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Safety practices in the aviation industry are being
increasingly adapted to healthcare in an effort to re-
duce medical errors and patient harm. However, cau-
tion should be applied in embracing these practices be-
cause of limited experience in surgical disciplines, lack
of rigorous research linking these practices to outcome,
and fundamental differences between the two indus-
tries. Surgeons should have an in-depth understanding
of the principles and data supporting aviation-based
safety strategies before routinely adopting them. This
paper serves as a review of strategies adapted to im-
prove surgical safety, including the following: imple-
mentation of crew resource management in training op-
erative teams; incorporation of simulation in training of
technical and nontechnical skills; and analysis of con-
tributory factors to errors using surveys, behavioral
marker systems, human factors analysis, and incident
reporting. Avenues and challenges for future research
are also discussed. © 2008 Elsevier Inc. All rights reserved.
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INTRODUCTION

Healthcare has often been compared to the aviation
industry as both involve teams of highly trained pro-
fessionals interacting with advanced technology in
high-risk situations. In both professions, errors can
impact significantly on outcome in terms of safety and
public trust, and they can have financial, legal, and po-
litical ramifications. Efforts to improve patient safety
have taken numerous cues from the aviation industry,
which has a track record of implementing programs to
prevent, identify, and manage errors.
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Application of aviation-based strategies to surgical
disciplines has focused on measuring and improving
both technical and nontechnical skills. Although lack of
technical competence is a major reason for errors, com-
munication breakdown between personnel and fatigue or
excessive workload are also contributory factors [1, 2].
While flight and surgical training are often compared
in terms of teaching and measuring an individual’s
technical proficiency (e.g., simulator training and test-
ing), aviation-based strategies for promoting and eval-
uating teamwork are also being increasingly incorpo-
rated in healthcare. The first half of this paper will
focus on the attitudes and behaviors that contribute to
a safe working environment, and potential methods for
improving teamwork, communication, and other non-
technical skills postulated to reduce adverse events.
The second half of this paper will compare surgical
training to flight training, including the current and
future role of simulators. Finally, limitations of the
aviation-healthcare analogy will be discussed, recom-
mendations regarding the adoption of aviation-based
strategies to improve surgical safety will be made, and
avenues for future research will be addressed.

Safety Culture and Safety Climate

The term safety culture encompasses all of the atti-
tudes, perceptions, behaviors, competencies, and val-
ues that contribute to an organization’s prioritization
of and commitment to safety [3]. The term safety cli-
mate refers to the measurable aspect of an organiza-
tion’s safety culture and focuses on perceptions and
attitudes, although the two terms are often used as
synonyms. In high-risk industries, safety climate de-
scribes a group’s perceptions of behaviors and proce-
dures as they relate to the overall priority of safety in
the workplace [4]. In the aviation industry, there are
several tools that have been used to measure safety
climate such as the Cockpit Management Attitudes
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Questionnaire (CMAQ) [5] and the Flight Management
Attitudes Questionnaire (FMAQ) [6]. The FMAQ was
adapted by Helmreich et al. [6] from the CMAQ to be
applicable across organizations and cultures. Scores on
the CMAQ and FMAQ, used in aviation to assess the
attitudes of crewmembers within and between organi-
zations, have been correlated with teamwork quality
and flying performance as assessed by trained peer
evaluators [7].

The Safety Attitudes Questionnaire (SAQ) was
adapted from the FMAQ for use in healthcare. The 23-
item questionnaire requires 10 to 15 min for completion
and utilizes a five-point Likert scale (ranging from dis-
agree strongly to agree strongly) to evaluate six key fac-
tors: teamwork climate, job satisfaction, perceptions of
management, safety climate, working conditions, and
stress recognition. The SAQ has been formally evaluated
with pilot testing and confirmatory factor analyses and
has been modified for use in different healthcare arenas
including intensive care units [8, 9], labor and delivery
units [10], operating rooms [11, 12], general inpatient
[13], and ambulatory settings. Based on extensive testing
across three countries, 203 clinical areas, and over 10,000
health care providers, the SAQ has been psychometri-
cally validated for use in the medical field [14, 15].

