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Abstract
Communication and coordination breakdowns represent the leading cause of
adverse events in healthcare, especially in the operating room environment – the
wrong patient may be operated on, the wrong procedure may be performed, or
consideration of specific patient information may be missed in surgery planning,
preparation and execution. Across geographical and organizational boundaries, one
in ten hospital patients becomes victim of a preventable adverse event – sometimes
leading to death. As a response to such alarming reality of patients’ prospects in a
hospital, the patient safety discipline emerged in the 1990’s.
One of the major research concerns in patient safety is the examination of the
problem of communication and coordination breakdowns in the continuum of
surgical patient care and the potential strategies for system and process
improvement. Research has shown that breakdowns stem from an interplay of
human errors, socio-technical system design factors, and poorly designed
technology interfaces. However, the majority of research focuses on the narrow
domain related to cognitive aspects of human error or the dynamics of teamwork
inside the operating room. The occurrence and consequences of process level
breakdowns related to inter-team processes and macro-system level communication
factors are yet to be addressed with sufficient detail. Additionally, due to the short
history of research and limited knowledge in this area, no methods for breakdown
detection and management have been developed. Hospitals often implement
technology with the intention of improving the quality and safety in surgical patient
care. However, during early system design, traditional software development
methodologies lack focus on safety concerns. Therefore, new technologies often
introduce communication breakdowns, change workflows in inefficient and
unintuitive ways and facilitate errors. This thesis seeks to advance the knowledge
on communication and coordination breakdowns in surgical patient care and to
develop a breakdown detection method that allows the assessment of the occurrence
of breakdowns. In addition, this thesis seeks to propose a system design framework
specific to the communication and coordination requirements of perioperative work
such that future socio-technical systems will be designed against breakdown
facilitating factors.
This thesis achieves an in-depth understanding of the impact of breakdowns on
surgical work by expanding the focus of analysis beyond teamwork dynamics to
include the macro-system communication and coordination processes. The
properties of breakdowns and their repairs are studied through the investigation of
their occurrence in the operations of two North American surgery units. Through
systematic content analysis of breakdown type, theme, tangibility of coordination
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process employed, coordination scale, breakdown lifetime, repair strategy, and
repair cost, several hypotheses derived from previous research findings are tested
statistically. The findings reveal that properties of breakdowns determine properties
of repairs and that the majority of breakdowns in everyday perioperative work are
outside the scope of teamwork – they lie at the inter-team coordination level, i.e. at
communication interfaces between micro-systems. Breakdowns are found to
propagate downstream in the surgical system. These breakdowns affect the work of
multiple teams, which results in increased communication costs associated with the
respective repair. Finally, safety is found to relate to the presence or absence of
formalized communication structures for re-coordination upon breakdowns. The
theoretical implications are materialized into two conceptual models of breakdowns
and safety in perioperative work.
In the practical realm, this thesis offers a breakdown detection method as a useful
first step in the management of breakdowns in inter-team coordination within the
context of the daily operations of surgical units. To design processes and
technology that facilitate coordination and prevent breakdowns, it is necessary that
breakdowns are reliably detected and analyzed with respect to their impact on
perioperative operations. By mapping information flow expectations for various
information needs in clinical work – such as patient status, schedule status, staffing
coordination, etc. – a set of predictions can be derived that serves as input to the
algorithm for breakdown detection. Evidence is presented for excellent detection
performance. The method can be utilized to assess the amount of breakdowns
before and after process or technology (re-)design. Additionally, research-based
design guidelines and a system design framework are developed.
This thesis contributes to the knowledge on communication and coordination
breakdowns in surgical work as latent conditions having the potential to threaten
patient safety. This research provides an initial understanding of the deep features
of breakdowns from a process-oriented perspective. From this knowledge, the
groundwork for the theoretical models of breakdowns and safety in perioperative
activities is built. This thesis also contributes to the medical operations and systems
engineering/informatics communities in two ways. First, by addressing the problem
of breakdown management in perioperative work through the breakdown detection
method. Second, the practical design guidelines along with the system design
framework are proposed based on the novel understanding of breakdowns. In this
way, early design activities are tailored to the specific requirements of the domain
and consequently prevent breakdowns from occurring or mitigate their impact.
Although the detection method and design framework are developed for the surgical
space, they can later be extended to cover other clinical and healthcare areas.
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Zusammenfassung
Störungen in der Kommunikation und Koordination sind die häufigsten Ursachen
unerwünschter klinischer Ereignisse. Dies trifft insbesondere auf die Chirurgie zu,
wo unter Umständen der falsche Patient operiert oder die falsche Behandlung
durchgeführt wird oder bestimmte Patienteninformationen bei der Planung,
Vorbereitung und Durchführung der Operation fehlen. Über alle organisatorischen
und geographischen Grenzen hinweg wird einer von zehn Patienten das Opfer einer
vermeidbaren gesundheitlichen Komplikation, die in einigen Fällen bis zum Tod
führen kann. Als Resultat dieser alarmierenden Aussichten bei einem Spitalbesuch
ist in den 1990er Jahren das Fachgebiet der Patientensicherheit entstanden.
Eines der wichtigsten Anliegen der Forschung im Bereich der Patientensicherheit
ist die Untersuchung von Kommunikations- und Koordinationsstörungen in der
Patientenpflege in der chirurgischen Abteilung sowie Möglichkeiten zur Systemund Prozessverbesserung. Wissenschaftliche Untersuchungen haben gezeigt, dass
Störungen von einem Wechselspiel zwischen menschlichen Fehlern, sozialtechnischen
Faktoren
der
Systementwicklung
und
mangelhaften
Technologieschnittstellen herrühren. Die Mehrheit der Forschung hat sich
allerdings bisher vor allem entweder auf die kognitiven Aspekte menschlichen
Versagens oder auf die Dynamik der Teamarbeit im Operationssaal fokussiert. Das
Auftreten sowie die Folgen von Störungen auf Prozessebene, welche sowohl in
Bezug zu Kommunikations- und Koordinationsprozessen zwischen Teams wie auch
in Bezug zu Kommunikationsfaktoren auf Makrosystemebene stehen, wurden noch
nicht eingehend untersucht. Außerdem sind noch keine Methoden zur Erkennung
und zur Handhabung solcher Störungen entwickelt worden. Dies ist insbesondere
darauf zurückzuführen, dass es sich hierbei um ein noch sehr junges Fachgebiet
handelt, weshalb der Wissensstand entsprechend begrenzt ist. In Spitälern wird
Technologie oft mit der Absicht eingeführt, die Qualität der Pflege sowie die
Patientensicherheit zu verbessern. Allerdings haben neue Technologien wiederholt
zu Kommunikationsstörungen geführt, den Arbeitsfluss auf ineffiziente und wenig
intuitive Art und Weise verändert und das Auftreten von Fehlern gefördert, weil
man sich dabei auf allgemeine traditionelle Methoden zur Softwareentwicklung
verlassen hatte, denen die notwendige Fokussierung auf Patientensicherheit
während der frühen Phase der Systementwicklung fehlte. Diese Dissertation
bezweckt, das Verständnis von Kommunikations- und Koordinationsstörungen im
Bereich der Patientensicherheit zu verbessern, eine Methode zur Detektion von
Störungen zu entwickeln, die eine Untersuchung der Häufigkeit dieser Störungen
zulässt, sowie einen Bezugsrahmen für die System- und Prozessentwicklung
einzuführen,
welcher
speziell
auf
die
Kommunikationsund
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Koordinationsanforderung während der Arbeit in der Chirurgie abgestimmt ist, so
dass zukünftige sozial-technische Systeme so entwickelt werden, dass
Störungsfaktoren minimiert werden.
Diese Dissertation erzielt ein eingehendes Verständnis der Auswirkung von
Störungen auf die Arbeit in der Chirurgie, indem sie den Fokus der Untersuchung
über die Dynamik in der Teamarbeit hinaus erweitert, um dadurch die
Kommunikations- und Koordinationsprozesse auf Makrosystemebene mit
einzubeziehen. Die Eigenschaften von Störungen und wie diese behoben werden,
wird anhand des Auftretens von Störungen in der elektiven Chirurgie zweier
nordamerikanischer Spitäler untersucht. Durch die systematische Analyse der Art,
Thematik, Greifbarkeit des verwendeten Koordinationsprozesses, Dimension der
Koordination, Lebensdauer einer Störung, Strategie zur Störungsbehebung sowie
Kosten der Behebung wurden mehrere Hypothesen aus vorhergehenden
wissenschaftlichen Erkenntnissen abgeleitet und systematisch getestet. Die
Forschungsergebnisse zeigen, dass die Eigenschaften von Störungen die
Eigenschaften der Behebung festlegen und dass sich in der täglichen Arbeit rund
um die Operation die Mehrheit der Störungen außerhalb des Bereichs der
Teamarbeit ereignet; das heißt, sie erfolgen auf der Ebene der Koordination
zwischen Teams und somit an den Kommunikationsschnittstellen zwischen
Mikrosystemen. Es hat sich gezeigt, dass sich Störungen in Arbeitsflussrichtung
durch das chirurgische System fortpflanzen, wo sie die Arbeit mehrerer Teams
beeinträchtigen. Diese Fortpflanzung von Störungen führt zu zunehmenden
Kommunikationskosten, welche mit der Störungsbehebung in Verbindung stehen.
Außerdem wurde herausgefunden, dass die Patientensicherheit
durch das
Vorhandensein, beziehungsweise durch das Fehlen, von formalisierten
Kommunikationsstrukturen für die Koordination nach dem Eintreten einer Störung
beeinflusst wird. Die theoretischen Auswirkungen fließen in zwei konzeptionelle
Modelle von Störungen und Patientensicherheit während der Arbeit in der Chirurgie
ein.
Für die Praxis bietet diese Dissertation eine Methode zur Detektion von Störungen
als einen ersten wertvollen Schritt hin zum erfolgreichen Management von
Koordinationsstörungen zwischen Teams im Kontext des täglichen Betriebs einer
chirurgischen Abteilung. Um Prozesse und Technologien zu entwickeln, welche die
Koordination unterstützen und Störungen verhindern, ist es notwendig, dass
Störungen zuverlässig detektiert und in Bezug auf deren Auswirkungen auf die
Arbeiten rund um die Operation analysiert werden. Durch das Abbilden der
voraussichtlichen Informationsflüsse für verschiedene Informationsbedürfnisse in
der Spitalarbeit, wie z.B. der Patientenstatus, Status des Zeitplans für Operationen,
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Koordination der Personalbesetzung etc., können Voraussagen abgeleitet werden,
welche als Eingabe für einen neuartigen Detektionsalgorithmus dienen, dessen
hervorragende Wirksamkeit bei der Detektion von Störungen in dieser Arbeit belegt
wird. Die Methode zur Detektion von Störungen kann verwendet werden, um die
Anzahl der Störungen vor und nach der Neugestaltung der Prozesse und
Technologien zu ermitteln. Außerdem wurden wissenschaftlich fundierte
Entwicklungsrichtlinien sowie ein Bezugsrahmen für die Systementwicklung
ausgearbeitet.
Der Hauptbeitrag dieser Dissertation ist die Erweiterung des bestehenden Wissens
über Kommunikations- und Koordinationsstörungen in der Chirurgie, welche die
Sicherheit der Patienten erheblich gefährden können. Es wurde ein erstes
Verständnis der Merkmale von Störungen aus einer prozessorientierten Perspektive
gewonnen, welches es erlaubte, das Fundament für theoretische Modelle von
Störungen und Patientensicherheit während der Arbeit in der chirurgischen
Abteilung zu entwickeln. Diese Dissertation trägt auch zum Bereich des
medizinischen Betriebs sowie zur Informatik/Systemtechnik bei, indem sie sich
anhand einer Methode zur Störungsdetektion und von praktischen
Entwicklungsrichtlinien zusammen mit einem Bezugsrahmen für Prozess/Systementwicklung eingehend mit der Problematik des Managements von
Störungen der Arbeit rund um die Operation befasst. Methode,
Entwicklungsrichtlinien und Bezugsrahmen wurden basierend auf einem neuen
Verständnis für Störungen eingeführt, so dass neue Entwicklungen früh auf die
spezifischen Anforderungen des Einsatzgebiets zugeschnitten werden und
infolgedessen Störungen am Auftreten gehindert oder zumindest deren
Auswirkungen abgeschwächt werden. Obwohl die Detektionsmethode und der
Entwicklungsbezugsrahmen speziell für den chirurgischen Bereich entwickelt
wurden, können diese derart erweitert werden, dass sie weitere Bereiche in der
Gesundheitsversorgung abdecken.

