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Abstract

Objective—The aim of this study was to elucidate the cognitive processes involved in surgical 

procedures from the perspective of different team roles (surgeon, anesthesiologist, and 

perfusionist) and provide a comprehensive compilation of intraoperative cognitive processes.

Summary Background Data—Nontechnical skills play a crucial role in surgical team 

performance and understanding the cognitive processes underlying the intraoperative phase of 

surgery is essential to improve patient safety in the operating room (OR).

Methods—A mixed-methods approach encompassing semistructured interviews with 9 subject-

matter experts. A cognitive task analysis was built upon a hierarchical segmentation of coronary 

artery bypass grafting procedures and a cued-recall protocol using video vignettes was used.

Results—A total of 137 unique surgical cognitive processes were identified, including 33 

decision points, 23 critical communications, 43 pitfalls, and 38 strategies. Self-report cognitive 

workload varied substantially, depending on team role and surgical step. Aweb-based dashboard 

was developed, providing an integrated visualization of team cognitive processes in the OR that 

allows readers to intuitively interact with the study findings.

Conclusions—This study advances the current body of knowledge by making explicit relevant 

cognitive processes involved during the intraoperative phase of cardiac surgery from the 
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perspective of multiple OR team members. By displaying the research findings in an interactive 

dashboard, we provide trainees with new knowledge in an innovative fashion that could be used to 

enhance learning outcomes. In addition, the approach used in the present study can be used to 

deeply understand the cognitive factors underlying surgical adverse events and errors in the OR.
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Patients undergoing cardiac surgery are inserted into a high-risk sociotechnical system that 

involves multiple specialized health professionals interacting with each other and with 

several technological devices to perform complex tasks. Contributing to the complexity of 

the cardiac surgery operating room (OR), patients often present multiple comorbidities and 

severe cardiovascular conditions, imposing significant challenges to the OR team.1,2 Despite 

a considerable improvement in safety and patient outcomes in the past 2 decades, the 

incidence of operative errors leading to adverse events among cardiac surgery patients 

continues to be high, with some studies reporting 12% of these patients presenting adverse 

events during hospitalization, compared to 3% among all surgical specialties.3 Importantly, 

these studies have found that more than half of surgical adverse events are preventable.4,5

Among the many factors that contribute to errors in surgery, there is a solid body of evidence 

showing that preventable surgical errors are often not related solely to knowledge and/or 

technical skills, but represent suboptimal performance in cognitive (eg, decision-making, 

situational awareness) and social (eg, teamwork, communication) nontechnical skills.6,7,8 At 

the individual surgeon level, cognitive factors, such as attention switching, cognitive load, 

and reasoning biases, are certainly relevant contributors of human errors in the OR that can 

lead to avoidable adverse events.9,10,11 Nonetheless, as a highly coordinated multiplayer 

endeavor, cardiac surgery relies on cognitive mechanisms that are better understood at a 

team level. In fact, previous research has employed the framework of “distributed cognition” 

which has the activity system (eg, coordination between different team members) as the unit 

of cognitive analysis rather than the individual, allowing the investigation of how cognitive 

resources and task demands are managed and distributed throughout the OR team.12 Despite 

playing a crucial role in team performance, the cognitive processes underlying the 

intraoperative phase of cardiac surgery are still not well understood.

Cognitive task analysis (CTA) is a structured mixed-methods approach from the behavioral 

sciences, used to capture the knowledge and cognitive processes that experts use to perform 

complex tasks, such as decision-making, problem-solving, and critical thinking.13 Previous 

literature has shown that experts, when describing routine activities, tend to skip certain 

procedural steps owing to the fact that many of these steps are performed in an automated 

way.14 This is especially true for complex and long procedures, such as cardiac surgery, 

where concurrent tasks are executed by multiple team members in a highly coordinated 

level. CTA allows for the elucidation of common cognitive processes, such as decision-

making and critical communications, that are context-specific and form the basis for 

expertise, but are not easily measured using other approaches. Making these processes 

explicit may provide a unique opportunity for surgeons, trainees, and other surgical team 
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members to enhance their learning experience, gaining a more comprehensive understanding 