The SAQ has been used as a tool for assessing the
effectiveness of quality improvement programs on pro-
vider attitudes. For example, Thomas et al. [13] per-
formed a randomized controlled trial of executive walk
rounds on inpatient units; they demonstrated a higher
mean SAQ score among units randomized to the inter-
vention, but did not report an effect on medical errors
or patient outcome. Other nonrandomized trials have
suggested that a safety intervention program improves
both safety climate and clinical outcomes [8, 16, 17]. In
surgery, the SAQ was used in a pre- and poststudy of a
preoperative briefing at Kaiser Permanente [17]. The
preoperative briefings resulted in improved percep-
tions about the overall safety climate and specifically
about teamwork, responsibility for patient safety, and
handling of medical errors. The authors attributed the
elimination of wrong-site surgery (from 3 to O per year)
to the preoperative briefings. The number of near
misses and reports of faulty or missing equipment in-
creased, suggesting that the safety climate was more
amenable to the reporting of problems. Thus, interven-
tions that have resulted in a measurable change in
safety attitudes have also demonstrated improved clin-
ical outcomes. However, these studies are limited by
methodological flaws associated with before and after
studies. Additionally, these studies have not proven
causation nor have they elucidated the mechanisms by
which improved attitudes translate into increased pa-
tient safety.

Safety climate questionnaires may also have other
applications in health care such as evaluation of reasons
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for failure when quality intervention programs are not
successful, identification of potential safety improve-
ment goals, and comparison of caregivers, units, or
hospitals for benchmarking. Other safety climate and
culture surveys exist, but have not been studied in the
surgical setting [18], nor have they been studied as
extensively [19].

One caveat in using safety climate questionnaires in
surgery is that several differences exist between pilots
and surgeons. Using cross sectional surveys modified
from the CMAQ, Sexton et al. [2] compared perceptions
about error, stress, and teamwork between healthcare
professionals and cockpit crew members. Surgeons
tended to downplay the effects of stress and fatigue on
decision-making compared with pilots. Additionally,
surgeons’ perceptions of communication and teamwork
were different from those of their team members; sur-
geons rated their teamwork with anesthesia higher
than vice versa. Furthermore, senior surgeons pre-
ferred hierarchies whereby junior surgeons tended to
accept decisions without question. These perspectives
should be considered when adopting aviation-based
strategies to surgery. Despite these interdisciplinary
differences, safety climate questionnaires may provide
insight into perceptions about communication and team-
work among surgical teams and suggest areas for future
improvement.

Behavioral Markers Systems

Teamwork is essential to ensuring safety in both
aviation and healthcare. Based on confidential inter-
views with surgeons, most surgical errors are not at-
tributable to an individual but involve multiple person-
nel and steps; approximately 43% of errors are due to
poor communication [1]. Given that positive attitudes
about teamwork translate into behaviors that reduce
error [7], behavioral markers are important to measure
and quantify. Behavioral markers are observed behav-
iors that have been correlated highly with team perfor-
mance in context-specific, critical situations in high-risk
industries [20]. These behaviors have been measured in
aviation using tools such as the Line Operations Safety
Audit (LOSA) [21]. Markers associated with superior
performance include assertiveness, leadership, and sit-
uational awareness [22]. Similar efforts have been
made to characterize desired behaviors during medical
crises, even using modifications of the LOSA, in the
fields of neonatology [23, 24], anesthesia [25], emer-
gency medicine [26], and surgery [27, 28]. However, the
behaviors that are advantageous in a cockpit may not
be the same as those required during surgery, and valid-
ity of these marker systems in the healthcare arena has
not completely been demonstrated.

Yule et al. [29] reviewed previous research on the
nontechnical skills required by surgeons in the operat-
ing room and evaluated five behavioral marker sys-
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tems for rating these skills. The authors identified
behaviors relating to communication, leadership, and
decision-making as important; however, they found a
paucity of data linking these behaviors to outcome in
healthcare.

Furthermore, the existing behavioral marker sys-
tems were early in development, incomplete, and not
psychometrically validated [29]. Future research on the
application of behavioral marker systems to healthcare
will need to focus on validating these rating tools and on
linking specific behavioral markers to errors or adverse
events. Ultimately, modifiable behavioral markers
should be identified, interventions developed to optimize
behavior, and rigorous assessment performed regarding
the effects of behavior modification on patient safety.