1

1
Introduction
This thesis seeks to improve the theoretical and practical knowledge on the
management of coordination breakdowns in surgical patient care. The first chapter
gives a brief and general introduction into the research conducted in this thesis. It
introduces the reader to the domain of surgical patient care, identifies the research
problem and challenges, describes the scope of the thesis and summarizes the
theoretical and practical contributions.

2

Healthcare is defined as the prevention, treatment, and management of illness and
the preservation of mental and physical well-being through the services offered by
the medical and allied health professions [14]. However, growing numbers of
research studies in the past twenty years reveal a reality contradicting this
description – around the world, patients become subject to preventable health
complications that sometime lead to death of the patient. As many as 98,000
preventable deaths occur per year in the U.S. [41, 157], up to 23,000 in Canada
[27], and 850,000 incidents occur in the U.K. [88]. The growing recognition of the
frequency and magnitude of avoidable adverse events in healthcare has recently
given rise to the field of patient safety. The goal of the patient safety field is the
avoidance and prevention of patient injuries or adverse events resulting from the
processes of healthcare delivery [261, 285].
As a new discipline, patient safety draws on a significant body of knowledge and
expertise from various domains to isolate the causes of adverse events and medical
errors, and to develop improvements. Patient safety research methods come from
cognitive psychology, engineering, human factors engineering, and organizational
management science [86]. The result of a multidisciplinary approach in patient
safety is a shift from the search for a single cause to a systems engineering design
framework. This type of systems framework seeks to identify all conditions beyond
the immediately visible factors that lead to the occurrence of an adverse event. One
widely accepted perspective in the analysis of accidents is the idea of active errors
and latent factors [238]. Active errors are the directly observable actions resulting in
error, occurring at the interaction between a human and some aspect of the sociotechnical system – e.g. when a medical technician presses the wrong button. Latent
factors are less apparent conditions in the socio-technical system that create
conditions for error, such as the design of a safety-critical button in a green color,
which is conventionally used to signify safe actions. Latent errors are upstream
flaws in the design of systems, organizations, management, training, and equipment
that lead individuals to make mistakes [86]. Active errors are therefore seen as
manifestations of a flawed socio-technical system design.
Research conducted through the trans-disciplinary framework of patient safety
identified poor or failed communication between providers of care as one of the
most prevalent latent factors across settings that contributes to adverse events [157,
226]. In fact, communication between care providers has consistently remained the
main root cause of sentinel events between 1995-2005 [19]. Further, the surgical
environment has been found to be the leading sector where such communication
problems occur [45, 108, 157].

3

1.1 Overview of the surgical process
The perioperative process is commonly divided into three stages: pre-operative,
operative, and post-operative. During the pre-operative stage, a patient sees a
physician in order to diagnose the cause of a particular health concern. During this
stage, routine and diagnostic testing is performed, the surgery is scheduled, the
patient is educated on her diagnosis and condition, and she is generally prepared for
the surgery and the discharge thereafter. The pre-operative stage is distant in time
from the day of surgery, except in emergency and trauma cases. The operative stage
includes all patient care activities during the day of the surgery and until the
surgical procedure is completed – registering and preparing the patient, assessing
the state of the patient, assuring the identity of the patient, administering
medication, anesthetizing the patient, operating on the patient, planning the
continuing care for the patient, etc. In the final post-operative stage, the patient is
cared for from the moment the surgical procedure is complete and throughout
recovery from surgery until discharge from the hospital. The post-operative stage
can span from several hours of post-surgery patient care to several days or weeks.
This care includes monitoring the patient state, managing the pain experienced by
the patient, and eventually discharging the patient from the hospital. Figure 1
illustrates the three phases of the perioperative process along with the micro-system
entities involved at each stage of the surgical patient care.

Pre-operative

Clinic
Pre-admission
Emergency room
Inpatient unit
Another hospital

Operative

Surgical admission unit
(Registration & Surgical Admission)

Holding
Pharmacy
Imaging
Anesthesia
Operating room

Post-operative

Intensive care unit
Post-anesthetic care unit
Recovery
Inpatient unit
Step-down/Critical care unit

Figure 1: Perioperative process.

As Figure 1 shows, a great number of teams coordinate throughout the continuum
of surgical patient care in order to conduct a surgical procedure. The overall
perioperative process, comprising all teams and operative stages, is referred to as
the surgical macro-system (or just system). The surgical care team entities – such as
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the Pre-admission, Holding or Operating Room (OR) teams – are micro-systems
making up the macro-system. The micro-systems operate individually and
synchronously, but are dependent on each other. The macro-system is very complex
as it requires the integration of a variety of materials, information, inter-professional
work and a flow of inputs from one micro-system to another. Clinicians from
several disciplines, along with administrative and support staff must partner, share
information, and integrate their efforts. A single patient may be treated by five or
more nurses, two or more physicians, associated pharmacists, radiology technicians,
test lab and blood bank staff [147]. In addition, support personnel such as patient
transporters, supply staff, administrators and others participate in the provision of
care services. A variety of instruments, equipment, medications, products and
supplies must be planned and prepared for each of the tens of surgeries performed
each day. In addition, surgical staff must coordinate and integrate their work with
that of external systems. These systems include: emergency department, trauma
centers, critical care units, radiology, labs, recovery units, surgical clinics, and
others.
Throughout the process, the patient chart is the main artifact coordinating the
medical domain problem space among providers of care – it contains all surgeryrelated information. The chart is continuously reviewed by staff at each microsystem (i.e. process step) for completeness – checklists are utilized during
preparation for surgery to indicate missing information or test results, and the
electronic hospital system is utilized to retrieve or order missing tests, medication,
etc.
Work in the surgical unit is characterized by dynamically changing conditions
arising from both internal and external factors. These factors cause disturbances or
uncertainties associated with planned patient care. For example, an overfilled postoperative inpatient care unit on a given day would result in cancellations of
scheduled surgical operations. Also, surgical cases carry an element of
unpredictability – elapsed time for surgery can take longer or shorter than expected,
and emergencies can affect the planned care for the day. Such uncertainties bring
about the need to re-coordinate plans, actions, and patient care goals. The challenge
of re-coordination comes from the complexity of managing the interdependency
among the multitude of teams and activities [186].

1.2 Breakdowns
Breakdowns in communication and coordination are situations of mismatch
between actual and expected conditions in collaborative work. As such, breakdowns
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present an obstacle to the successful completion of an activity that leads to shift of
focus from routine practice to problem solving [121]. Breakdowns are caused by
failures in information exchange during the utilization of tools, coordination
mechanisms, and cognitive processes. The root causes go beyond the individuals
involved – it is the combination of people and the factors in their environment, the
socio-technical macro-system level information transfer (i.e. between microsystems in an organization), that contribute to the instantiation of breakdowns.
Communication breakdowns result in surgery on the wrong patient, the wrong side
of the patient, the wrong body part, the wrong implant or the wrong procedure. How
can such serious harm occur? One reason for communication failure that has
resulted in such harmful effects is when more than one surgeon is involved in the
case, such as when the patient care is transferred from one surgeon to another [63].
A different scenario resulting in the wrong patient surgery is linked to miscommunication of patient identity during information handoff between various
teams. In one case this involved a total of four teams, including oncology floor,
telemetry, neurosurgery, cardiac electrophysiology, and the patient herself [52].
Due to the highly safety-critical nature of surgical operations, breakdowns have
the potential for serious patient consequences, as described above. This is not to say
that each breakdown necessarily results in harm. There were numerous situations
observed in this research when similar breakdowns of miscommunication between
teams were detected and patients were not harmed. However, the point of
breakdown detection was very close to the door of the OR, i.e. to the time when the
patient would have been operated on with the wrong assumptions in place. In
addition to endangering patient safety, communication breakdowns introduce
additional coordination load to an already busy environment. Thus, they are also
sources of inefficiency. Although breakdowns do not always manifest themselves as
fatal patient outcomes, their persisting occurrence demands further investigation of
the latent factors behind them and the prospects of breakdown management in
perioperative work.
The patient safety theoretical framework, concerned with events and conditions in
the entire system, provides the most appropriate means for breakdown investigation.
However, so far, despite the theoretical underpinnings of the discipline, the ultimate
locus of patient safety in practice has been the micro-system [86]. Specifically, the
immediate environment where care occurs – the operating room, the emergency
room, etc. This focus results from the adoption of the systems perspective with a
human-centered focus. However, the types of breakdowns described above stem
from a higher level of the macro-system and would require not only a humancentered approach of analysis and improvement design, but also a macro process-
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oriented one.
The research reported in this thesis includes three studies of the surgical patient
care processes in two large teaching hospitals. The thesis aims to advance the
knowledge on communication and coordination breakdowns from the perspective of
patient safety. Thus, a multidisciplinary approach is adopted. In addition, the focus
of empirical study and analysis is on both the micro- and macro-system levels.
Further, this thesis seeks to develop methodologies for breakdown management
through efficient and effective detection. This thesis is concerned with the macromanagement of breakdowns – management through process and system design.
This research strives to provide specific surgical environment input to
methodologies for the design of processes and technologies, so that the particular
requirements of the domain are addressed early in the design cycle.
Note: In this thesis, although it is recognized that communication is the tool that
enables coordination, no explicit distinction between communication and
coordination breakdowns is made due to their inherent dependence on one another.
Therefore, any reference to breakdowns in this thesis concerns a breakdown of
coordination, which by definition is also one of communication. A more finegrained view of breakdowns that distinguishes between those of communication
and those of coordination is offered in Chapter 6 as a future perspective for finegrained analysis in the Section “Breakdowns analysis guidelines”.
In addition, any reference to ‘safety’ is intended to refer to patient safety.