of the surgical operation, beyond simple procedural task segmentation.15,16

The primary aim of this study was to elucidate the cognitive processes involved in surgical 

procedures from the perspective of different team roles: surgeon, anesthesiologist, and 

perfusionist. This provides a comprehensive compilation of intraoperative decision points, 

critical communications, pitfalls, problem-solving/prevention strategies, and cognitive 

demands related to operative surgery. A secondary aim was to present this comprehensive 

analysis in an interactive visual analytics dashboard for ease of interpretation and 

application. For this study, we chose coronary artery bypass grafting (CABG) procedures, as 

this is one of the most commonly performed major surgical procedures in the United States, 

with approximately 400,000 operations every year.17

METHODS

Study Setting and Participants

This study was carried out at the VA Boston Healthcare System (West Roxbury campus), a 

tertiary teaching hospital affiliated with Harvard Medical School, located in Boston, MA. A 

research protocol was approved by the local Institutional Review Board and all participants 

(patient and OR staff) completed an informed consent. One patient undergoing an On-Pump 

CABG procedure was included and the video recording of this procedure was used to create 

a series of video vignettes. A total of 9 expert OR team members: cardiac surgeons (n = 3), 

perfusionists (n = 3), and cardiac anesthesiologists (n = 3) elected to participate, with sample 

size selected based on previous studies indicating that 3 to 5 subject-matter experts are 

needed to complete a CTA protocol involving surgical procedures.15,16,17

Procedure

A summary workflow of the methodological approach and procedures carried out during this 

study is displayed in Figure 1.

Video Recording and Editing Procedures

Two cameras (GoPro Hero 4) were set up with a wide and a narrow field of view to record 

audio and video of an entire CABG surgery from patient OR arrival until departure. As a 

result of a previous hierarchical task analysis (HTA),19,20 video of a CABG procedure was 

decomposed into 14 steps, including a total of 65 descendant substeps, covering the 

intraoperative phase from arrival of the patient into the OR until departure to ICU. Informed 

by this HTA, we edited the recording to create 14 video vignettes illustrating each CABG 

step. These video vignettes were used to develop a cued-recall protocol21 and to guide the 

semistructured interviews with subject-matter experts.

Cognitive Task Analysis

Previous research from our team on surgical process modeling20,22 has used HTA23 to 

decompose the intraoperative phase of CABG procedures into a 2-level hierarchical view, 

including surgical steps and substeps. Built upon this hierarchical segmentation, we 

appliedaCTAmethod24 inwhichahumanfactorsresearcherconducted in a private office 
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individual semistructured interviews with subject-matter experts from different OR roles 

(surgeons, perfusionists, and anesthesiologists) to elucidate the cognitive processes involved 

during the intraoperative phase of CABG. The interviews with subject-matter experts were 

audio-recorded and used for analysis. To minimize recall bias and allow accurate capture of 

intraoperative cognitive processes during the CTA, we used a cued-recall protocol21 based 

on video vignettesrecordedfromareal-lifeprocedure.Avideovignetteisashort video clip that 

aims to trigger recall of events in a more effective way than only providing written or verbal 

cues to participants.25

During the semistructured interviews, each CABG step (with substeps) and its correspondent 

video vignette were displayed on a laptop monitor in sequence (step 1 through step 14) to 

each subject-matter expert, individually. After each CABG step, the interviewer asked a 

series of questions to explore 5 distinct intraoperative cognitive processes: decision-making, 

critical communications, pitfall identification, problem prevention/solving strategies, and 

perceived cognitive workload. These specific processes were chosen based on previous 

research that developed a universal framework to define and measure intraoperative 

performance, guiding behaviors in the OR.11 The authors of this study found that decision-

making for both expected and unexpected intraoperative scenarios, coordination of operative 

steps and tasks (through team communication), and deviation from the expected course of 

the operation are the most relevant advanced cognitive skills which, in conjunction with 

other domains of intraoperative performance, are moderated by task complexity, mental 

workload, and knowledge integration.