Crew Resource Management

Crew resource management (CRM) was conceptual-
ized at a 1979 conference focusing on human factors
contributing to airplane crashes. Since then, CRM has
evolved to become an integral part of flight training; in
particular, CRM aims to improve flight safety by focus-
ing on teamwork to prevent and manage crew-based
errors. Helmreich et al. [30] proposed a schema for
classifying the three mechanisms by which CRM could
defend against errors. The three tiers of this error
troika are: avoidance of error, “trapping” of errors be-
fore they are committed, and mitigation of the conse-
quences of those errors that are not trapped. The te-
nets of CRM have been applied to medical fields
including anesthesiology [25] and emergency medicine
[26, 31, 32]. Additionally, CRM is being taught at the
American College of Surgeons meetings, and propo-
nents have advocated mandatory CRM training for
surgeons [33].

Several studies in healthcare have demonstrated
positive attitudinal and behavioral changes as a result
of CRM [16, 26, 31], but few have evaluated its effects
on clinical outcome. Morey et al. [26] assessed the
impact of a CRM-based curriculum in an emergency de-
partment: the Emergency Team Coordination Course
(ETCC). Using a quasi-experimental design (one pre- and
two post-test periods), the authors evaluated team behav-
ior, emergency department performance as measured by
observed errors and an admission evaluation survey, and
attitudes. They noted improved team attitudes and be-
haviors as well as decreased clinical errors as a result of
the team training.

Although there is good evidence that CRM results in
positive attitudinal reactions across high-risk disci-
plines, a review of the current literature demonstrated
that more rigorous studies linking CRM to learning,
behavioral modifications, organizational differences,
and ultimately safety are needed [32]. However, one of
the challenges in validating CRM in the aviation in-
dustry has been that a reduction in errors or airplane
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accidents is difficult to demonstrate due to the rarity of
the event. Another challenge is that standard trial
designs (e.g., randomized controlled trials) evaluating
CRM may be difficult to perform, expensive, and un-
likely to be feasible [34]. Furthermore, results from
such trials may be difficult to generalize or interpret in
that CRM training may be institution or procedure
dependent.

In a 2002 editorial in the Journal of the American
Medical Association, Leape et al. [35] argued that lack
of controlled trials evaluating aviation-based safety
practices should not preclude adoption of common
sense changes with evidence of efficacy in other indus-
tries. They suggested that multiple small changes at
all levels are responsible for aviation safety, and that
failure to demonstrate a reduction in airplane crashes
does not diminish the effectiveness of safety improve-
ment efforts. They also recommended that while tar-
geting all potential changes in an organization,
whether aviation or healthcare, is impractical, priori-
tization of practice changes is necessary for effective
allocation of time and resources. While CRM as a whole
has not been rigorously evaluated in healthcare, there
is evidence, as described below, that individual compo-
nents may be applicable to surgical safety issues.

CRM encompasses team building, briefing strate-
gies, situation awareness (described below), and stress
management [30]. Application of several of these CRM-
based components has been individually assessed as
related to surgery. For example, lack of communication
between operating room personnel is common [36], and
failure to communicate has been correlated with med-
ical errors [1, 37]. Therefore, operating room commu-
nication between team members has been the focus of
several quality improvement studies aimed at prevent-
ing errors. Team training exercises [16] and preopera-
tive briefing strategies [16, 38], both components of
CRM, have been studied in the operative setting. In a
pre- and poststudy design, Awad et al. [16] documented
that operative team training resulted in an increase in
communication, as measured using a survey with a
7-point Likert scale, and an increase in compliance
with antibiotic prophylaxis and deep venous thrombo-
sis prophylaxis guidelines. Preliminary studies also
suggest that preoperative checklists and debriefings
are feasible, transferable, and efficient, although fur-
ther investigations regarding durability and impact on
outcome are necessary [17, 38, 39].

