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Abstract

Cognitive engineering is focused on how humans can cope and master the complexity of processes 

and technological environments. In cardiothoracic surgery, the goal is to support safe and effective 

human performance by preventing medical errors. Strategies derived from cognitive engineering 

research could be introduced in cardiothoracic surgery practice in the near future to enhance 

patient safety and outcomes.
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Cognitive engineering (CE) is the analysis, modeling, design, and evaluation of complex 
sociotechnical systems (eg, nuclear plants, aviation, surgery) and is largely driven by the 

increased cognitive demands found in these technology-rich environments. CE studies the 

functional capabilities and limitations of humans and methods to integrate these findings 

into the design and optimization of systems, processes, and technology.1 The CE field 

acquired its current identity after the Three-Mile Island nuclear power plant accident in 

Pennsylvania in 1979 and the term “cognitive engineering” was first used by Norman in 

1980.2 CE is focused on how humans can cope and master the complexity of processes and 

technological environments. For example, rather than using technology to automate an 

action in an effort to eliminate human error, a more beneficial approach would be to 

augment, rather than automate, human capabilities. In the case of driving, technology makes 

it possible for a vehicle to monitor both the roadway and the driver. Thus, it could enhance 

Address reprint requests to Marco A. Zenati, MD, Division of Cardiac Surgery, Veterans Affairs Boston Healthcare System and 
Harvard Medical School, 1400 VFW Parkway, Boston, Massachusetts 02132, Marco_Zenati@hms.harvard.edu. 

HHS Public Access
Author manuscript
Semin Thorac Cardiovasc Surg. Author manuscript; available in PMC 2021 April 01.

Published in final edited form as:
Semin Thorac Cardiovasc Surg. 2020 ; 32(1): 1–7. doi:10.1053/j.semtcvs.2019.10.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the driver’s awareness of the roadway conditions and improve the driver’s capacity to 

respond to those demands. Augmented cognition technology might improve safety by 

measuring the degree to which the driver is distracted and then directing a distracted driver’s 

attention by alerting the driver to roadway demands.3

CE IN HEALTHCARE

CE research in healthcare, with the goal of supporting safe and effective performance, 

focuses on characterizing complexities in the environment and demands on providers, with 

emphasis on preventing medical errors and on the design and impacts of new technologies. 

Understanding demands on providers, the strategies they use to meet those demands, and the 

role of information from different sources and technologies in work practice is essential to 

designing new information systems that can improve patient care.4

COGNITIVE WORK AND TASK ANALYSIS

Cognitive work analysis (CWA) is one of several analytic approaches to CE. CWA emerged 

from the work of Rasmussen at Risø National Laboratory in Denmark5 while advising how 

to design human-machine systems, such as nuclear power plant control rooms, so that they 

would be safer and more reliable. The Risø group found ways to ensure high technical 

reliability for such systems. However, accidents and incidents still occurred, usually when 

human operators were required to handle situations and abnormalities that system designers 

had not anticipated. In such situations, operators effectively had to “finish the design” of the 

system—that is, through their activities and the information available to them, the operators 

had to compensate for the information or resources that were missing to preserve the 

purpose of the system. Finding ways to support operators performing such “adaptive 

compensation” became very important.

Another technique related to CWA, and commonly used in the human factors field, is 

cognitive task analysis (CTA).6 CTA involves a structured mixed-methods approach to 

capture the cognitive processes used by experts to perform certain tasks. While hierarchical 

task analysis is focused on the determination of the correct sequence of tasks/subtasks and 

the relationships between them, CTA can further capture the cognitive processes underlying 

task execution, as well as variations from routine course of action and occurrence of 

unexpected events. In healthcare (eg, surgery), CTA has the potential to reveal the cognitive 

factors underpinning medical errors and inform prevention and mitigation strategies.

In cardiothoracic surgery, our research group at Harvard University has developed a video-

based recall protocol to elucidate team cognitive processes in the operating room. We used 

CTA methods to interview subject matter experts from multiple domains (surgery, 

anesthesia, perfusion) and, built upon a previous cardiac surgery process model,7 we 

identified 137 unique intraoperative cognitive processes, including 33 decision points, 23 

critical communication, 43 potential pitfalls, and 38 problem prevention/solving strategies 

during coronary artery bypass grafting (CABG) procedures.8 By quantifying the anticipated 

effort on a scale from 1 to 100, we were able to create a matrix that anticipates surgical 
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phases during CABG that are associated with higher workload, thus supporting targeted 

efforts to improve performance both at the individual and at the team level (Fig. 1).