1.3 The role of technology
Electronic systems in hospitals facilitate diagnosis, provide channels for
communication, and allow data acquisition, processing, storage and sharing. These
systems serve as representational systems, decision support systems,
communication mediums, coordination tools and information resources. As such,
technologies mediate many of the communication and coordination mechanisms in
hospital work. In the perioperative setting, technology is used not only in computerassisted surgery, image-guided surgery, augmented reality surgery, and tele-surgery,
but also for patient scheduling, patient record management, patient monitoring, and
patient status communication.
When technology is not designed to meet all the requirements of the target
domain, e.g. of surgical patient care, it can become the trigger of user errors that
have disastrous consequences. In fact, evidence from the last two decades reveals
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that medical devices are so poorly designed and difficult to use that they invite a
variety of human errors [26, 160, 210, 318]. Data collected from the U.S. Food and
Drug Administration (FDA) between 1985 and 1989 shows that 45–50% of all
device recalls stemmed from poor product design [7, 251]. A study also found that
41% of technology interface problems, i.e. usability problems, were associated with
a subsequent error [163].
The need to address issues of design has prompted a push towards human-centered
approaches in technology implementations. In recent years, clinical technology has
benefited from several standards. The FDA has revised its Good Manufacturing
Practice regulations to include specific requirements for product usability [7].
Guidelines for interface design and usability testing have been published [251] as
well as an educational article that specifically covers usability issues [3]. More
recent standards for the design of medical devices and technology have also
addressed the issues of usability and safety by mandating extensive requirements
gathering and the use of usability and human-factors oriented approaches in the
development of any device to be used in hospitals (ISO/IEC 62366:2007 [16],
ANSI/AAMI-74: 2001 [9], ANSI/AAMI-75:2009 [18], ANSI/AAMI48:1993 [2]
and [91, 92]). Most recently, the Agency for Healthcare Research and Quality
(AHRQ) recommended that usability become part of the certification test for
electronic health records (EHRs) to ensure safety and effectiveness of system
integration [19].
The efforts outlined above produced a positive impact on the usability of newly
designed systems. Nevertheless, use-errors continue to occur during technology
integration. For example, a recent hospital study reported that technology use
facilitated 22 previously unexplored error types [160]. These errors fell into two
major categories: (1) information errors generated by fragmentation of data and
failure to integrate the hospital’s several computer and information systems and (2)
human-machine interface flaws reflecting machine rules that do not correspond to
work organization or usual behaviors. Some of the consequences included dose
information problems, conflicting or duplicate medication orders, wrong patient
selection, wrong medication selection, loss of data, etc. Another recent study
reported that 88% of 176 hospitals experienced serious workflow issues as a result
of mismatches between the newly integrated clinical information system and the
workflow, which included process and procedure issues, human computer
interaction issues, and situation awareness issues [26]. Further, 84% of the hospitals
reported critical communication issues that arose from the introduction of a clinical
information system as the system changed communication patterns among care
providers and departments, and effected inadequate communication between
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people.
Design that triggers erroneous actions is a communication breakdown at the
human-computer interface. The breakdown stems from failed information exchange
as a result of the information representation design embedded in the technology
interface. The information representation conflicts with the expectation of the
human for information representation. The breakdown can also occur at the humanhuman interface as a result of a conflict between the actual and expected role and
function of technology, such as in the case when workflow, process, procedure and
communication problems occur as a result of technology integration. Given the
evidence of continued design flaws triggering integration problems, a relevant
question is: in addition to a user-centered framework, what else can technology
design for the surgical setting benefit from? The design of technology could benefit
from knowledge on breakdown management.
One explanation for the continued problems of technology integration is that the
approaches underpinning the design standards used are generic ergonomics and
usability methods, which address the human-cognitive domain of human error in
technology use. However, these methods do not account for some critical macrosystem requirements of surgical, and clinical, work. The methods are user-centered
but not process-oriented. They are focused on the micro-system of direct end-users
and neglect the impact that the technology integration will have on other sociotechnical micro-systems that interact with the end-user population in providing care
for surgical patients. Therefore, an integration of the user-centered and systems
perspectives, with a focus on both people and the macro-system processes seems
necessary.
The discussion above demonstrates an urgent need to improve safety in the
surgical process, as well as in other clinical sectors, at the technology design level –
i.e. before accidents occur. So far, there are no design methods specific to the
surgical domain. This thesis delineates the shortcomings of current design practice
for clinical systems (Chapter 2), defines requirements for task and workflow
modeling with regard to the special characteristics of surgical care, and derives
guidelines and a framework for design tailored to the perioperative domain (Chapter
6) that help anticipate and defend against potential breakdowns during the early
system design stages.
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1.4 Research questions
This thesis examines the problem of communication and coordination breakdowns
and its relevance to surgical operations and safety. Further, the thesis looks at the
potential for prevention of coordination breakdowns through the design of
processes and/or technology. The main research question is:
How can we improve surgical care coordination through the informed design
of processes and technology that address the specific requirements of
perioperative work and consequently prevents or mitigates the occurrence of
breakdowns?
To answer this question, the following three sub-questions are addressed:
 Breakdowns – what are they, really? Research accounts describe breakdowns
as common place in surgical operations. However, knowledge about breakdowns
has so far been framed in a narrative qualitative fashion. To manage breakdowns,
a deeper understanding of their components and underlying mechanisms is
necessary to aid in breakdown solution design. To that end, one must know: What
are the properties of breakdowns and coordination mechanisms behind them?
What are the relationships among those properties?
 How can breakdowns be detected and measured? After acquiring an
understanding of breakdowns, the first step towards their management is the
ability to detect breakdowns in a formal and systematic way. The ability to detect
breakdowns provides a meaningful way to design solutions and evaluate
improvement interventions.
 How can processes and technology be designed to prevent breakdown
occurrence? In designing surgical care systems with the intent to manage
coordination and prevent breakdowns associated with integration, it is critical to
utilize all the available knowledge about breakdowns in perioperative work. A
need exists for integration of domain knowledge about breakdowns (e.g. their
properties) and design methodology.

1.5 Contributions
The study reported in this thesis is a first step in the quest to systematically address
the occurrence and management of breakdowns, with mixed research
methodologies – the study examines the deep features of coordination breakdowns

10

at the surgical macro-system level, addressing inter-team coordination,
communication cost, repair strategies and the latent potential of such breakdowns to
affect safety. Further, this thesis offers a method for the detection of breakdowns
and a framework for process and technology design tailored to the perioperative
domain. The contributions of this thesis fall into two broad categories within the
field of surgical socio-technical system design: theoretical and practical.
1.5.1 Theoretical relevance
As stated earlier in this chapter, in order to improve safety and efficiency in the
surgical patient care operations, a need exists for a better understanding of
breakdowns in daily clinical work and their latent potential to affect patient safety.
This thesis makes four main contributions to the research in the theoretical space.
 Mixed methods research design: This research combines qualitative and
quantitative techniques in the examination of problems that were previously
addressed only qualitatively. In particular, in addition to the qualitative
observation and analysis, breakdowns are coded based on particular properties
derived from existing theory and research, and statistical relationships of
dependence among those properties is established (Chapter 3).
 Understanding of breakdowns: As a result of the mixed methods research
design approach, a novel and detailed understanding of the deep features of
breakdowns is acquired (Chapter 4 and [269, 270, 272]). Breakdown properties
are found to determine repair properties, including the communication overhead,
the number of interruptions, and the safety threats incurred by a breakdown. Such
in-depth understanding of the underlying mechanisms of coordination,
breakdowns and safety, based on quantitative statistical evidence, is new and a
major step towards the management of breakdowns in surgical operations.
In the area of technology adoption, this thesis offers an incremental
contribution by identifying a systemic culture problem – the issue of trust among
patient care teams – as a disabler to successful technology adoption.
 Conceptual model of breakdowns in the surgical process: A theoretical model
of breakdowns is proposed that integrates the knowledge acquired through this
research with previous coordination models from organizational science (Chapter
4 and [270]). The result is a conceptual model of breakdowns specific to the
surgical process. The model can be utilized in the detection and analysis of
breakdowns, and in system design.
 Conceptual model of safety and breakdowns: Based on the findings of this
study, this thesis suggests a conceptual model of safety and breakdowns (Chapter
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4). In particular, the model reflects a relationship between the existence or
absence of formal re-coordination mechanisms upon a breakdown and the
potential that the breakdown will affect safety.
1.5.2 Practical relevance
The knowledge acquired through the empirical study presented in this thesis is the
foundation for addressing the practical problems of breakdown management
through process and technology design (i.e. system design) in the perioperative
setting. To that end, this thesis makes two major contributions.
 Breakdown detection method: This thesis offers a method for the detection of
breakdowns – automated or manual, inspired by both the insights acquired
through this research and the approaches to breakdown detection in other
computational and social sciences (Chapter 5 and [274]). The proposed detection
method is validated through its application over the data collected from both
hospitals studied in this research.
 Framework for process/technology design: To aid the management of
breakdowns in the surgical setting, this thesis develops a set of guidelines based
on the newly acquired understanding of breakdowns. A design framework is
proposed that integrates the guidelines with strategies adopted in other industries.
The framework targets system (re-)design that supports coordination in surgical
patient care by preventing and avoiding breakdowns from occurring (Chapter 6
and [270, 271, 273]).

1.6 Thesis Outline
This thesis is structured as follows:
Chapter 2 provides a review of the literature on patient safety and medical error
in healthcare, and introduces the problem of communication and
coordination breakdowns within surgical operations. In addition, the
methodologies used in medical technology design and their
shortcomings to meet the requirements for support of surgical work
are presented. The novel aspects introduced by this thesis are
highlighted throughout the topics. The chapter concludes with a
formulation of the problem statement, a framework for this research
that derives a set of properties to be explored in the formal analysis of
breakdowns, and a set of hypotheses to be examined.
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Chapter 3 presents this research’s design to the study of breakdowns in the
perioperative unit. The choice for research methodology is justified
and the two surgical units are described. The coding scheme to aid in
the categorization of observational data for purposes of quantitative
analysis is developed and the measurements of breakdown properties
are defined. The longitudinal study of technology adoption,
examining coordination breakdowns occurrence prior and postintegration of an electronic whiteboard communication tool in the
surgical unit is described as well.
Chapter 4 integrates all the findings from this research into three main categories:
qualitative, quantitative and technology adoption-related outcomes.
Significant relationships between breakdown properties and resulting
repair properties are identified. The findings indicate a complex
interplay between process workflow, coordination theme, breakdown
lifetime, repair strategies and cost. The implications are discussed and
the chapter concludes with an abstraction of the findings into two
theoretical models: one of breakdowns in the surgical process, and the
other of the relationship of breakdowns to safety.
Chapter 5 presents a method for breakdown detection in the perioperative context
inspired by computational approaches concerned with breakdown
detection in other domains. Following a brief review of the relevant
literature, the breakdown detection method targeting the surgical
process is developed. An extensive evaluation is provided through the
application of the method over the data collected from both surgical
units.
Chapter 6 focuses on the practical implications of the insights gained through this
research in terms of breakdown management through process
improvement and through technology. The chapter begins by
materializing this study’s findings into specific guidelines for analysis
and design of processes and technology for the surgical setting. The
chapter concludes with a discussion of the directions for future work
in breakdown management in the perioperative setting.
Chapter 7 concludes the thesis with a summary of the major findings, key
contributions, and perspectives for future work.
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2
Communication and
breakdowns in the
domain of surgery –
related work and thesis
hypotheses
Breakdowns in communication and coordination in surgical work have the
potential for disastrous consequences. This chapter describes the complexity of
coordination demand in surgical patient care, the magnitude of the problem of
adverse events, and the approaches to understanding the causes behind breakdown
sentinel events. A review of previous research on communication and coordination
breakdowns in perioperative work is offered, which is then used to formulate the
framework and hypotheses for the study of breakdowns in this thesis. The role of
technology design and processes are also examined and shortcomings of current
system design methods for clinical technology are analyzed. The identification of
shortcomings reveals potential for improvement of systems design at the
methodological level.