Situation awareness (SA) refers to the comprehen-
sion of what is going on and what is likely to happen
next [40]. Studies of SA in aviation, using the Situation
Awareness Global Assessment Technique (SAGAT)
have been correlated to performance [22]. Three levels
of SA have been identified in aviation: Level 1 or per-
ception of information from the current situation,
Level 2 or comprehension of the current situation, and
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Level 3 or projection of future events based on under-
standing of the current situation [22]. In an analysis of
the Aviation Safety Reporting System database, al-
most 97% of errors were due to a lack of Level 1 or
Level 2 SA [41]. Lack of SA in surgery can also lead to
medical errors; Way et al. [42] performed an analysis of
252 laparoscopic bile duct injuries; the majority of the
injuries involved misidentification of the common bile
duct as the cystic duct and failure to recognize this
misperception, resulting in transection or resection of
the incorrect duct(s). Further studies on whether mea-
sures to improve SA reduce medical errors are neces-
sary.

In aviation, stress is recognized to be a risk factor for
error, and stress management is a component of CRM.
In comparison, in cross-sectional surveys of pilots and
medical personnel, the latter were more likely to deny
the effects of stress on performance [2]. In fact, surgical
consultants agreed more often than pilots to state-
ments such as “Even when fatigued, I perform effec-
tively during critical times” (70% versus 26%) and “ My
decision-making ability is as good in medical emergen-
cies as in routine situations” (76% versus 64%). Despite
surgeons’ lack of acknowledgment of stressors, they
can have a negative effect on operative performance.
Moorthy et al. demonstrated using motion analysis
that operating room stress in the form of a competing
task, noise, or need for speed all resulted in decreased
dexterity and increased errors [43].

Perhaps as a consequence of denial, there has been
relatively little rigorous evaluation of the effects of
stress on surgical performance and on effective strate-
gies for coping with stress in surgery. Wetzel et al. [44]
performed interviews of 16 surgeons and determined
that stress in the operating room affects communica-
tion, decision-making, and judgment. Coping strate-
gies described in the interviews included using several
of the behavioral markers discussed above: situational
awareness, communication, and leadership [44].

Despite its widespread adoption, CRM has been rec-
ognized to have limitations, even in the aviation indus-
try. The effects of CRM teaching may not be durable,
with diminishing returns with repeated training [30].
Additionally, although CRM is generally well accepted,
some trainees have rejected it or failed to incorporate
the teachings in real-life situations [30]. Even when
CRM resulted in attitudinal improvements toward
safety, such as in the MedTeams study, healthcare
providers rated the potential of CRM to change their
behavior to be low [26]. Lastly, the training may not be
easily transferable outside of specific organizations, as
demonstrated by failure of CRM programs to export
from the United States to other countries [30].

Future research in CRM training requires identifi-
cation of the key components of CRM that are corre-
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lated to improved patient outcome and standardization
of CRM training and measurement of these skills [32].
Novel trial designs and research methodologies may
need to be developed, given the previously mentioned
difficulties in the rigorous evaluation of these pro-
grams.

Human Factors Research

Human factors analysis is another tool used to deter-
mine the causes of errors, originally used for investi-
gating military and commercial aviation accidents. The
Human Factors Analysis and Classification System
(HFACS) [45] serves as an error framework based on
Reason’s model of latent (at the system level or “blunt”
end) and active (at the frontline or “sharp” end) errors
[46]. This taxonomy consists of four levels of failure:
unsafe acts (active error) and preconditions for unsafe
acts, unsafe supervision, and organizational factors
(latent errors). When failures align across multiple
levels, an accident trajectory is created, resulting in an
adverse event. In surgery, human factors analysis has
been used to analyze errors and near misses during
neonatal cardiac operations [47, 48]. Human factors
analysis has also been used to examine an activity
(e.g., an operation) in terms of its components such as
technical and nontechnical skill demands [28], mental
workload [49], interactions with technology [50] and
the work environment [28], and team dynamics [51].
Using this framework for identifying and classifying
errors may allow for a better understanding of why
near misses and errors occur so as to develop preven-
tive strategies.

