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Abstract

Surgical time-outs are designed to promote situation awareness, teamwork, and error prevention. 

The pre-incision time-out in particular aims to facilitate shared mental models prior to incision. 

Objective, unbiased measures to confirm its effectiveness are lacking. We hypothesized that 

providers’ mental workload would reveal team psychophysiological mirroring during a formal, 

well-executed pre-incision time-out. Heart rate variability was collected during cardiac surgery 

cases from the surgeon, anesthesiologist, and perfusionist. Data were analyzed for six cases from 

patient arrival until sternal closure. Annotation of surgical phases was completed according to 

previously developed standardized process models of aortic valve replacement and coronary artery 

bypass graft procedures, producing thirteen total surgical phases. Statistical analysis revealed 

significant main effects. Tukey HSD post hoc tests revealed significant differences across provider 

roles within various phases, including Anesthesia Induction, Heparinization, Initiation of Bypass, 

Aortic Clamp and Cardioplegia, Anastomoses or Aortotomy, Separation from Bypass, and Sternal 

Closure. Despite these observed differences between providers over various surgical phases, the 

Pre-incision Time-out phase revealed almost negligible differences across roles. This preliminary 

work supports the utility of the pre-incision safety checklist to focus the attention of surgical team 

members and promote shared team mental models, measured via psychophysiological mirroring, 

using an objective mental workload measure. Future studies should investigate the relationship 

between psychophysiological mirroring among surgical team members and the effectiveness of the 

pre-incision time-out checklist.
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1 INTRODUCTION

The inherent complexity associated with healthcare systems, and in particular with surgery, 

warrants an analytical approach focusing on the scope of cognitive demands through 

cognitive engineering methods [1]. The cognitive basis of medical error in surgery has a 

relatively recent history but our understanding of it has advanced notably due to sentinel 

observations and increasing efforts to interpret and overcome cognitive-based error [2–4]. 

A notable result of the impact of these observations is the implementation of the World 

Health Organization’s (WHO) Surgical Safety Checklist [3], which has contributed to 

enhanced teamwork and communication [5] and improved post-operative patient outcomes 

[6]. Checklist-guided surgical time-outs have produced a reduction in rates of death and 

complications [7, 8], and implementation of the pre-incision time-out in particular has been 

associated with a decrease in medical error [9] and a decline in 120-day mortality [10] in 

recent studies.

Despite these findings, effectiveness of the pre-incision time-out has yet to be demonstrated 

via objective measures of mental states, such as mental workload (MWL). Though 

definitions of MWL often vary, it is generally accepted that individuals have limited 

cognitive and attentional capacity [11]. MWL is important in the context of surgery due to 

growing evidence of the influence of cognition and cognitive errors on surgical performance 

[12, 13], and can be accurately and reliably measured via objective means. Heart rate 

variability (HRV) is the most extensively utilized measure of workload during surgery [14], 

and evidence supports its accuracy in reflecting mental workload and procedure workload 

levels in complex systems [15, 16], including surgery [17].

To date, despite improvements in patient outcomes and perceived team dynamics attributed 

to surgical time-outs, there is a lack of objective evidence supporting their effectiveness. The 

aim of this study is to investigate the relationship between providers’ MWL and surgical 

phases within aortic valve replacement (AVR) and coronary artery bypass graft (CABG) 

surgeries at a tertiary academic hospital, with special interest in the pre-incision time-out 

phase. Given recent evidence suggesting that mirrored changes in team workload reflect 

the presence of shared team-wide mental models [17,18], we hypothesized that providers’ 

MWL would reveal mirrored team workload states across individuals during a formal, 

well-executed pre-incision time-out.

2 METHODS

The research protocol for this project was approved by the Institutional Review Boards of 

VA Boston Healthcare System and Harvard Medical School (IRB#3047). All individuals 

entering the operating room (OR) during recordings provided written informed consent prior 

to the start of the surgery.
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Data were collected during AVR and CABG procedures in the cardiac OR of a tertiary 

teaching hospital between January 2017 and November 2018. Data sources included two 

GoPro HERO4 Black Edition cameras (San Mateo, CA) for video capture of 1) the entire 

OR and 2) the surgical field; three Sony ICD-PX440 audio recorders (Tokyo, Japan) 

for audio capture of 1) the attending surgeon, 2) the attending anesthesiologist, and 3) 

the primary perfusionist; and three Polar V800 chest straps with H10 sensors (Kempele, 

Finland) for heart rate capture of 1) the attending surgeon, 2) the attending anesthesiologist, 

and 3) the primary perfusionist.