14

Patient safety is of utmost importance to healthcare providers, consumers and
technology manufacturers. However, evidence demonstrates that there is a risk for
the patient associated with every admission to a hospital – a risk that is independent
of a medical condition and stems from human and systemic factors [144, 157].
Communication breakdowns, in particular, are a major cause of hospital adverse
events [108, 157, 171, 226, 299]. Breakdowns result in longer length of patient stay,
increased patient anxiety, tension among staff, increased resource use, loss of
revenue, staff dissatisfaction, and a decrease in the quality and safety of patient
care, including a high percentage of adverse events [178, 233, 243, 246, 317].
Consequently, recent research on healthcare improvement has focused on the
systems and socio-technical issues in patient care. To that end, a multi-level
approach to change has been recommended that includes the individual, group/team
and organizational levels, as well as the larger professional, social and
organizational context in the care continuum [93, 109]. At all levels, the role of
information technology is critical as well.
Information technology plays an essential role in the coordination of perioperative
work – both in the medical problem space and in the clinical activity space.
Information systems facilitate diagnosis (e.g. decision-support systems), provide
channels for communication (e.g. electronic patient record systems), tools for
coordination of patient care (e.g. patient scheduling systems), and allow data
acquisition, processing, storage and sharing. As such, technologies mediate many
processes in hospital work. Their role in clinical care has, however, been shown to
have negative consequences. A great number of adverse events have been triggered
by poorly designed technology [1, 48, 157] and breakdowns have been introduced
into clinical work as the result of technology introduction into the workflow [26,
160]. When technology is not designed with the user in mind, it may facilitate the
administration of a lethal dose of radiation [48] or chemotherapeutic agent [1].
Many patients have died and medical professionals lost their professional standing
as a result of inadequate system design [41]. The issues of human-computer
interaction, cognition, and usability have become essential to the design of
healthcare technology. Alas, the generic methods proposed by these domains do not
completely cover the critical requirements of safety-critical clinical work and no
design methodologies specific to the clinical domain have been developed.
Given the pressing need for improvement of communication in the provision of
surgical patient care, this research investigates the occurrence of breakdowns at a
novel depth – through the examination of their properties and their relationship to
coordination mechanisms in surgical processes. Further, the thesis examines how
the newly acquired knowledge about breakdowns can inform the design of
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processes and information technology so as to prevent future breakdowns in
perioperative work. The present chapter provides a review of the literature on
patient safety and medical error in healthcare, and introduces the research on the
problem of communication and coordination breakdowns within surgical
operations. In addition, the methodologies used in medical technology design, and
their shortcomings to meet the requirements for support of surgical work, are
presented. The novel aspects introduced by this thesis are highlighted throughout
the topics. Finally, the chapter develops a formulation of the framework for this
research and the hypotheses to be examined through it.
Due to the multidisciplinary nature of work in the field of patient safety, the
literature on the topic of communication and coordination breakdowns, as well as
on computer-mediated clinical work comes from a variety of publishing venues –
medical, nursing, social science, medical informatics, computer science, and
systems engineering journals and conferences, as well as national and international
governmental bodies’ publications. In the review of the literature presented in this
chapter and in the rest of the thesis, the following sources were searched for articles
published up to July 2010:
 Scientific digital libraries: ScienceDirect, ACM, IEEE, PubMed, Patient Safety
Network (PSNet)
 Government bodies: The Food and Drug Administration (FDA), Agency for
Healthcare Research and Quality (AHRQ), International Standards Organization
(ISO), Institute for Safe Medication Practices (ISMP), Association for the
Advancement of Medical Instrumentation (AAMI), National Health Service
(NHS), World Health Organization (WHO), Institute for Healthcare Improvement
(IHI), Institute of Medicine (IOM)
 Google scholar: combinations of the search terms “communication, breakdowns,
surgical, OR, surgery”
 Three special issues of the Cognition, Technology & Work journal were
reviewed: one on enhancing surgical systems [125], another on large-scale
coordination in healthcare [207], and the third on ethnographic research in
healthcare [310].
The resulting review of the literature spans publications from each of the scientific
areas listed above.
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2.1 Patient safety and the significance of adverse events
The publication of the Institute of Medicine’s report “To Err is Human” in 1999
[157] was one of the first to expose the severity and frequency of occurrence of
preventable errors in hospitals due to human factors and systemic design issues –
reporting that as many as 98,000 people die per year in the U.S. from adverse
events. Similar studies with equally alarming findings were conducted in other
nations – the U.K. [88], Canada [27], and Australia [300]. Data collected from the
Physician Insurers Association of America between 1985 and 2003 revealed that
70% of medical errors come from the hospital setting [11]. Research on the
frequency of adverse events in hospitals followed. A study of 51 hospitals in the
U.S. found that adverse events occurred in 3.7% of patient admissions [44].
Another investigation, involving 28 Australian hospitals, revealed a 16.6% adverse
event rate [300], where the complications resulted in patient death in a total of 4.9%
of hospitalized patients. A research study in the U.K. reported a 10.8% adverse
event rate, with 8% of all adverse events being fatal [286]. A different study, in the
U.S., warned that each day spent in a hospital increased the likelihood of
experiencing an adverse event by 6% [23]. A systematic review of the literature on
in-hospital adverse events concluded that the median overall incidence of
preventable complications was 9.2% - one in every ten patients, where 7.4% of
adverse events were lethal [74]. The cost of adverse events was estimated at $4700
per preventable event in an American hospital [35]. These studies led to a
considerable rise in patient safety research and funding, and the shift in focus from
causes of clinical malpractice to organizational socio-technical factors [265].
2.1.1 Adverse events and the surgical setting
Between 39.6% and 48% of medical errors in a hospital come from surgical
operations [11, 23, 27]. Wrong site surgery is a very common example of an
adverse surgical event [51]. The term describes an incident resulting from
procedures performed on the wrong patient, the wrong body part, or the wrong
body site. It also applies to cases when the wrong procedure, an unnecessary or
unauthorized procedure, is performed. Another common example is related to
medication administration – the wrong medication or the wrong dosage may be
administered, or the medication may be given to the wrong patient [1, 48]. These
types of adverse events occur across hospital settings – inpatient or ambulatory,
emergency room or intensive care surgical settings. While multiple factors usually
contribute to an accident of this type, the most common reason behind wrong site
surgery and medication errors is communication breakdown [15, 226]. These
breakdowns derive either from inter-personal communication or are facilitated by

17

communication via coordinating artifacts such as paper forms, electronic records, or
medical device interfaces.
As outlined above, issues of communication in perioperative work are a serious
source of harm to patients, in addition to exhausting already strained healthcare
resources. This thesis seeks to address precisely the problem of understanding and
managing communication breakdowns with the intent to improve safety, work
conditions, and operational efficiency.
2.1.2 Understanding the causes of adverse events
“Human error in medicine, and the adverse events that may follow, are problems
of psychology and engineering, not of medicine.” – John Senders, 1993
Prior to the rise of the field of patient safety, adverse events were examined in the
light of personal accountability and malpractice with a primary focus on active
errors – those proximal actions that directly led to an incident. Through the
emerging discipline of patient safety, a wide recognition that recurring types of
medical error transcend specific organizations and settings was established. This
realization set out the conditions for more comprehensive research into the
underlying factors of adverse events. Thus, critical assumptions about errors in
healthcare evolved from a focus on a single cause, legalistic framework to a systems
engineering design framework [86] that integrates approaches from cognitive
psychology, engineering, human factors, and organizational management science.
The adoption of systems engineering approaches in the manufacturing, logistics,
distribution, aviation, and transportation industries had produced a significant
positive impact. Still, the application of systems engineering to the domain of
healthcare has been slow to rise. Efforts to advocate the integration of the two
started in the 1990s [157, 171] and continue today – a recent joint report from the
National Academy of Engineering and the Institute of Medicine called for
widespread application of systems engineering tools to improve healthcare [12].
The systems engineering perspective framework defines an engineering process of
identifying a system of interest, choosing appropriate performance measures,
selecting a modeling tool, studying model properties and behavior under a variety
of scenarios, and making design and operational decisions for implementation
[159]. The notion of a system reflects a set of diverse entities, or micro-systems –
such as nurses, physicians, functional units, etc. Systems engineering sets the focus
of analysis on coordination, synchronization, and integration of complex systems of
people, information, artifacts, and financial resources [161]. The key property of
safety is defined as one that emerges from the proper interaction of micro-systems
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of the healthcare system (National Patient Safety Foundation [64]). The interaction
of the micro-systems as they execute their functions gives rise to a global system
behavior. A system is also characterized by a state in relation to preconditions and
time, and through the system’s operation the state changes. The state traces (i.e.
history) can be used to compute performance measures. The system is modeled by
identifying and representing the most relevant system characteristics through a
variety of techniques – e.g. a process model, human factors model, statistical model,
stochastic process model, etc., in order to analyze the system behavior and improve
it.
The motivation to apply systems engineering to healthcare is to reduce errors by
redesigning systems and processes using human factors principles, with special
attention to tools, technology, organizations and people [86]. As a consequence of
the shift to systems thinking, the causes of incidents in healthcare are now
recognized as system properties that often remain hidden and invisible until an
adverse event occurs [219]. The strength of the systems approach is that it exposes
latent factors – upstream defects embedded in the system design – through intensive
system evaluation, while discounting active errors caused by human beings [239,
240]. Investigative techniques and trans-disciplinary analysis of both latent and
active errors as threats to the system facilitate the application of the systemic
framework [128].
The most influential conceptual model used in systems reliability science and in
the analysis of healthcare adverse events is known as the Swiss Cheese Model
[238]. It encapsulates the idea that an organization’s design is layered with
defenses, barriers, and safeguards to protect the safety of the system. The
assumption is that each defense layer (i.e. cheese slice) has multiple design
weaknesses, similar to holes in the Swiss cheese slices. The presence of these
weaknesses does not necessarily make the system unsafe at any one time, but rather
only when the holes in all layers momentarily align to permit a trajectory of
accident opportunity. The holes in the defenses arise for two reasons – active
failures and latent conditions [239]. The former are the unsafe acts committed by
people who are in direct contact with the patient or system. The latter arise as a
direct consequence of faulty decisions by management, designers, builders, and
procedure writers. Latent conditions can lie dormant until they align with local
antecedent conditions to create an unsafe system state. The model is illustrated in
Figure 2a.
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Figure 2a: The Swiss cheese model (Reproduced from [239]).
Figure 2b: The Swiss cheese model as an organizational accident
causation model for medical accidents (Reproduced from [241]).
To understand organizational system accidents, it is suggested that the interaction
of active and latent failures must be examined in the light of organizational
processes, task and environment antecedents, individual unsafe acts and failed
defenses (Figure 2b). Performance influencing factors and error producing
conditions such as high workload, poor supervision or training (i.e. latent factors)
can influence actions in a way to facilitate active errors such as slips, lapses, or
mistakes. Violations of safe practices, protocols and standards (i.e. active errors) are
also seen as the outcomes of low organizational morale and issues in management
(i.e. latent factors). At the core of the Swiss cheese model is the notion that behind
each adverse event are a series of latent factors distant from the time and site of the
adverse event.
The Swiss cheese perspective provides the foundation for the study of latent
conditions in surgical environments, such as communication breakdowns. Patient
safety advocates indicate a need to focus more on latent failures and less on active
ones [136, 144, 157]. This thesis is focused on the study of such latent
communication failures. While the Swiss cheese model is not the leading
framework of analysis for this work, it is presented here to provide the background
understanding of the construct of latent failures that defines the nature of the
breakdowns under investigation. This thesis uses the systems engineering
framework to acquire a novel understanding of communication and coordination
breakdowns – critical latent factors that have been identified in previous research of
perioperative systems as a major cause of preventable incidents – through a detailed
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and thorough analysis of their occurrence.