To standardize the interview process and to guarantee that participants would identify and 

describe the specific cognitive processes that we intended to explore, we asked all 

interviewees the same questions to generate specific responses regarding each of the 

cognitive processes above for each surgical step in sequence. Step by step, we asked 

participants to “Identify and describe all moments in which you need to make a decision 

during this step” to explore decision points; “Identify and describe critical communications 

that occur during this step” to explore critical communications; “What problems may occur 

during this step?” to explore pitfalls; “What strategies do you use to solve and/or prevent 

problems during this step?” to explore problem prevention/solving strategies. The 

interviewer also used follow-up questions to explore the factors that are considered in each 

decision point (eg, “Which factors do you consider when making this decision?”) and which 

team members are involved in each critical communication (eg, “Who are the team members 

involved in this communication?”). Perceived cognitive workload was assessed by asking 

experts to report their usual mental demand (“How mentally demanding is this step for 

you?”), during each surgical step using a visual analogue scale from 1 (minimum demand) 

to 100 (maximum demand).

Data Analysis and Visualization Dashboard

A physician with expertise in human factors reviewed all interview recordings and created 

an extensive and inclusive list of intraoperative cognitive processes. All cognitive elements 

(decision points, critical communications, pitfalls, problem prevention/solving strategies, 

and perceived cognitive workload) mentioned by the interviewees were entered into a 
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spreadsheet (Excel 2016). To maintain inclusivity, no selection process was used to filter 

responses, and all answers to the standardized interview questions were reported in the 

results. This is a common technique used by CTA methods to generate an inclusive and 

exhaustive list of cognitive elements.18 As we used a step-by-step interview workflow (step 

1 through 14, in sequence), the cognitive elements reported by participants were already 

related to each surgical step. The number of interviewees (percentage from total) who 

mentioned each specific cognitive process was also reported.

To facilitate data visualization and exploring, we developed a web-based interactive 

dashboard that can be assessed online, allowing readers to interact with the study findings. 

For this purpose, we used a visual analytics software system (Tableau 2018.1) linked to a 

dataset stored in xlxs format (Excel 2016). The cognitive workload scores for each CABG 

step were averaged across each OR role and the entire OR team.

RESULTS

A total of 9 interviews were conducted with cardiac surgery subject-matter experts, 

generating a total of 16hours and 3 minutes of audio data. Subject-matter experts’ 

demographic characteristics are shown in Table 1.

The CTA based on cognitive interviews with subject-matter experts identified 137 unique 

surgical cognitive processes, including 33 decision points, 23 critical communications, 43 

pitfalls, and 38 strategies. Table 2 shows the cognitive processes categorized according to 

each of the 14 CABG top-level steps. The percentage of subject-matter experts who 

mentioned a specific cognitive element during interviews (mentioning rate) is shown in 

eTable (supplemental material, http://links.lww.com/SLA/B708)). Interestingly, safety 

checklist “sign in” during Step 1—pre-induction was reported within 2 different cognitive 

processes: critical communication and problem prevention/solving strategy, as they appeared 

as answers to different questions: “Identify and describe critical communications that 

occurduring this step” and “What strategies do you use to solve/ prevent these problems,?”. 

In fact, communication during the safety checklist is critical and this is a recognized strategy 

to prevent errors in the OR.

Perceived cognitive workload varied substantially, depending on OR role and surgical step. 

The CABG steps imposing the highest cognitive demand to the surgical team were: 

“separate from bypass,” “anastomoses,” and “cannulation”. The steps imposing the lowest 

cognitive demand were “Sterile Prepping” and “Sternotomy” (Figure 2).

The interactive dashboard (https://public.tableau.com/profile/cognitus#!/vizhome/

CognitiveTaskAnalysis-CABG/CTA) provides an integrated visualization of team cognitive 

processes in the OR. It presents specific decision points, critical communications, potential 

problems, and problem-solving/prevention strategies along with perceived cognitive 

workload for each of the 14 steps of CABG. The web-based application of this dashboard 

enables surgeons and educators to interact with the data and explore expert cognitive 

processes while navigating through the surgical workflow. By clicking on each element of 

the dashboard, additional information is displayed, including mentioning rate, which team 
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members are usually involved in each process and, for decision points, which factors 

influence decision-making (Fig. 3).