For each case, all audio, video, and physiological recordings were manually time synced 

and integrated by one researcher (LKM). Data were analyzed from the time the patient 

was transferred onto the operating table until the end of sternal closure. Identification 

and annotation of surgical phases was done manually by one coder (LKM), according 

to previously developed standardized process models of AVR and CABG procedures 

[19]. This previous elaboration of AVR and CABG process models produced distinct 

phases of cardiac surgery based on observable process steps; 13 phases within AVR and 

14 phases within CABG. For the purpose of analyzing and comparing complete data 

sets, the Vessel Harvesting phase of CABG was excluded, leaving the following phases 

common to both AVR and CABG procedures: 1) Pre-induction, 2) Anesthesia Induction, 

3) Sterile Prepping, 4) Pre-incision Time-out, 5) Sternotomy, 6) Heparinization, 7) Aortic 

Cannulation, 8) Initiation of Bypass, 9) Aortic Clamp and Cardioplegia, 10) Anastomoses 

or Aortotomy, 11) Separation from Bypass, 12) Sternal Closure, and 13) Post-operative 

Debrief. In the following analysis, the final phase, Post-operative Debrief, was excluded due 

to large amounts of missing data, resulting in 12 common phases within CABG and AVR 

procedures.

Within HRV data collected, we are specifically interested in vagally-mediated measures 

of MWL, namely the root mean square of the successive differences (RMSSD) [20]. 

Vagally-mediated HRV components have an inverse relationship with the state of MWL 

they represent, such that higher RMSSD values, measured in milliseconds (ms), indicate 

lower levels of MWL, and vice versa. According to results from the ELSA-Brasil study, 

RMSSD values corresponding to the age ranges included in our study should approximate 

roughly 30 ms under resting conditions [21]. Given the inherently high-demand nature of 

cardiac surgery, however, values derived from the following analyses are expected to be 

lower than the reference values obtained through the ELSA-Brasil longitudinal study. HRV 

was analyzed within each surgical phase and provider role using Kubios HRV software [22], 

such that one RMSSD value was generated for each role for the duration of each phase.

Statistical analysis using SPSS version 26.0 (Armonk, NY) included a mixed model 

ANOVA defining surgical phase as a within-subjects factor and provider role as a 

between-subjects factor. Tukey HSD post hoc comparisons were calculated in response to 

identification of significant main effects. Results are reported as (mean ± standard deviation, 

P-value) and are considered significant at the P<0.05 level.
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3 RESULTS

Primary analysis of physiological data collected from three cardiac surgery team 

members (attending surgeon, attending anesthesiologist, and primary perfusionist) involved 

analysis of HRV components from six total cases (N=4 CABG, 2 AVR). Participating 

clinicians included two surgeons, four anesthesiologists, and three perfusionists. Participant 

demographics can be found in Table 1

Partial data are missing from various phases within some of these cases due to equipment 

malfunctioning, which is considered to be unrelated to participant characteristics. Data were 

transformed to replace missing values using the SPSS method of Linear Trend at a Point, 

resulting in 18 data points for each phase (3 providers x 6 cases). Using this method, missing 

values are replaced with their predicted values, based on a regression of the index variable 

scaled 1 to n [23]. Due to the random nature of the incomplete data within this subset, we do 

not believe there are specific systematic biases associated with the missing data.

A mixed model ANOVA revealed significant differences (F(22,165)=7.29, p<0.001, 

ηp2=0.49) between provider HRV values within surgical phases. Post hoc analysis via 

Tukey HSD showed that during the Anesthesia Induction phase, anesthesiologists’ (14.36 ± 

3.89) MWL was significantly higher than that of the perfusionists (19.13 ± 4.09, P=0.042). 

During Heparinization, surgeons (11.00 ± 1.65) experienced significantly higher MWL 

compared to perfusionists (17.56 ± 6.45, P=0.025). The same observation was observed 

within the Initiation of Bypass phase (surgeons: 9.91 ± 2.72; perfusionists 19.09 ± 7.14, 

P=0.007), the Aortic Clamp and Cardioplegia phase (surgeon: 9.52 ± 2.91; perfusionist: 

18.95 ± 7.04, P=0.007), the Anastomoses or Aortotomy phase (surgeon: 9.45 ± 2.93; 

perfusionist: 19.00 ± 6.62, P=0.005), the Separation from Bypass phase (surgeon: 10.11 

± 2.26; perfusionist: 17.84 ± 6.32, P=0.026), and the Sternal Closure phase (surgeon: 9.89 

± 3.15; perfusionist: 17.09 ± 7.34, P=0.009). The differences in MWL between surgeons 

and anesthesiologists during the Aortic Clamp and Cardioplegia phase (surgeon: 9.52 ± 

2.91; anesthesiologist: 17.38 ± 4.99, P=0.020) as well as the Anastomoses/Aortotomy phase 

(surgeon: 9.45 ± 2.93; anesthesiologist: 16.64 ± 4.72, P=0.024) were also significant.

Despite significant differences across provider roles during multiple phases of the surgeries, 

the Pre-incision Time-out phase revealed almost negligible differences across the three roles 

(range: 2.47 ms), indicating a mirroring of team workload across individuals (Figure 1) 

while team members engaged in the same task.