2.2 Communication and coordination in clinical work
In healthcare, coordination is highly complex – a reflection of the complexity and
the magnitude of the healthcare system. In theoretical terms, clinical services are
joint activities that involve a number of agents (e.g. physician, nurse, technologist,
pharmacist, etc.) who work towards a common goal of providing healthcare.
Clinical activity is not only a highly cooperative process, but also safety-critical,
distributed over time and space, and characterized by high coordination demand.
Coordination bonds participants’ actions into a coherent joint activity [54].
Communication enables coordination, which in turn facilitates the cooperation
processes [54, 156]. Communication and coordination mechanisms are direct or
mediated by information technologies.
Coordination is determined by several distinct types of micro-system
dependencies. Along a workflow, sequential interdependency manages the correct
sequences of tasks among multiple teams. Reciprocal interdependence characterizes
the mutual dependency of teams on one another [279]. Pooled interdependency
refers to the shared resources among teams [243]. “Team arrangement” reflects the
effect of intensified interdependency as an additive of sequential, reciprocal and
pooled, to produce higher levels of coordination demand [280]. Team arrangement
is best representative of the degree of interdependency that coordination in
healthcare must manage. The quality and efficiency of care is a function of the
successful management of the high-bandwidth interdependency [106]. In fact, the
Association of Operating Room Nurses (AORN) lists coordination of care for
surgical patients as the first item in the outline of the responsibilities of
perioperative nursing practice. AORN specifies communication skills as a key
component of coordination [202].
In practical terms, the complexity comes from the large number of groups, or
micro-systems that must coordinate their individual efforts for the administration of
effective patient care. In addition, coordination is problematic because multiple
experts must make dynamic decisions based on the patient history and evolution of
the patient’s state. Hospitals provide procedures and processes for coordination,
which sometimes fail, for various reasons – e.g. exceptional cases, non-transmission
of information, non-compliance, and others [213]. A delay or blockage in one part
of the patient care journey will have a ripple effect resulting in delays throughout
the continuum of care. As a result, coordination of activities relies heavily on
mutual adjustment to address contingencies [186]. The fragmentation in the
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healthcare system also increases the coordination demand as the process requires
documentation to be duplicated between departments and disciplines because of the
lack of integration of information tools among providers [133].
In order to better understand the sources of complexity and the challenges of
coordination in hospital environments, several researchers set out to study the
patterns of communication and coordination that define current clinical practice.
Observational studies reported that clinicians have a preference for direct
synchronous – face-to-face or phone – communication [57, 65, 66]. This
phenomenon reflects the urgency in trying to acquire critical information when it is
not available. A study on information-seeking behaviors also found that the
predominant reason for seeking information of all types was direct patient care [65].
Further, communication and coordination were observed to occur most often in an
informal fashion – through conversation, observation, or informal paper
documentation (e.g. notes) [57, 119, 230, 313].
Coiera’s work examined communication and information access patterns in
hospital work. Coiera’s research employed semi-structured interviews, observations
of 12 clinical workers performing routine duties, and the thematic extraction of
emerging patterns [57]. The author noted that communication problems occurred
more frequently than information access problems and that the environment was
highly interrupt-driven. Frequent opportunistic interruptions by face-to-face
communications were driven by a need for acknowledgement of receipt of the
message communicated. Consequently, the work plans of workers were constantly
rescheduled and tasks were postponed because there seemed to be pressure to deal
with events when they arose. In a different study, Coiera looked at communication
traffic through the observation of 8 physicians and 2 nurses [58]. What he found
was that medical staff generated twice as many outgoing communication events as
they received. Outgoing calls were directed to booking and other medical and
administrative staff. Conversations with medical colleagues (42% of call traffic)
were regarding specific patient details, diagnosis and therapy. Coiera reported that
many tasks involved a series of phone calls, some of them tracking contact
information for functional roles. Due to the high phone traffic, clinicians utilized a
convention to judge the urgency of an incoming call from the call origin as well as
the number of successive incoming calls. Based on these studies, the author
recommended using wireless technology to address mobility issues, a message
board with some form of acknowledgement mechanism for tasks, a role-based
database directory, attaching an “urgency” to task requests, improved collaboration
among team members, and informal data capture [58]. He further developed these
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ideas in [59], where he advocates that the importance of informal transactions in
clinical work needs to be recognized and supported by system design. In addition,
tasks that require grounding between agents should be supported by synchronous
communication mediums. Finally, tasks that do not require grounding can be
formalized through the use of computational tools such as software.
Other researchers, Xiao et al., sought to acquire knowledge on the communication
patterns specific to surgical work. Xiao et al. conducted ethnographic studies in
three OR suites and for a total of 100 hours of observations [201, 306]. The
researchers coded the data in terms of the duration, mode, recipient of information,
and the purpose of communication observed. What the investigation revealed was
consistent with Coiera’s findings – the majority of communication was synchronous
- face to face (70%), by telephone (19%) and through intercom (7%).
Communication with clinical staff that are physically distant, or those on a different
floor or unit, was predominantly accomplished via the phone. Most observed
communications lasted less than one minute (94%) and most were in regards to
equipment (38%) and patient preparedness (26%). The communication episodes of
longer duration were related to surgical patient scheduling, re-scheduling, room
assignment, and staffing. Similar findings were reported from two more of their
studies [200, 202], with the notable difference that the main reasons for
communication were scheduling and patient preparedness. The authors suggest that
automatic tracking of information can greatly decrease communication and
interruptions. An electronic representation of patient status, in particular an
electronic board, would eliminate a great deal of the communication load of
surgical care providers.
In a related study, Xiao et al. defined the critical role of the OR whiteboard, an
external coordinating artifact, in the operations of the surgical suite [308]. The
whiteboard was a facilitator for coordination negotiation, joint planning and
decision making, and it augmented inter-personal communication. As such, the
whiteboard alleviated much of the burden of coordination. Additionally, the
whiteboard was used in an informal fashion for messaging among clinical staff. The
authors conclude that the use of artifacts has a profound impact on coordination
processes.
A different strand of work on coordination in healthcare is concerned with
coordination in clinical work reliant on implicit mechanisms such as standards,
formal and informal rules, and cultural conventions [110, 112]. A surgery, in
particular, depends on the collaboration of a number of care providers – surgeons,
anesthesiologists, nurses, technicians, the transport team and others. It also depends
on the readiness of the OR, the provision of specialized equipment and supplies, the
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readiness of the patient, etc. These dependencies are critical and implicated at the
system level in the design of processes and procedures. Implicit coordination occurs
also at the team, or micro-system level. Xiao et al. conducted numerous
observations in various trauma OR environments [304, 309]. In the analysis of 17
video recorded trauma resuscitation cases they found several forms of noncommunication task coordination activities: following protocols, following the
leader’s foci and actions, anticipation of the leader’s needs, and more generally
activity monitoring [304, 309]. The authors recommended that coordination support
devices, such as large panel displays and wearable communicators can improve
communication by increasing the activity monitoring capabilities of team members.
The frequent utilization of implicit means of coordination has raised concerns
regarding safety. The assumption is that implicit coordination, while efficient,
predisposes to breakdowns resulting in adverse patient care outcomes. Work in
aviation addressed similar safety concerns through major team training efforts in
explicit coordination strategies and protocols [297]. This approach, advocated for
healthcare as well, can have implications for systems design. While many studies
identify coordination-related communication as the root cause of medical errors
[157, 226], the literature review found no data on the specific types of coordination
that are problematic. One of the goals of this thesis is to examine coordination
processes at a finer level of detail than the high-level concept of coordination
thereby identifying specific coordination mechanisms that are associated with
breakdowns.
This thesis integrates the knowledge on communication and coordination patterns
in clinical work, presented in this section, into a framework for the analysis of
breakdowns. By analyzing breakdowns in terms of the communication and
coordination process, one is able to investigate the relationship between the process
and the properties of breakdowns. The result is a more formalized and deep
understanding of the dependencies between coordination processes and breakdown
occurrence than was previously available.

2.3 Breakdowns
Given the complexity, high coordination demand, high workload and high stress
that characterize surgical work, it is not surprising that there are opportunities for
error and that breakdowns occur. However, the alarming fact is the high incidence
rate – the surgical environment is the most common site for adverse events in a
hospital, across geographical boundaries, with communication breakdown being the
most frequent cause [27, 45, 108, 157, 170]. In fact, Wilson et al. found that in
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healthcare communication failures were twice as common as errors attributable to
inadequate skill [299]. It is also known that the majority of communication
breakdown adverse events are related to surgery [27].
Studies such as the ones described above demonstrate the critical roles of
communication and information to the safe operation of surgical units. The
complexity coupled with the fragmentation of the healthcare system has, however,
resulted in significant process inefficiencies that also affect safety. Clinicians spend
the majority of their time on information and communication related activities
instead of actual patient care. A recent time and motion study of 36 surgical units
revealed that nurses spend 35% of their time working on documentation and 21%
on care coordination (communication with team members or other departments).
Patient care activities accounted for 19% of nurses’ work time, and only 7% was on
actual patient assessment and reading vital signs. In addition, 6.6% of nurses’ time
was found to be wasteful, or non-value added – spent on hunting and gathering
information. Given the high workload and stress that characterize the environment
in which so much effort is spent on documentation and coordination, it is not
surprising that the quality of information accuracy and/or exchange is affected.
Breakdowns in communication, verbal or written, can take many forms –
miscommunications within a medical practice, communication failures between
components of the healthcare system, or between providers of care working
different shifts [10]. Further, breakdowns can occur between different healthcare
providers, such as between primary care physicians and emergency room personnel,
ancilliary services, nursing homes and other patient services in hospitals. Common
communication problems are: poorly documented or lost information on lab results,
diagnostic testing, medication information, etc. Breakdowns are present in
teamwork – between health care professionals working synchronously in one
location on the same patient. Breakdowns also affect the communication among
multiple care teams distributed in various physical spaces, as well as between
healthcare providers and patients. One study reported that a fifth of communication
breakdowns involved more than two entities [20]. An example of such coordination
breakdown is a misplaced patient. In the process of receiving care, patients are
transferred through multiple wards and units – pre-operative holding, emergency
department, operating room suite, intensive care unit, etc. These transfer activities
force coordination across micro-system boundaries. One study of the intensive care
unit reported that in a three year period, eight patients were misplaced within the
hospital, four of which were ‘lost’ during the transfer out of the unit [206]. The
patients were later located when the need for care arose. Similar issues with
tracking patients have been previously described in the emergency department,