Incident Reporting

In the aviation industry, reporting of near misses
and adverse events is an important source of data
regarding errors. Proponents of an incident-reporting
system for surgery have suggested using the Aviation
Safety Reporting System (ASRS) and the Aviation
Safety Action Program (ASAP) as models. The ASRS is
independent of the Federal Aviation Administration
(FAA) and allows for voluntary, nonpunitive, anony-
mous (both the airline and the individual) reporting of
incidents. Similarly, ASAP allows for airline-based in-
cident reporting that allows for corrective actions. In
surgery, errors but not near misses are reported in
morbidity and mortality conference. However, report-
ing of adverse events is not anonymous and not always
without recrimination. Furthermore, in surgical mor-
bidity and mortality conference, errors are not always
admitted (24% of cases) or explicitly discussed (40%)
[62]. Even complications and deaths may be under-
reported when compared with other methods of sur-
veillance [53]. Lastly, morbidity and mortality confer-
ence does not include a standardized mechanism for
feedback to the healthcare system.
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Incident reporting systems have been described in
anesthesia, critical care, emergency medicine, and car-
diac surgery [47]. Nonetheless, challenges and ques-
tions exist regarding its implementation in surgery.
One problem is that incident reporting is often based
on retrospective research resulting in potential recall
bias [47]. Additionally, definitions and interpretations
of a near miss may vary. Concerns about litigation and
a culture of assigning blame in surgery may pose re-
sistance to adoption of such an incident reporting sys-
tem. Also, while incident reporting systems may poten-
tially identify strategies to prevent or manage errors,
they do not allow for quantification of their baseline
incidence [54, 55]. Therefore, prioritization of safety
issues may make resource allocation more difficult.
Another question is whether organization of such an
incident reporting system should be at a hospital, re-
gional, or national level is unclear. Finally, no data
exists as to whether incident reporting systems result
in a reduction in adverse events or near misses. Future
research requires standardization of definitions of er-
rors and near misses, development of a methodology
for accurately and easily collecting and reporting the
data, and evaluation of the effectiveness of reporting in
improving outcome.

Training and Competency Assessment

The healthcare field has not only modeled teamwork
training and assessment tools after the aviation indus-
try, but also training and competency assessment,
namely with simulators. Comparisons have been made
between healthcare and aviation in terms of need for
selection of trainees, competency assessments, and
training with simulators to learn and maintain techni-
cal skills.

Given the similarities between aviation and health
care, trainee selection for both fields has often been
compared. For example, future Air Force pilots must
undergo a rigorous selection process that includes psy-
chometric testing in addition to cognitive testing and
academic prerequisites [56]. The Air Force Officer
Qualifying Test includes sections such as electrical
maze (measures path-choosing ability), block counting
(measures ability to determine three-dimensional rela-
tionships of blocks), and rotated blocks (measures spa-
tial aptitude). Psychometric testing has been demon-
strated to have prognostic validity in the aviation
industry; that is, a thorough selection process has been
demonstrated to reduce the average pilot failure rate
[57]. On the other hand, selection into surgical resi-
dency, an equally if not more technically challenging
field, does not require demonstration of aptitudes such
as visual-spatial skills.

Based on a study of a subset of European and North
American surgeons, the current system of selecting
surgical trainees is perceived as inadequate [58]. They
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identified cognitive factors, innate dexterity, and per-
sonality as the most important attributes for surgeon
trainees. However, there is currently no single test for
evaluating psychomotor skills, manual dexterity, or
personality traits, and tests for these qualities have not
been demonstrated to predict surgical performance
[59]. Furthermore, visual-spatial evaluations of surgi-
cal trainees and experts have not had consistent re-
sults. Although studies have demonstrated positive
correlations between visual-spatial ability and perfor-
mance on a complex surgical procedure [60], other
studies have found negative correlations between spa-
tial ability scores and surgical ability scores [61]. Fail-
ure of visual-spatial test scores to discriminate novice
from master surgeons also limits their utility [62]. Ad-
ditionally, studies have demonstrated that practice
and experience may allow trainees to overcome differ-
ences in visual-spatial ability, suggesting that psy-
chomotor skills testing may not be the ideal method for
identifying potential surgical trainees [60].

Further study is necessary to determine which psy-
chomotor skills, if any, predict performance as a sur-
geon and the optimal method and time, before or dur-
ing training, to measure these skills. Moreover, studies
should be performed to assess whether selection of
trainees based on psychomotor skills improves patient
outcome.