COGNITIVE BASIS OF MEDICAL ERRORS

Medical errors causing preventable adverse events are the third leading cause of death in the 

United States; the negative economic impact of preventable medical errors was estimated at 

$1 trillion per year in a US Senate hearing in 2014.9 The global burden of postoperative 
deaths is estimated at 4.2 million patients, making it the third greatest contributor after 

ischemic heart disease and stroke. For the last 20 years since the publication of the seminal 

report by the Institute of Medicine entitled “To Err is Human,”10 insufficient progress has 

been realized to make surgery safer. Procedural care (eg, cardiothoracic surgery) is 

particularly vulnerable and error-prone due to its complexity and need for multispecialty 

teams to cooperate.11,12

The traditional perspective of patient safety implicates that the desired patient outcome 

results from the interaction among patient risk factors and technical skills of the involved 

providers. These factors are meaningful and established contributors to medical errors but 

are not necessarily comprehensive. The field of surgery has more recently recognized the 

significant influence of nontechnical skill (ie, situation awareness, teamwork, decision-

making, communication) on outcomes as well.13

Studies in high-hazard industries demonstrate that humans, irrespective of expertise, do not 

optimally retrieve or deploy key knowledge under high levels of mental workload (MWL).14 

The reduction of high MWL not only may reduce the frequency of errors but also may 

increase the likelihood that errors will be detected and recovered.

COGNITIVE CHALLENGES IN SURGERY

In surgery, demands on attention and working memory processing have greatly increased, as 

providers engage with more data, perform more complex tasks, and exchange more 

information. Attention, working memory, and decision-making are 3 key areas of cognitive 

functioning that are negatively affected among healthcare providers experiencing excessive 

levels of MWL.15,16 In surgery, the frequency of flow disruptions (a surrogate of errors) 

experienced by providers is alarming (~100 per surgical case). During simulated surgeries, 

intraoperative workload was shown to be significantly higher when flow disruptions were 

intentionally introduced. Increasingly, safe levels of cognitive workload during complex 

surgical procedures are exceeded due to multitasking and interruptions. Human performance 

deficiencies (HPD—defined as errors associated with cognitive, technical, and team 

dynamic functions) have been identified in more than 50% of adverse events in surgery; the 

most common HPD was cognitive error in the execution of care.17

MWL

Cognitive or MWL is defined as a multidimensional construct representing the load that a 

task imposes on the performer.18 This also refers to the level of perceived effort for learning, 

thinking, and reasoning as an indicator of pressure on working memory during task 
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execution. This measure of MWL represents the interaction between task processing 

demands and human capabilities or resources. MWL is usually considered to be a property 

of an individual rather than a task. Working memory is limited in capacity, processing, and 

duration. In situations in which the demand imposed by tasks exceeds our working memory 

capacity, a state of cognitive overload occurs. The result of competition for limited cognitive 

resources is often a decrease in task performance. The relationship between workload and 

performance is described by an inverted U-shape curve according to the Hebb-Yerkes-

Dodson Law, suggesting that both very high workload (overload) and very low workload 

(underload) are associated with lower performance, and that higher performance is achieved 

in a medium workload condition (Fig. 2). Thus, depending on where the individual is on the 

curve, increasing cognitive workload could increase or decrease performance. If cognitive 

workload rises too high, performance suffers (because the individual no longer can manage 

the cognitive demands of the task).

Ineffective mental states (eg, high emotions, peak workload, lack of situation awareness, 

fatigue) play a significant role in the sequence of events leading to errors and preventable 

adverse events.19,20 Regardless of how competent and expert surgical team members may 

be, they are still subject to the common cognitive limitations, frailties, and fallibilities that 

characterize the human brain. In certain situations, high demands imposed by surgical tasks 

and other factors may exceed the cognitive capacity, leading to a potentially risky cognitive 

overload. A recent report from our group identified for the first time high emotional state 

(anger/frustration) as a precursor to a near-miss error in cardiac surgery, leading to potential 

for system redesign.21

MEASUREMENT OF COGNITIVE WORKLOAD

We performed a systematic review of the literature on available tools to measure cognitive 

workload in surgery.22 Among the available psychophysiological tools for the measurement 

of cognitive workload that can be used in real-time, heart rate variability (HRV) is the most 

studied. HRV is established as a sensitive and reliable physiological index of work stress and 

mental effort.23 Tools using HRV can be applied in an unobtrusive manner with inexpensive, 

wearable, and wireless devices. HRV metrics are based on the analysis of interbeat intervals 