25

clinic, intensive care, rehabilitation and other hospital settings [77, 95, 289].
Dealing with breakdowns in surgery disables the progress of patient care and takes
resources away from actual care. A study found that perioperative clinicians spent
12.7% of their highest workload time repairing breakdowns, instead of working
towards patient care [269]. Such amount of repair work is excessive given the
critical nature of the activities and has direct implications for efficiency, throughput
and process cost. In addition, fixing breakdowns adds a layer of complexity to the
work, increases the level of uncertainty that needs to be communicated among care
providers throughout the surgical system, and creates opportunities for further
breakdowns.
Relevant to the issue of communication breakdowns is the notion of information
flow. Information should flow accurately and in a timely fashion among providers
of care. In reality, information often does not follow the patient upon her transfer
from one point of care to another. When information is not available, a
communication breakdown has occurred that will delay patient care and present a
latent safety-threatening condition. Information flow is critical in making
medication prescription decisions, in acquiring test results, and in coordination of
medication orders at points of interface or transfer of care [10]. One study found
that the most common information flow issues were inadequate dissemination of
drug knowledge (29%) and inadequate availability of information about the patient
(18%) [171]. Additionally, all errors identified in that study stemmed from impaired
access to information. In a different study, physicians reported that their
information needs were met only 30% of the time [66]. Many breakdowns were also
found to be associated with contactability issues – a clinician was successfully
contacted only 74% of the time [58].
The research findings reviewed suggest that successful reduction in
communication breakdowns can substantially improve patient safety [108]. There is
a consensus that further research on the problem of communication breakdowns
needs to be conducted [226]. To that end, a number of endeavors in healthcare have
been devoted to the ethnographic study of breakdowns. The majority of such work
is focused on the investigation of the behavior of one team/micro-system.
Nevertheless, this thesis will review the teamwork research as it provides some
relevant insights. This thesis will contribute to existing work with expanding the
scope and depth of analysis and consequent knowledge on breakdowns in surgical
work. Further, the thesis will propose a method for breakdowns detection to
facilitate improvement initiatives and will offer a system design framework
informed by the novel understanding of breakdowns.
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2.3.1 Breakdowns in OR teamwork
Some of the communication breakdowns in surgical work originate from activity
inside the operating room where the surgical team consisting of nurses, surgeons,
anesthesiologists, perfusionists, residents and students conducts the surgical
procedures. This is one of the critical micro-systems in the perioperative process
where team dynamics and communication can directly affect patient safety. The
majority of ethnographic research in patient safety in surgery focuses on the study
of this micro-system in relative isolation from the rest. The assessments tend to
focus on the teamwork performance inside the operating room theatre, at the
exclusion of the wider system [125]. This section reviews previous research on
breakdowns inside the OR in order to present a comprehensive picture of the state
of knowledge on the topic of breakdowns in surgical operations. The relevant
recommendations derived in each study are noted as well, if any.
The work of Xiao et al. on OR teams utilized video recordings for the thematic
analysis of situations during which breakdowns occurred in 17 OR trauma cases
[304, 309]. The researchers found that coordination breakdowns in teamwork
happened during crisis situations such as when there is pressure to seek alternative
solutions, when an unexpected/non-routine procedure is initiated, and when there is
a diffusion of responsibility. The breakdowns stemmed from conflicting plans,
inadequate support in crisis situations, inadequate verbalization of problems, and
lack of task delegation. Coordination breakdowns occurred often when there was
lack of explicit communication. In the study of other surgical settings, Xiao et al.
reported that conventions of practice utilized by clinicians in perioperative work
were prominent [307]. For example, charge nurses and anesthesiologists balanced
the effort required to gather information against the value of accurate information
by performing optimal sampling. This suggested that in many cases patient care is
performed under situations of incomplete information.
In a related study, Plasters et al. examined the information needs essential to the
operations of an OR suite [230]. Through an integration of 24 hours of
observational data and a version of the Critical Incident Technique, they found that
the major information challenges were related to patient status, patient room
location, scheduled surgery, anesthesia staff status, room staff status, equipment
status and location, special needs, surgeon disposition and availability, pending
changes and staff location and availability. The sources that surgical staff turned to
for such information were IT systems, documents, direct observation, and social
networks.
Healey et al. conducted observations of 22 laparoscopic surgeries. They measured
teamwork performance factors and found that equipment, work environment and
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procedure contributed to distractions and interruptions [126]. For instance, they
observed that surgeons and associated personnel within the sterile zone frequently
experienced mid-operation problems related to the ergonomics of the equipment or
the setup of the environment. This resulted in frequent movement around the
equipment. In addition, breakdowns outside of the OR theatre brought external staff
into the operating room, interrupting the work, and sometimes causing dedicated
surgical staff to leave the operating room. These interruptions exacerbated the
effects of other distracting events. Other sources of interference were beepers,
phone calls, and other conversations about matters irrelevant to the case at hand.
The study of Catchpole et al. observed 24 pediatric cardiac surgeries and 20
orthopedic ones, examining the errors that occurred in teamwork [49]. The
researchers found several commonalities, despite the differing demands of the two
types of surgeries. The most frequent non-technical errors were planning failures &
workload management (37%), failures in situation awareness (34-42%), and
teamwork and coordination errors (19%). Effective situational diagnosis and real
time evaluation during dynamic team work tasks were advised for enhanced
performance.
Guerlain and colleagues studied the issue of situation awareness and
communication during 10 laparoscopic surgeries [113]. Through a structured
questionnaire administered post-surgery, they found that the surgeon was the
primary holder of critical patient and case information, while the other team
members lacked awareness of important information in regards to the procedure
they co-performed with the surgeon. This was due to the fact that no pre-procedural
briefings took place. In a follow-up study, the researchers implemented a teamwork
intervention to improve communication in the OR [114]. They implemented a Crew
Resource Management (CRM) training program (see Appendix D.1) for surgical
staff. The program emphasized callouts of key events for situation awareness, readback of requests for breakdown prevention, and time for voicing concerns and
utilizing debriefings following surgeries for continuous learning. Pre-incision
briefing protocols were also introduced for the whole OR team – patient history and
the objectives for the surgery were reviewed, including contingencies and the
possibilities of conversion to different types of procedures. The observations of 40
cases performed with the CRM communication protocol led to the conclusion that
the training had an impact on briefing practices for 4 out of the 5 surgeons. Further,
the intervention led to increased scores on questionnaire measures of
communication and observed situational awareness.
Simlar to the above study, Whyte et al. also investigated the effects of team
briefings on the quality of communication in the operating room [294]. Using
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qualitative analysis of fieldnotes from 302 team briefings, they reported a positive
impact. However, they also cautioned to some unintended effects of the
implementation of such structured communication: team briefings could mask
knowledge gaps, disrupt positive communication, reinforce professional divisions,
create tension, and perpetuate a problematic culture of professional divisions. Thus,
they concluded that interventions that affect inter-professional teamwork must be
sensitive to social and cultural factors of the target setting.
Kountantji et al. implemented a different kind of intervention – a simulation-based
communication training program that included briefings and checklists, designed to
enhance planning and support workflow [162]. Nine surgical teams were observed
during simulations. The study revealed that the training did not appear to greatly
improve non-technical skill performance. This finding contrasts with other research
such as Guerlain’s.
Lingard et al.’s work, based on observations of 48 surgeries and a total of 90
hours, reported that communication failures occurred in 30% of information
exchanges [178]. Breakdowns were categorized as being communication of poor
timing (46%), missing or inaccurate information (36%), exclusion of key
individuals from the communication (21%), and system effect breakdowns –
inefficiency, team tension, resource waste, workaround, delay, etc. (37%). One third
of breakdowns had the potential to jeopardize patient safety by creating tension,
interrupting the routine work, increasing memory load, and inefficiency.
The research of Parush et al. on team communication during open-heart surgeries
examined the speech acts of team members in the OR to identify problematic loops
of information flow within the team [221]. The authors reported that 49% of
situational awareness related communication in the OR was found susceptible to
information loss. The findings were used to derive requirements for an
augmentative information display to support situation awareness in the operating
room of their study.
The strong evidence that communication breakdowns in the OR are commonplace
across organizations and around the world prompted the WHO to publish guidelines
for safe surgery in 2008 [17]. This effort was followed by a study, conducted by
Haynes and colleagues who designed a surgical safety checklist to improve team
communication and consistency of care in the OR [124]. The checklist required that
the surgical team verbally review all expected critical events and confirm all basic
steps during surgery. The study collected data on clinical processes and outcomes
before and after the introduction of the checklist in the ORs of hospitals in eight
countries around the world. The researchers reported that the checklist reduced the
rate of death by half (from 1.5% to 0.8%) and the rate of complications from 11% to
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7%. Following Haynes et al.’s report the surgical checklist uptake around the world
has been rapid. However, some studies have shown that such checklists are
associated with lack of compliance past implementation time [177], which may be a
result of socio-organizational factors.
The insights provided by the studies of breakdowns in the OR have advanced the
understanding of teamwork in high-risk clinical care and are valuable within the
teamwork frame. However, a number of adverse events investigations have
identified breakdowns at the macro system level, i.e. between multiple
teams/groups/units, as the cause of accidents [1, 52, 56, 157, 226, 276]. Root causes
are often positioned at the systemic level - inter-professional communication,
organizational culture differences, lack of common standards across settings, etc.
The studies on team dynamics confined the focus of analysis of breakdowns to the
view of one collocated group, or micro-system – i.e. focusing on intra-team
communication processes within the OR. Therefore, the findings related to
teamwork processes are insufficient to offer input beyond the teamwork frame – at
the macro system level where the issues of micro-system interfaces lye.
Additionally, the recommendations proposed were specific solutions and did not
extend to the methodological space. There is a need for a better understanding of
breakdowns at the systems level. Moreover, we need to understand how
breakdowns impact the safety and efficiency of operations. With this knowledge,
processes and technology can be (re-)designed for a safer surgical patient care. This
thesis takes a lead in this direction.
2.3.2 Breakdowns at large in perioperative work
Despite the need to improve the quality and safety of surgical patient care at the
macro-system level, research on breakdowns at large is scarce. Only lately a shift in
focus to the macro-system issues occurred. This shift is marked by several studies.
Specifically, ethnographic work reported some coordination breakdowns at group
boundaries in the perioperative setting, and their consequences [206, 243]. These
studies denote an important turn to the proactive investigation of latent factors at the
macro-system level, with a focus on inter-team processes. It was these types of
healthcare system factors that were commonly the output of earlier reactive adverse
events analyses. This section reviews such recent work on the phenomenon of
breakdowns at large-scale – at micro-system interfaces in the surgical process, and
notes the proposed recommendations for improvement, where applicable.
The work of Shultz et al. focused on pre-operative surgical work [254],
specifically on the activities at the pre-admission unit. This work covers the patient
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preparation for surgery through several pathway steps up until the day before the
actual surgical operation. Their study collected 49 hours of data on the sources of
information, the facilitators and obstacles of information flow, and the known or
likely consequences. They found that what facilitated information flow was recently
performed test results, information from the patient’s record/chart, and provider
familiarity with specific patients. They also reported some problematic
coordinations and information exchanges. For example, in the surgical unit of their
study, information was often delayed or missing, unclear or incomplete, and not
available when needed. Lack of communication was another disabler of information
flow. The consequences were that decisions were delayed pending arrival of
missing information and providers spent considerable time tracking down patient
information. The authors recommended that the first step towards improving the
perioperative process is to promote understanding of the upstream and downstream
consequences of actions among surgical staff, as well as the benefits of team
situational awareness.
The qualitative study of Christian, Roth and colleagues observed nine surgeries
with an even more comprehensive approach. In their study, two observers collected
field notes simultaneously at two separate locations: in the pre-operative area as
patients were prepared for surgery, and in the OR while the room was being
prepared for procedures [53, 246]. Their findings correspond to those of previous
research – patient safety and case progression were compromised by two major
factors: communication and information flow, and coordination of workload.
Communication and information flow was particularly affected by issues related to
handoffs in care, while coordination of workload by multiple competing tasks. One
class of information loss identified was related to the dissemination of results of
pre-operative assessments – for example, information from the surgeon’s office, the
consultant’s office, or the pre-anesthesia testing unit was missing (e.g. consent
documents). In other cases, the information was available but not attended to until
very late into the patient preparation. Another class of information loss was the
inadequate communication of the surgical plan to members of the OR team such
that the nurses in the OR were uncertain of the details of the procedure to be
performed and consequently of the preparation requirements. A third class of
breakdowns resulted from the communications during patient handoff from the OR
to the post-operative team. The cost of information loss was delays – from 0.5 to 4
hours, last minute changes in protocol, overuse of staff and resources, uncertainty in
clinical decision making and planning, and oversight in patient preparation. The
researchers concluded that candidate interventions for improvement of information
flow were the surgery booking process, dissemination of surgery information,
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collaborative perioperative planning, and a standardized post-operative care
reporting process.
Ren et al. examined coordination breakdowns in the work of multiple teams
participating in the provision of surgical care in two hospitals [243]. Through 195
hours of observations and interviews, the researchers found that the majority of
breakdowns occur at group boundaries. Coordination breakdowns were reported to
occur anytime and anywhere in the surgical process. The sources of breakdowns
were emergency cases, unexpected changes in patient condition, the absence of
physicians and others due to unanticipated circumstances, lack of knowledge of
organizational culture from novice staff, and inadequate staffing. As was the case in
other studies, the consequences were delays, interpersonal tension, and conflict
across groups. The authors envisioned the introduction of context-aware systems to
improve inter-team coordination by promoting situation awareness throughout the
surgical process.
A retrospective study conducted by Greenberg et al. reviewed 444 surgical
malpractice claims and found a total of 60 cases in which communication
breakdowns resulted in harm to the patient [108]. There were a total of 81
communication breakdowns, meaning that some cases experienced more than one
communication failure. It was determined that breakdowns occurred throughout the
surgical process – in the pre-operative (38%), operative (30%), and post-operative
(32%) stages. The factors associated with breakdowns leading to patient injury
were: status asymmetry between agents; ambiguity about roles, responsibilities, and
leadership; handoff among providers; and transfer of the patient from one point of
care to another. In order to prevent breakdowns, the authors advised the following:
implementation of triggers to mandate communication, structured handoff and
transfer protocols, and standard use of read-backs.
Some preliminary work is also worth mentioning. Healey et al. speculate that there
may be as many as 149 failure modes in the transfer of information across the
phases of elective surgery [127]. Other preliminary findings reported in [307]
identify breakdowns in surgical care to be: blood not sent for testing, results not
sent to the OR, add-on case did not have enough information, patient blood type is
unknown, no blood available, and surgery continues longer than expected.
The studies reviewed in this section represent the few investigations currently
available on macro-system level breakdowns in perioperative work. Being pioneers
in this endeavor, these types of studies have yet to mature – the reported findings in
the aforementioned ethnographic research (Greenberg’s retrospective study
excluded from this category) were based on observational notes and on interviews.
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Hence, no formal data coding and analysis were applied in this research. The
reports were qualitative descriptions of observed phenomena. Only Shultz’s study
[254] ventured slightly beyond descriptions – the researchers categorized
breakdowns at the inter-team level according to their criteria of interest and
produced frequencies of observed types of breakdowns and their consequences.
However, no mapping between breakdowns and consequences was provided.
This thesis is possibly the first to take a mixed methods design approach to the
study of breakdowns at large in the surgical process. By doing so the strength of
quantitative inquiry is used to provide meaningful insights as to the relationship
between coordination mechanisms and breakdown properties, while the qualitative
analysis complements these insights with the exploration of underlying reasons for
the quantitative findings. Two theoretical models are derived to aid the
understanding of breakdowns. The first conceptualizes the relationship between
coordination mechanisms at work and breakdowns. The second implicates the
association of breakdowns and safety. This thesis takes an even farther step in using
the findings about breakdowns at large in perioperative work to deduct a breakdown
detection method and a design framework.
Past work has shown that progress comes from going beyond surface descriptions
to discover underlying patterns of systemic factors [303], i.e. genotypes – patterns
of how people, teams, and organizations coordinate activities, information and
problem solving to cope with the complexities of problems [138]. Research on
patient safety should be using and expanding the set of genotypical patterns related
to breakdowns that occur in health settings [303]. This thesis advances the current
knowledge in this direction.
2.3.3 Breakdown detection
In order to improve safety, a better understanding of and support for breakdown
management is needed. Achieving effective breakdown detection at the macrosystem level is the first step towards this goal. As the field of patient safety has only
recently emerged, research has yet to address this promising avenue towards
improving safety. The goal of this thesis is, therefore, to contribute to the
development of a breakdown management framework based on a review of
breakdown detection approaches in domains that have already invested in research
on detection. Following the review, this thesis proposes and validates a method for
breakdown detection that is adjusted to the requirements of analysis of inter-team
breakdowns in surgical care.
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2.3.4 Approaches to the study of breakdowns in surgical care
Although breakdowns have been identified as the leading cause of adverse events,
most studies of breakdowns reported in the literature are reactive in nature, i.e. post
hoc event analyses [1, 145, 157, 226, 276]. The advantage of reactive retrospective
analyses is the identification of specific factors that contribute to a particular type of
breakdown. The disadvantage is that this type of analysis does not address latent
conditions predisposing to types of breakdowns that have not occurred in the past.
Further, the depth and scope of retrospective analysis has been questioned. Some
have raised concerns about this type of analysis since its effectiveness is dependent
on the information archived, the memory for past events and conditions, and the
current understanding of tasks and human performance [125]. It is advised that
many aspects of the system that may influence performance are not measurable
retrospectively.
Very few studies (those reviewed earlier in this chapter) have taken on the
proactive task of exploring breakdown conditions and processes in the surgical
setting, as they occur in daily practice – i.e. as latent factors that did not necessarily
manifest themselves as serious adverse events. These prospective studies looked at
communication and coordination patterns, human errors, efficiencies and
inefficiencies in team dynamics. They identified patterns of problematic
communication and types of critical situations when breakdowns occur. With a
retrospective approach, the majority of communication issues identified through the
work reviewed earlier in this chapter would not be considered at all, as the
breakdowns never materialized into adverse events. By examining prospectively the
circumstances before, during and after a specific breakdown, a more precise
recreation of the event can be described, including the contributing factors [53].
Another significant advantage of investigating in a prospective manner is that the
influence of risk factors such as litigation, recrimination, feeling of guilt and shame
are avoided [276]. As the social and organizational precursors to less severe events
are similar or the same as those to adverse events, the unsafe features of
organizations can be highlighted before a serious incident occurs.
Patient safety demands design of systems to make risky interventions reliable [86].
It has been argued that high reliability organizations take a proactive approach to
breakdown management. This approach contrasts with the predominantly reactive
approach in healthcare [142] that focuses on preventing the recurrence of adverse
events [38]. Resilient organizations successfully detect dangerous conditions and
adapt to absorb variations, changes and disruptions before serious harmful
consequences arise [225]. Breakdown detection enables a-priori breakdown
management measures, avoiding the negative effect of an accident such as patient
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harm, litigation, feelings of guilt, shame, etc.
Another consideration in the study of breakdowns is the scope of analysis. As
discussed earlier, despite the adoption of a systems perspective, the majority of
research so far has been focused on the operating theatre micro-system. Further,
most of the measures and interventions developed have focused on the human
agents rather than the processes and the information and communication needs. For
example, the human-centered systems approach to the study of errors in hospitals
has been fixed on the cognitive aspects of the human in her interaction with the
external system – hence, the focus on slips, lapses and mistakes, as well as on skills,
rules and knowledge. However, the causes of communication failure go beyond
interactions and their relationship to human cognition, and derive from the design of
the team processes and technology [127]. Thus, there is a call for expansion of the
human-centered focus of analysis to become process-oriented as well. At a
minimum, the focus of analysis should take into account the surgical care
continuum, including technical and administrative aspects, communication culture,
process structure, and coordination architecture.
Last but not least, the study of breakdowns will benefit from the complementary
utilization of qualitative and quantitative investigative techniques. The review of the
literature testifies to the fact that so far the problem has been addressed mostly
qualitatively. To gain predictive and generalization power, research on breakdowns
in surgical care must also include sound quantitative analyses.
This thesis integrates a prospective approach with a process-oriented perspective.
Further, this thesis presents the analysis of breakdowns in two hospitals with the
depth offered by qualitative methods and the power of statistical inference.