4 DISCUSSION

Evidence on human factors and teamwork has corroborated that avoidable peri-operative 

complications might stem from differing perceptions of effective communication, teamwork, 

and situational awareness by members of the cardiac surgical OR team [24] and that optimal 

team performance relies on a shared mental model of the team members. A shared mental 

model can be defined as knowledge by team members that allows them to form correct 

expectations and coordinate activities among team members [25]. The presence of a shared 

mental model is suggested to be especially important for teams’ adaptations to change, an 
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ability that is essential in a fast-paced environment of a cardiac OR. Sharing mental models 

is critical because a team’s capacity to appropriately and dynamically adapt is one of the 

strongest predictors of team performance.

Recent work by Brown and colleagues identified a lack of shared mental models within 

and between disciplines caring for cardiac surgical patients across most critical moments 

during surgery [26]. Brown identified low response variability regarding the importance of 

specific Pause Points to be a surrogate marker of a shared mental model; in their study, low 

response variability was detected among all panelists during only 1 of the 12 Pause Points, 

“immediately before surgical incision.” This finding suggests that there is little agreement 

between team members over critical moments during cardiac surgery and overall a lack 

of shared mental models, evident in 11 of 12 identified Pause Points. On the other hand, 

this finding also highlights the potential inherent importance of pausing to update shared 

mental models specifically at the moment prior to incision in a coordinated effort to avoid 

preventable errors [26].

The introduction of objective measures of mental states represents another dimension of 

rigor to evaluate team dynamics, which has yet to be demonstrated or reported during the 

pre-incision time-out until now. HRV analysis is the most commonly utilized objective 

measure of MWL during surgery [14] and primarily consists of time-domain and frequency

domain approaches to analyzing the nature of inter-beat-intervals between heartbeats [27]. 

Parasympathetically-driven and vagally-mediated measures of HRV, such as RMSSD, are 

particularly sensitive to temporal fluctuations associated with changing mental demands 

[28], and this study leverages advancements in technology to lend preliminary support to the 

sensitivity of HRV in detecting differences in MWL across providers within various surgical 

phases.

The lack of difference between providers’ HRV within the pre-incision time-out phase 

may suggest unbiased, objective evidence of shared mental models via psychophysiological 

mirroring. The lack of difference observed between providers’ HRV in the few remaining 

phases, including Pre-induction and Sterile Prepping could be reflective of the same 

mechanisms, but may also be influenced by the relative lack of surgical procedures 

occurring during these early stages, in combination with greater task engagement of the 

trainees relative to senior team members. Even during the Sternotomy phase, which marks 

the beginning of the surgical intervention and similarly revealed no significant differences 

in HRV across providers, it is often observed that the primary hands-on patient management 

and interaction is provided by the trainee, while the HRV data acquired through this study 

captured that of the senior attending team members.

Within these data, HRV values of the cardiac surgery team demonstrate divergent dynamics, 

evidenced by differences in MWL across provider roles emerging over the course of the 

surgery. For example, while mirroring of mental states is observed during the pre-incision 

time-out phase, many remaining downstream phases show significant differences between 

MWL of at least two roles. During the surgical procedure, almost every phase relies on 

the three individual team members leveraging specialized skills to complete distinct tasks 

simultaneously, with a shared common goal held by the team. However, during the pre
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incision time-out phase, these dynamics converge, which could be attributed to the team 

members’ efforts striving to complete not only the same overarching goal, but also the same 

task. Interleaved episodes of convergence and divergence is indicative of the evolution of 

adaptive physiological dynamics within the team [29].

Interpretations from this preliminary study are limited by the small sample size and data 

transformation performed to replace missing data. Nonetheless, the findings observed hold 

promise for future work in measuring MWL during complex tasks, including surgery “in the 

wild”. Further, findings may be generalizable to other surgical and invasive settings which 

may be considered similarly complex.

Future work will use objective HRV measures to investigate teams with high- versus 

low-convergence in MWL to determine potential determinants of psychophysiological 

synchrony and/or mirroring. The identification of factors contributing to high- versus low

convergence states may result in targeted training and prevention approaches, advancing the 

impact of cognitive engineering and human factors approaches to patient safety efforts [1]. 

Implications of this work include real-time support systems designed to facilitate individual 

and team-wide situation awareness.
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Figure 1: 
Mental workload (MWL) values via root mean square of the successive differences 

(RMSSD) for three surgical team members averaged over six total cases. RMSSD, which 

is lower under high mental demands and higher under low mental demands, was analyzed 

according to 12 distinct phases common to coronary artery bypass graft (CABG) and 

aortic valve replacement (AVR) procedures. Between-subjects analysis within each surgical 

phase reveals significant differences between providers’ MWL during multiple phases of 

surgery. However, no differences were detected during some of the phases, in particular the 

pre-incision time-out phase.
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