(R-R intervals) allowing the quantification of sinoatrial rhythm variability. These HRV 

measures are most commonly divided in 2 broad categories: HRV frequency-domain and 

HRV time-domain parameters. Two frequency-domain parameters, low-frequency (LF) band 

and high-frequency (HF) band, have been shown to reflect the balance between the 

sympathetic and parasympathetic autonomic nervous system. In situations imposing a high 

cognitive demand, there is a sympathetic predominance, increasing the LF/HF ratio. Other 

well-established HRV parameters, such as the root mean square of the successive differences 

(RMSSD), the standard deviation of normalto-normal (SDNN) interbeat interval duration, 

and the percentage of consecutive inter-beat intervals varying by at least 50 milliseconds 

(pNN50) are reflective of parasympathetic control, such that higher cognitive demands 

decrease these time-domain values. LF/HF ratio, RMSSD, SDNN, and pNN50 have all been 

used as objective and real-time measures of cognitive workload in the literature.24 A third 

category of HRV analysis includes nonlinear measures such as measures of entropy, which 

are also gaining attention as valuable workload indicators.
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In addition to HRV, eye movements and changes in pupil dilation also provide important 

information about how users interact with complex visual displays (eg, during endoscopy). 

Data can be obtained by using eye-tracking apparatus that captures eye data in a nearly 

continuous signal, providing precise information about what the user looks at, how long he 

looks at it, and how much his pupils dilate as he looks. Gaze duration, derived from eye-gaze 

metrics, has been shown to differentiate expertise level as well as the presence of unexpected 

adverse events while viewing surgical video clips. Marshall introduced the Index of 

Cognitive Activity that allows reliable and rapid estimation of cognitive workload from 

changes in pupil dilation. This approach has been useful in military simulations associated 

with screen-based tasks under the augmented cognition program funded by the US 

Department of Defense through DARPA.25 Research done with eye-tracking technology in 

the healthcare setting is being conducted for intraoperative use in surgery, aiming to reduce 

its invasiveness and need for continuous screen monitoring and tracking.

The temporal sensitivity and high accuracy of noninvasive brain imaging techniques such as 

electroencephalography and functional near infrared spectroscopy afford insight into 

cognitive workload as well. Both technologies have been used in medical simulation and 

have demonstrated their utility in this domain but cannot currently be utilized during live 

surgeries due to their obtrusiveness and physical constraints.

AUGMENTED COGNITION IN SURGERY

Augmented cognition refers to the design and implementation of closed-loop systems based 

upon real-time psychophysiological assessment. This approach relies on sensing a user’s 

cognitive state via psychophysiological measures, and utilizing this knowledge to adapt the 

human-computer interaction and tailor the user’s environment to their current state in real 

time.26 The goal of implementing augmented cognition systems is to enhance operational 

capability, minimize redundancies in task completion, and improve human performance in 

high-consequence, high-demand environments.27

Workload-adaptive systems have been pioneered in the military for time-critical and high 

workload situations associated with risk of excessive operator mental workload and loss of 

situation awareness. For example, the index of cognitive activity utilizes real-time 

measurement of pupillary diameter and has been validated to allow rapid and reliable 

estimation of cognitive workload during unmanned aerial vehicle operations in the US Air 

Force.

Advanced applications of augmented cognition for healthcare providers are lacking. To 

address this gap, we have designed a team cognitive guidance system for the operating room 

using process and patient real-time data dynamically and proactively to provide guidance 

forward from the current surgical state. This workload-adaptive system will identify 

plausible upcoming situations in which cognitive load can be expected to approach safety-

concerning levels. Process analysis will then be used to warn of such possibilities, advise of 

immediate actions (eg, task shedding), and/or to explore such approaches as resource 

reallocation or alternative paths, all aimed at avoiding or reducing high-risk cognitive load 

levels on an individual and team-wide basis.
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TEAM PERFORMANCE IN SURGERY

Teamwork characterizes virtually all work performed in the healthcare system. Ideally, the 

entire healthcare team and medical devices work together flawlessly in real time; this 

amounts to a complex cyber-physical-human system, posing a medical information and 

workflow management challenge. The cardiac surgical OR is a technically complex, fast-

paced environment where multiple disciplines are expected to collaborate in an efficient and 

effective manner. Individual roles further require the acquisition of specialized skills, 

interdependent work, decision-making, and a high cognitive demand.

Team performance measurement systems in healthcare have benefited from sensor-based 

approaches. Sensor-based measures refer to automated data collection tools (eg, infrared 

sensors, radio frequency identification tags) used to dynamically capture socio-metrical data 

(ie, behavior, team member composition, speech content). Activity traces can complement 

sensor-based measures to understand patterns of behavior between team members because 

they capture the byproduct of information system use (eg, paging system, e-mail activity, 

electronic health record entries).