2.4 Breakdowns framework and hypotheses
Based on the existing body of knowledge on essential communication processes in
surgical settings, as well as knowledge on active and latent contributors to
breakdowns in perioperative processes, this section derives a basic set of properties
of breakdowns and repairs (the measurement units for these properties are
elaborated on in Chapter 3, Section 3.3.5). Six hypotheses are also inductively
developed regarding the interrelationships between breakdown properties and their
respective repairs.
2.4.1 Breakdown properties
Previous work showed that the tangible aspects of coordination, such as the
utilization of physical objects or artifacts to support collaborative work, are at the
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core of managing coordination in clinical work in OR suites [305, 312]. In addition,
object and artifact affordances had profound implications for both the efficiency of
coordination and for the development of information and communication
technology [305]. In a study of patient handoffs, Wilson et al. [301] found that
changing the nature of the coordination tool from a paper summary sheet to a digital
display - i.e. from a physical loosely private artifact to a public display – resulted in
new access patterns to the information regarding patient handoffs. These new access
patterns changed the purpose of the tool from one of coordination to one of
reporting (an unintended design consequence). In other studies, clinicians were seen
to print out the list of patients under their care, despite the fact that the list was
available on their electronic application [272, 305, 312]. Cultural norms, the
intangible coordinating conventions, were also shown to be prominent in all
medical settings [59, 112]. These studies highlight the significance of the tangible
and intangible aspects of clinical work. Therefore, based on these insights, we
conclude that tangibility should be considered as one of the critical properties of
coordination, and consequently of coordination breakdowns.
Proposition (A): The tangibility of the coordination mechanism employed is an
important property of coordination breakdowns.
Field studies in various OR suites revealed a number of persistent categories of
information that trigger coordination and communication efforts – e.g. information
regarding the surgical schedule, staffing, room assignment, equipment, patient
preparedness, and others [200, 201, 206, 243]. These categories are referred to as
‘themes’. While the patterns of communication could vary based on the
characteristics of the organizational process, the themes transcend particular settings
[200]. Themes of coordination are identified through observable communication
episodes. In turn, the frequency, timeliness, and accuracy of communication
determines the quality and efficiency of patient care [105]. The above empirical
studies suggest that if breakdowns in patient care should occur, the communication
episodes related to these breakdowns would expose a particular theme related to
each breakdown, from a set of common themes of surgical coordination. Thus, it is
deduced that:
Proposition (B): A breakdown is characterized by a theme.
Investigations of adverse events in healthcare have usually found one of three
types of root causes behind accidents – communication/coordination breakdowns,
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human/use errors, or technical/device failures [1, 145, 157, 276]. Hence,
breakdowns can be typified according to their root cause.
Proposition (C): A breakdown is characterized by a type.
The scale of coordination – intra-team or inter-team (i.e. micro- or macro-system
related) – in relation to breakdowns has not been explored as a variable in previous
studies of surgical settings. As discussed earlier in this chapter, the majority of such
studies focused on breakdowns in teamwork (i.e. intra-team), while only a few
looked at potential issues at the inter-team level, but did not establish a relationship
between these issues and other characteristics of perioperative work. However,
studies in organization science have brought an appreciation of the differences in
coordination at each scale level within work organizations [298]. Therefore, it is
proposed that coordination scale be a property of breakdowns.
Proposition (D): A breakdown is characterized by its relevance to coordination
scale.
This thesis also suggests that a breakdown can be described in terms of its lifetime
– the distance traveled from origin of breakdown to detection, and to repair location
in the process (The construct of distance is left open-ended here. A distance metric
for this research is specified in Chapter 3, Section 3.3.5).
Proposition (E): A breakdown is characterized by a lifetime.
The property of breakdown theme could be seen as a refinement of breakdown
type. Also coordination scale could roughly reflect the distance described by the
breakdown lifetime. In this sense, these two dyads are not completely independent
of each other. Therefore, an inherent relationship can be assumed between
coordination scale and breakdown lifetime, as well as between type and theme.
Thus, a statistical association for these dyads should not be sought in the study of
breakdowns. The rest of the properties are fundamentally unique meta-descriptions
of underlying mechanisms (e.g. information need, organizational level, tangible
aspects) that are not related to each other and therefore statistical correlations
among them are allowed. The allowable correlations between breakdown properties
are shown in Table 1.
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Table 1. Allowable correlations between breakdown properties. X= allowable.
tangibility
coordination scale
breakdown lifetime
type
theme