The Accreditation Council for Graduate Medical Ed-
ucation (ACGME) requires that residents be provided
education to obtain the specific knowledge, skills, and
attitudes to attain competency in six areas: patient
care, medical knowledge, practice-based learning and im-
provement, interpersonal and communication skills, pro-
fessionalism, and systems-based practice. Once training
has been completed, surgeons become certified by the
American Board of Surgery after meeting standards in
seven of nine operative areas during residency in gen-
eral surgery and passing the qualifying and certifying
exams [63]. Certification is then renewed once every
ten years. Surgical subspecialization additionally often
requires fellowship training and additional board cer-
tification. In aviation, pilots must undergo a much
more rigorous evaluation [63] that includes a thorough
medical examination biannually, yearly simulator
checkouts, and unannounced airplane checkouts. To
change aircrafts, pilots must undergo further specific
training and testing, including training on the simula-
tor. While some have advocated more rigorous and/or
more frequent testing for maintenance of credentialing
[33, 63], such practices have not been adopted by the
American Board of Surgery. Further research is re-
quired regarding the optimal methods and timing for
the assessment of surgical competency.

Simulation

As stated above, simulation has long been incorpo-
rated into training and competency assessments in the
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aviation industry. However, only recently has simula-
tion in surgery been endorsed by professional associa-
tions as a method for potentially improving patient
safety. In the surgical field, simulation has uses in the
training and assessment of technical skills as well as of
teamwork in critical situations, as described in the
above section on CRM.

There are a variety of simulators, both physical and
virtual, that have been developed to teach and assess
basic technical skills. Multiple studies have been per-
formed to assess the validity and reliability of the
range of simulators, from physical box trainers such as
the MISTELS simulator (McGill Inanimate System for
Training and Evaluation of Laparoscopic Skills) [64,
65], to virtual reality simulators such as MIST-VR
(Minimally Invasive Surgical Trainer, Virtual Reality)
[66, 67]. While several trainers have face, content,
and/or construct validity, few simulators have demon-
strated predictive validity. There have been at least
two randomized controlled trials demonstrating that
virtual reality training with MIST-VR results in im-
proved performance during laparoscopic cholecystec-
tomy in the operating room [66, 67]. However, overall,
current simulators have not been judged to be suffi-
cient for determining surgical competency. In a review
of the literature on simulators and competency assess-
ment, Feldman et al. [68] determined that simulators
are not ready for use as the sole means of determining
surgical competency for a number of reasons: lack of a
consensus regarding the definition of competency in
terms of operating room performance, lack of standard-
ization of psychomotor tasks for simulators, inability of
current simulators to recreate an entire procedure, and
a paucity of studies demonstrating predictive validity
of simulator training.

Further work is necessary to develop increasingly
sophisticated simulators for technical skills training
that can recreate the actual operative experience, akin
to flight simulators. However, human beings are more
complicated and more diverse than airplanes, increas-
ing the complexity and feasibility of such a task. Fur-
thermore, the more difficult the planned procedure is,
the greater the desire by healthcare providers to prac-
tice on a simulator prior to actually performing the
procedure [69]. In addition to the development of high
fidelity simulators, standardized methods of compe-
tency assessment must be developed and validated so
as to be able to rigorously assess the impact of simu-
lator training on operative performance. Lastly, studies
are needed that demonstrate that technical skills train-
ing on a simulator actually improves patient safety.

In addition to its use for technical skills training,
simulation has also been used for evaluation and train-
ing of nontechnical skills in crisis situations. Moorthy
et al. [28] used a simulated operating theater to assess
technical skills using a global ratings scale and check-
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list and nontechnical skills using a modified LOSA tool.
Additionally, they simulated a crisis situation of hem-
orrhage [70]. Similarly, in aviation, Line Oriented
Flight Training (LOFT) simulates high stress situa-
tions in which crews can practice the behaviors taught
in CRM. The role of these simulated situations for
training and competency assessment must be further
evaluated.