DISCUSSION

In the present study, we conducted a comprehensive cognitive task analysis to elucidate the 

cognitive processes involved during the intraoperative phase of CABG procedures, from the 

perspective of surgeons, anesthesiologists, and perfusionists. The study findings yield a 

compilation of decision points, critical communications, pitfalls, problem solving/prevention 

strategies and related cognitive demands for each of the 14 steps of CABG. Additionally, an 

online visual analytics dashboard was developed, displaying the hierarchical segmentation of 

the surgical operation into steps and substeps and allowing the reader to explore the data in 

an interactive way.

To our knowledge, this is the first study that explores, from a team perspective, both the 

hierarchical segmentation and the cognitive processes involved during the entire 

intraoperative phase of a complex surgical procedure. Previous research has used both 

hierarchical and cognitive task analysis to model surgical tasks and procedures, providing a 

framework upon which most of the current surgical teaching and assessment methodologies 

are built23,26,27. In fact, most of the current instructional designs predominant in surgical 

education provide specific step-by-step models to develop learners’ competence in surgical 

technical skills.23,27,28 Although the hierarchical nature of these models supports a high 

level view of task decompositions and provides detailed specifications of how surgeons 

should execute certain surgical steps, these models are often focused on developing 

surgeons’ psychomotor skills29,30 and do not thoroughly capture the variety of cognitive 

processes entailed during complex team-based surgical procedures.31,32 For instance, our 

results showed that the “separate from bypass” step, besides having 6 substeps, involves 5 

decision points and 3 critical communications, imposing high cognitive demands for the 

entire team. The decision point related to when the CPB should be terminated was 

mentioned by 100% of the subject-matter-experts and involves surgeon, anesthesiologist, 

and perfusionist.

The findings of our study evidence the myriad of cognitive processes underpinning the 

practice of cardiac surgery, highlighting the high complexity and the crucial role of 

nontechnical skills, such as teamwork, interpersonal communication, and task management 

on optimal surgical performance. For instance, among the 38 strategies provided by experts 

to prevent or solve problems during CABG, closed-loop communication, use of checklists, 

and cross-checking were recurrent strategies reported in the CTA. The study findings can 

inform current surgical education initiatives toward incorporating these cognitive elements 

into the curriculum and competence assessment approaches in cardiac surgery. Moreover, as 

many of these cognitive elements are not unique for cardiac surgery, reflecting common 

human cognitive capabilities required for operative surgery, a similar framework can be used 

for thoroughly describing and understanding other surgical procedures, especially those 

involving complex team-based tasks.
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As a preoperative teaching tool, our findings can be used to inform simulation-based 

curricula and scenario creation in cardiac surgery. The CABG process model (steps/

substeps) and its specific cognitive processes can be used for monitoring performance, 

supporting decision-making, and identifying critical communications and their impact on 

surgical complications and patient outcomes.

In accordance with previous literature, our results show that self-reported cognitive 

workload is not uniformly distributed across distinct surgical steps and OR team roles. 

Different from these previous studies, we also described the decisions points, critical 

communications, and potential problems that are related to those varied levels of cognitive 

demand. During the “anastomoses” step, for example, surgeons reported the highest 

cognitive workload. This step requires a vast amount of attentional resources from surgeons 

and a potential problem that may occur is bleeding at distal anastomosis. However, 

anesthesiologists and perfusionist reported low to moderate workload during the 

“anastomosis” step. The same asymmetry on cognitive demand happens during the 

“induction” step in which anesthesiologists reported a high cognitive workload, with 

potential problems related to orotracheal intubation and central line placement, whereas 

surgeons and perfusionists reported low workload. Future research measuring cognitive 

workload in the surgical setting can use a similar approach to incorporate context-specific 

information into their measurement models. As there are multiple factors leading to 

cognitive overload and consequent performance deterioration during surgery, the elucidation 

of the underlying cognitive processes may provide additional insights for the development of 

mitigation and prevention strategies aiming to improve patient safety.33,34

Future initiatives can use this approach to review videos from surgical cases where adverse 

events occurred, and better understand the cognitive factors that contributed to errors in the 

OR. Current methods, such as root cause analysis, document review, and voluntary reporting 

systems are not able to capture these cognitive elements in a standardized and 

comprehensive manner.35,36 Surgical safety reviews of CABG procedures, for example, can 

investigate the cognitive processes involvedin a specific error or adverse event in the OR, 

based on the specific CABG step and cognitive elements, as informed by our findings.

