolation as a marker of reduced or increased
musculoskeletal load. Future work incorporating measures of endurance, fatigue, or task
performance will be necessary to better contextualize these findings.

The physical warm-up likely served to prime the surgeons’ musculoskeletal system,
reducing fatigue and the risk of injury [31]. Such preparation is crucial for maintaining
surgeon health and well-being, particularly in the context of long, physically demanding
procedures typical of RALS. The implications of these findings are potentially far-reaching.
By incorporating structured warm-up exercises into their routines, surgeons can poten-
tially enhance their performance and longevity in the profession [32]. This reduction in
musculoskeletal strain could lead to shorter recovery times between surgeries, thus en-
abling surgeons to handle more cases and potentially reducing patient waiting lists [25].
Moreover, the decreased physical strain could result in shorter surgery times [6], as fatigue
is less likely to impair performance towards the end of a procedure. As a low-cost and
easily implementable intervention, these exercises are highly scalable and can be readily
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integrated into surgical training programs and daily practice without requiring significant
resources [6,11].

On the cognitive aspect, psychological warm-up was hypothesized to reduce cognitive
load, reflected by increased EEG alpha activity. Alpha oscillations are widely implicated in
attentional regulation and internal cognitive processing and are commonly interpreted as an
index of reduced task-related demand or more efficient neural processing when increased
during task performance [33,34]. Accordingly, psychological preparation strategies such
as visualization may facilitate a transition toward a more internally focused, anticipatory
cognitive state, potentially improving task readiness without necessarily increasing overt
neural effort.

However, the absence of significant EEG changes in the present study suggests that
the cognitive effects of psychological warm-up may be subtle, highly contextual, or smaller
in magnitude than those elicited by physical warm-up interventions. Cognitive workload is
inherently complex and multidimensional, encompassing attention, working memory, deci-
sion making, and perceptual processing, and may not be fully captured by single-frequency
EEG metrics alone. Indeed, increases in alpha power can reflect multiple underlying pro-
cesses, including inhibition of task-irrelevant regions, shifts toward internally directed
cognition, or neural efficiency, making interpretation dependent on task context and ex-
perimental design [34,35]. Further complexity arises from the nature of mental imagery.
Visualization has reportedly modulated alpha activity, with increases in alpha power ob-
served during internally generated imagery and memory-driven processing [35]. This
suggests that psychological warm-up may not uniformly reduce cognitive load but instead
redistribute cognitive resources toward preparatory processes, which may not manifest as
reduced workload in conventional EEG indices.

Taken together, these findings suggest that the impact of psychological warm-up on
cognitive load is likely nuanced, task-dependent, and not adequately captured by single
EEG measures in isolation. Future work should therefore adopt multimodal approaches,
combining EEG with behavioral performance metrics, subjective workload assessments,
and potentially other physiological markers, to better characterize the effects of mental
preparation strategies on surgical cognition.

Importantly, the differential effects observed across physiological domains highlight
a potential dissociation between physical and cognitive responses to warm-up. While
physical preparation clearly influenced neuromuscular activation, no corresponding effect
was observed in neural indices of cognitive load. This may suggest that physical and
cognitive systems respond differently to short-term preparatory interventions, or that
cognitive adaptations occur over longer timeframes or require more targeted strategies.
Understanding this interaction is critical, as surgical performance relies on the integration
of both physical and cognitive processes.

This study has several limitations. The sample size was modest and may limit sta-
tistical power, particularly for detecting subtle cognitive effects. Although conducted
in a real-world operative setting, this introduces variability in case complexity, surgeon
specialty, surgeon behaviour, and environmental factors that may influence physiological
responses. EMG amplitude reflects activation rather than fatigue or efficiency, limiting in-
terpretation of underlying mechanisms without complementary performance or endurance
measures. Similarly, EEG-derived alpha activity provides only a partial representation
of cognitive workload and may lack sensitivity to detect subtle or transient changes in
real-world tasks. The absence of behavioral or performance metrics further limits the
interpretation of whether observed physiological changes translate to meaningful improve-
ments. Finally, the study captures acute responses to warm-up interventions and does not
address longer-term adaptations or cumulative effects.
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5. Conclusions

These findings support the potential value of incorporating brief, targeted physical
warm-up routines to enhance muscle activation, which may contribute to improved motor
control and reduced fatigue. In turn, this could help mitigate musculoskeletal strain and
support surgeon health and performance during prolonged procedures. Such preparation
could be crucial for maintaining surgeon health and well-being, particularly in long, physi-
cally demanding procedures typical of RALS. By incorporating preselected simulation tasks
into their routines, surgeons could enhance their RALS performance and longevity. This
reduction in musculoskeletal strain could lead to shorter recovery times between surgeries,
enabling surgeons to handle more cases and potentially reducing patient waiting lists [25].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/surgeries7030078/s1, Supplementary data.
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