Limitations of the Aviation-Healthcare Analogy

Despite the apparent similarities between surgery
and aviation, there are several differences between the
two fields that should be considered before universally
adopting and instituting aviation-based strategies.
First, the healthcare system is more complicated than
aviation in terms of the regulatory structure. Unlike
the FAA, which oversees airlines and pilots, there is no
single regulatory agency in healthcare. While collabo-
ratives such as the National Surgical Quality Improve-
ment Project demonstrate an initiative by surgeons to
self-regulate to improve patient safety, participation is
far from universal [71]. Surgery and aviation also dif-
fer in terms of the interpersonal relationships between
professionals [54]. As described previously, surgeons
and healthcare teams differ from cockpit crews in their
perceptions of the leadership hierarchy, which may
affect team dynamics as well as the design and adop-
tion of team building strategies [2, 55]. Furthermore,
airline flights have a defined beginning and end, and
the crew is centralized in location. In contrast, patient
care involves team members at multiple locations be-
coming involved at different and sometimes overlap-
ping time points, without necessarily a clear beginning
or end [55]. Lastly, surgery differs from aviation in that
new technologies are developed and incorporated more
rapidly in healthcare than in aviation, which results in
challenges in determining and assessing competency.

Not only is the healthcare system more complicated,
but the human body is more complex and variable than
an airplane—people differ from each other in terms of
demographics, comorbidities, and disease processes
[54]. Additionally, flights are cancelled when airplanes
have malfunctioning systems, but emergency proce-
dures are still performed despite organ failure or sub-
optimal conditions [72]. Ultimately, the true test of the
strength of the aviation-healthcare analogy is whether
or not aviation-based strategies are proven to be effec-
tive when evaluated by methodologically rigorous re-
search.

Recommendations and Challenges for Future Research

The surgical community should develop and validate
an evidence-based taxonomy of attitudes, skills, and
behavioral markers that define surgical competency
and excellence. To be able to rigorously evaluate inter-
ventions to modify aspects of the safety culture, these
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scales should be correlated with medical errors, and if
possible, adverse event rates and patient outcome. As in
aviation, however, low event rates may make validation
difficult, and cultural differences may require that rat-
ings systems be subspecialty or organization specific.

(1) The role of Crew Resource Management and team
training in surgical education should be evaluated us-
ing methodologically strong study designs. The ratio-
nale for team training is sound; most medical care is
delivered by teams rather than individuals, and as a
result, most errors involve more than one healthcare
provider. Individual technical skills are necessary but
not sufficient to ensure competency and to prevent
errors; cognitive and interpersonal skills are also re-
quired. Furthermore, communication breakdowns are
one of the most commonly cited root causes for adverse
events. Although CRM is integral in the aviation in-
dustry, further steps must be undertaken by health-
care researchers to determine how to translate CRM to
medicine, the durability of the training, the impact on
patient outcome, and cost-effectiveness. Particular
challenges of incorporating team management strate-
gies in healthcare lie in the practicality and feasibility
of conducting rigorous research on the effectiveness of
CRM and its components and in adaptation of these
strategies across diverse institutions, subspecialties,
and procedures. Simple before and after studies to
assess the impact of team training should be avoided
because of methodological flaws; alternative study de-
signs such as cluster randomized controlled trials, con-
trolled pre- and postintervention studies, or interrupted
time series should be considered [73]. Additionally, novel
and innovative research designs may need to be devel-
oped to address these issues.

(2) A nonpunitive incident-reporting system should
be developed so that surgeons can better identify errors
and develop strategies to prevent them. Challenges
exist, however, regarding standardization of defini-
tions, minimization of recall and selection bias, and
development of feedback mechanisms on both a local
and national level.

(3) The role of simulation in surgical education
should also be rigorously investigated. Simulation, as in
aviation, may be a useful adjunct to other teaching mo-
dalities for training and evaluating future surgeons in
both technical and nontechnical skills. However, before
widespread adoption of simulators can occur, they must
be psychometrically validated. Moreover, simulator
training should be correlated to improved patient safety.

CONCLUSIONS

Improvement of patient safety and reduction of med-
ical errors require that healthcare providers incorpo-
rate strategies and lessons learned from other high-
risk industries such as aviation. Strategies that have
been used in the aviation industry to improve safety
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have included attitudinal and behavioral assessments
of nontechnical skills such as communication and lead-
ership, teamwork training, incident reporting and non-
punitive management of errors, highly selective require-
ments for recruitment into and maintenance in the
industry, and use of simulation for skills training, How-
ever, challenges exist in terms of adapting these strate-
gies to surgery such as demonstration of effectiveness
using traditional research designs, adaptation and gen-
eralization of these strategies across diverse safety cul-
tures, and prioritization of the safety strategies so as to
most effectively allocate the time and resources necessary
to fully develop, implement, and evaluate them.
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