The results of our study can also inform real-time strategies to improve patient safety in the 

OR. In fact, workflow segmentation through surgical process modeling and cognitive 

analysis of team-based tasks are being used to inform the design and development of 

intraoperative cognitive guidance systems, such as Smart checklists and decision support 

systems in the OR.20,37,38 By understanding the cognitive demands imposed by specific 

tasks on specific team members, technology-enabled guidance systems may offer clinical 

support tailored to specific task demands and OR roles.

Limitations

This study presents some limitations that are relevant for the interpretation of our results. 

First, the clinicians included in the interviews were from a single institution, limiting the 

generalizability of our findings. The subject-matter experts involved had many years of 

expertise, bringing experiences from other institutions, but future studies could include 

several institutions in the cognitive task analysis to replicate the findings here and potentially 
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capture a wider range of practices that may vary across different hospitals. Although we 

captured expertise from multiple providers and different roles, nurses were not involved. 

They play an importantroleinthecardiacORandmaybringdifferentperspectivesfrom those 

already reported in our study so future studies should seek to include them.

Although the selection of the specificcognitive processes to be explored during the CTA was 

based on a previous framework, it is important to point out that there are other cognitive 

processes that also play an important role in surgery, such as psychomotor skills, situational 

awareness, and stress management.11 Future studies can further explore these other 

processes.

A limitation related to the CTA method of including all mentioned cognitive elements 

(inclusive and exhaustive list) is the fact that some processes were mentioned by only 1 

expert (11%), whereas other elements were mentioned by all experts (100%) and, therefore, 

they may not be equally relevant to the specific surgical step under which they were 

reported.

Another limitation is the fact that the anesthesiologists included in the interview protocol 

were less experienced than perfusionists and surgeons, and it may have influenced their self-

reported cognitive demands. The difference in cognitive demands across team members 

reported in our study may not be role-dependent. Future studies should continue including a 

heterogeneous sample of participants, as a wide range of experience levels will enrich study 

findings with different perspectives and enhance ecological validity. However, it is important 

to ensure that this heterogeneity in experience is not cofounded with role.

Novelty

A novel aspect of our study involved the use of video vignettes created from real-life cardiac 

surgeries, facilitating experts’ recall and allowing a deeper exploration of clinicians’ 

cognitive processes compared to traditional CTA methods. Recent research has suggested 

use of operative videos as a key component of surgical quality improvement.39 Another 

innovative aspect is the interactive online dashboard, which enables the reader to navigate 

through the study findings using an integrative and fluid interface, opening access to the 

results of our research for broad application.

CONCLUSIONS

This study advances the current body of knowledge by elucidating, for the first time, 137 

relevant cognitive processes involved during the intraoperative phase of cardiac surgery from 

the perspective of multiple OR team members. By displaying the research findings in an 

interactive dashboard, we provide trainees with new knowledge in an innovative fashion that 

could be used to enhance learning outcomes. In addition, the approach used in the present 

study can be used to deeply understand the cognitive factors underlying surgical adverse 

events and errors in the OR, contributing to the development of mitigation and prevention 

strategies toward improving surgical patient safety.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Methodological approach.
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FIGURE 2. 
Self-reported cognitive load across different team members and CABG steps.
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FIGURE 3. 
Web-based interactive dashboard for exploring intraoperative cognitive processes during 

CABG.
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TABLE 1.

Subject-Matter Experts’ Characteristics

Surgeons A nest hesiol ogists Perfusionists

(N = 3) (N = 3) (N = 3)

Age, y 56.3 43.0 45.7

Sex (male/female) 2/1 2/1 3/0

Experience, y* 23.7 9.3 19.0

Number of CABGs* 1967 700 1200

*
Since cardiac surgery training was completed.
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