In the OR environment, task demands are not equally distributed across different team 

members and over the course of surgery. In fact, we have demonstrated that both perceived 

and objective measured (via HRV) cognitive load varies depending on team role and surgical 

step.28,29 A useful conceptual model that can be applied in cardiothoracic surgery is the 

“distributed cognition” framework. It considers the activity system as the unit of cognitive 

analysis rather that the individual team member, allowing the study of how cognitive 

resources and demands are handled and distributed throughout the surgical team.30 To 

investigate how cognitive load is distributed during CABG procedures, we developed a novel 

method that uses a psychophysiological biomarker (interbeat interval—IBI in milliseconds) 

captured from surgeons, anesthesiologists, and perfusionists via wearable sensors, and 

derives a combined team measure of physiological synchronization, as a proxy for team 

cognitive load. We were able to demonstrate, for the first time, how a cardiac surgery team 

responds to an intraoperative adverse event (medication error) based on physiological 

synchronization metrics (Fig. 3).31 Concurrent/mirrored peaks across multiple team 

members may reflect problem-solving mentalities, focused attention, task coordination, 

and/or shared mental models converging during times of ambiguity or crisis.32

COMPUTER VISION FOR TEAM MONITORING IN SURGERY

Modern operating rooms are high-tech environments, where surgical activities are 

increasingly captured with cameras. The automatic understanding of this visual data by 

extracting rich and meaningful information is a promising way of developing machine 

intelligence and context-aware systems in the clinical environment. It will help to improve 

the workflow in hospitals by developing better decision support systems for the clinicians. 

We demonstrated the feasibility of using multiperson pose estimation from video recordings 

in conjunction with psychophysiological data reflecting team cognitive load.28 Our work 

illustrates the utility in computer vision approaches to monitor spatial relationships between 
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providers, the patient, and medical devices in the operating room, and the added potential to 

incorporate temporal cognitive workload data simultaneously (Fig. 4).

SURGICAL DATA SCIENCE

Future advances in surgery will be motivated by safety, effectiveness, and efficiency of care. 

Cognition-guided surgery will promote a culture of continuous measurement, assessment, 

and improvement using evidence from data as a core component; in addition, it will facilitate 

the transition from subjective to objective decision-making and from qualitative to 

quantitative assessment in surgery. Although large amount of data is available during 

interventional care, it is not routinely captured and annotated using standardized protocols.

The emerging field of surgical data science strives toward a data-driven healthcare 

environment, leveraging data from medical records and devices, imaging, and/or sensors to 

improve interventional approaches.33 Such extensive data capture introduces the potential 

for predictive modeling, decision support, adaptive aiding, and further applications across 

clinical disciplines. Challenges facing the field of surgical data science include the 

availability and analytic power of acquired data, stakeholder buy-in, and the end-user patient 

experience. Harnessing advancing technology and emphasizing dissemination efforts will be 

critical to support the impact of the field.

FUTURE DIRECTIONS

It is anticipated that many strategies derived from CE studies could be introduced in 

cardiothoracic surgery in the near future to support human performance and enhance patient 

safety and outcomes (Table 1). In some cases, introduction of dedicated technology could be 

envisioned to leverage available surgical data for error modeling and prevention and 

recovery. Advanced workload-adaptive associate systems are already operational in the 

military (drones, submarine nav) and translation into the cardiovascular operating room is 

being tested in simulated environments.
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Figure 1. 
Self-reported cognitive workload during different steps of CABG.

Zenati et al. Page 10

Semin Thorac Cardiovasc Surg. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Relationship between cognitive workload and performance.
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Figure 3. 
Team physiological synchronization during a CABG procedure.
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Figure 4. 
Deep learning-enabled software tracking team members’ position and motion.
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Central Message. 
Improved understanding of the cognitive basis of preventable medical errors offers the 

opportunity to develop new strategies to prevent and mitigate human errors in cardiothoracic 

surgery.

Yerkes-Dodson Law correlating mental workload and performance.
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Table 1.

Cognitive Engineering Strategies for Error Prevention and Management

Cognitive engineering strategies for error management in cardiothoracic surgery

• Task shedding34

• Intelligent interruption system35

• Sterile cockpit36

• Short breaks15

• Team strengthening15

• Preincision time-out37

• Safety system for device interoperabilty38

• Workload-adaptive associate systems

• Cognitive aids for high-risk/low-frequency situations39
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