tangibility coordination scale breakdown lifetime
X
X
X
X
X
X
X
X
X
X

type
X
X
X

theme
X
X
X

Based on the above assumptions, the following hypotheses are concluded:
Hypothesis 1: Tangibility of coordination processes relates to breakdown theme.
Hypothesis 2: Tangibility of coordination processes relates to coordination scale
(inter, intra, or both).
2.4.2 Repair properties
Breakdowns reflect misalignment of information between components of a sociotechnical system, i.e. loss of common ground [54]. Thus, breakdowns trigger repair
work related to information re-alignment. Such repair work can be described as
being either information push or information pull. The chosen strategy can have
profound significance for the (re-)design of processes and information technology.
Therefore, repair strategy is defined as a property of breakdown repairs.
Proposition (F): Repairs are characterized by a repair strategy.
Repairs, being an overhead to regular work activities, incur some cost to fix the
associated breakdown [121] (the notion of cost is open-ended here - a particular
cost metric is chosen in Chapter 3, Section 3.3.5). Hence, it is suggested that repair
cost is an attribute of repairs.
Proposition (G): Repairs can be characterized by a repair cost.
Repairs are consequences of breakdowns. Thus, repairs are hypothesized to be
derivatives of breakdown properties. Therefore, the following hypotheses are
inferred:
Hypothesis 3: Tangibility of coordination mechanism relates to the type of repair
strategy employed.
Hypothesis 4: Breakdown type relates to repair strategy.
Hypothesis 5: Breakdown theme relates to repair strategy.
Hypothesis 6: Breakdown lifetime (origin-detection-repair) correlates to repair
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cost.

2.5 The significance of technology design and processes
The role of technology in facilitating errors that result in patient complications and
death has been a major concern for the past two decades. Design decisions that
neglect existing work practices or knowledge on human cognition processes are the
root causes of adverse events associated with technology use in the clinical setting.
Computer displays, interfaces and devices in healthcare exhibit classic humancomputer interaction deficiencies [303]. There is also a concern that the calls for
increased use of integrated computerized information systems to reduce error
introduces new and predictable forms of error unless there is a significant
investment in user-centered design [303].
Hospitals are fragmented socio-technical systems [305], and technology is
currently adopted at the departmental/unit level, instead of through the continuum
of patient care. The situation triggers both technical and communication issues with
impact on quality and safety of care, while de-contextualized metrics of adoption
describe implementations as successful (This point is elaborated on in Section
2.5.2).
In some adverse events, direct active conditions related to interface design can be
traced to have interplayed with human cognition at human-computer interaction
time to cause fatal accidents – e.g. the administration of a lethal overdose of
radiation [48]. These errors are known as use errors - a pattern of predictable human
errors that can be attributed to inadequate or improper design [145]. In other cases,
the reasons lie at the intersection of a web of latent conditions - poorly integrated
technology and existing process, procedure, culture and other socio-technical
factors. Thus, the idea that social-organizational theory must be considered in
technology design and evaluation has recently gained prominence.
Barley conducted one of the very early studies on the effects of technology
introduction into clinical work [30, 31]. Specifically, he examined the introduction
of identical technology in two hospitals and found that the socio-organizational
effects were considerably different. His ethnographic observations followed the
time ‘before, during and after’ the first CT scanner machine was purchased in both
hospitals. Barley reported the tremendous impact of introducing the technology on
social order and work structure. The new technology affected skills and expertise
required in clinical work, which consequently affected behavior patterns. In the first
hospital the new technology challenged the hierarchical status quo and shifted the
powers of autonomy from radiologists to technologists. This change created
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tensions that were later resolved by a further restructuring of the division of
responsibilities. In the second hospital the new technology reinforced the culture of
hierarchical division between radiologists and technologists, which resulted in a
reduction of autonomy for the technologists. In both hospitals, traditional roles and
patterns of interaction were altered through an evolution of work relationships.
A more recent study by Ash and colleagues examined the latent or silent errors
that result from a mismatch between the functioning of patient care information
systems and real-life demands of healthcare work [24]. Two main categories of
latent errors that occur at the interface of the information system and clinical work
practice were described: errors in the process of entering and retrieving information
in or from the system, and errors in the communication and coordination processes
that the system was supposed to support. In the latter case – of communication and
coordination problems, there were two overarching issues: (1) misrepresenting
collective, interactive work as a linear, clear-cut, and predictable workflow; and (2)
misrepresenting communication as information transfer. Such failures are the result
of mistaken assumptions about healthcare work that are built into patient care
information systems, creating dysfunctional interactions with users and, sometimes,
leading to actual errors in the provision of patient care.
Another study by Koppel et al. of hospital staff interaction with a widely used
computerized provider order entry (CPOE) system found that the technology
facilitated 22 types of medication error risks [160] – e.g. computer interaction
procedures that do not correspond to work organization or usual behaviors, wrong
patient or medication selection, inflexible ordering screens generating wrong orders,
fragmented CPOE displays that prevent a coherent view of patients’ medications,
pharmacy inventory displays mistaken for dosage guidelines and others. Three
quarters of the hospital staff reported observing each of these error risks, indicating
that they occur weekly or more often.
In a recent survey of 176 U.S. hospitals that have implemented CPOE systems, it
was reported that significant and widespread unintended negative consequences
surfaced as a result of the technology implementation [26]. Over 73% of hospital
respondents said that more work was created – e.g. the interface called for more
steps in ordering for non-standard cases, some tasks became more difficult, the
computer forced the user to complete all steps, etc. Further, 87% of hospitals
experienced a significant workflow change, which resulted in some improvements.
However, there were also negative effects, especially in the workflow of physicians
who were forced to spend longer time ordering. Half of the hospitals also reported
that the CPOE system resulted in inadequate communication between providers that
necessitated the initiation of efforts at educating clinicians not to rely solely on the
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system. New patient safety issues were introduced as well, such as orders on the
wrong patient, overlapping medication orders, desensitization to alerts, etc.
A qualitative research study by Edmondson and colleagues on introduction of
minimally invasive technology into the cardiac OR in 16 hospitals reported
significant effects on teamwork behaviors across organizations – tasks were
changed, roles were blurred, task interdependency and consequently coordination
demand were increased [82, 83]. In addition, there was a change in the power
dynamic between the surgeon and the team – the surgeon’s role shifted from one of
an order giver to a team member. Overall, the difficulty encountered by clinicians
was more behavioral than technical. Existing routines and status relationships
presented powerful barriers to adoption. The researchers identified the crucial
conditions for successful adoption of the new technology to be related to the
management of the change and learning process, the quality of teamwork, and the
leadership skills of the team leader in the OR (the surgeon).
Finally, despite the worldwide push towards digitizing medical records, including
a recently passed healthcare legislation and stimulus package in the U.S., progress
towards shared electronic health records has so far fallen short of expectations [85].
In addition, studies cast doubt whether it is possible to build information
communication systems that actually improve integrated care [119, 122].
The significance of technology design in the provision of safety, quality and
efficiency in patient care is critical. Improving design and implementation processes
for clinical technology has been a major concern in recent years for both industry
and research. A growing recognition of the complexity of the clinical setting and
work has prompted an appreciation of social, organizational, professional, and other
contextual considerations in design [140, 152, 242]. It has been advised that
systems should be designed to support communication and provide the flexibility
that is needed for them to better fit real work practices [24]. Further, it has been
recommended that for automation concerned with information processing and
decision making to be successful, the key requirement is to design for fluent,
coordinated interaction between the human and machine elements of the system
[303]. Although clinical care technology is rapidly improving, known design
principles are still not evident in today's systems [24], which has resulted in slow
adoption. To address some of the challenges, recently the AHRQ recommended that
usability become part of the electronic patient record certification process [19].
2.5.1 The design process
The development activities in clinical technology design are fundamentally the
same as in other domains [204]. Since comprehensive clinical domain standards are
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lacking, design practice relies on generic methods from the fields of Human
Computer Interaction (HCI) and Computer Supported Cooperative Work (CSCW)
[19, 149, 204, 228, 251, 253]. These methods are employed to derive user and
interaction models, and produce concept designs. The typical waterfall model of
sequential activities in the product development lifecycle is widely employed.
Projects start with the conceptual phase, which is followed by data gathering to
understand user needs. Task analyses, user profiling and occasionally field studies
are conducted. Often, however, domain experts are utilized in place of actual users
due to intellectual property and corporate privacy concerns. User needs are
documented in high-level technical descriptions. Next, detailed requirements are
generated. The design stage starts and early prototypes are then produced that get
iterated as the project progresses to beta versions that ultimately lead to the final
released product. Initial usability evaluation is performed with human factors
experts or with users interacting with high fidelity prototypes. After the
development of the complete system, further usability testing may be employed and
regulatory technology certification is obtained. Figure 3 illustrates the process.
There are several differences from the typical development cycle. For example,
regulatory approval needs to be obtained before a system is released. This step
necessitates the incorporation of risk analysis, evaluation, and mitigation design
activities. In addition, post-market field studies are conducted to understand product
acceptance and safety in more detail [212].

Concept

Development
and
system test

Requirements
gathering

Certification
and launch

Detailed
product
requirements

Design/
prototyping

Post-market
surveillance

Figure 3: Product development lifecycle for clinical systems (Adapted
from [204]).
Risk analysis is the investigation of available information to identify hazards and
estimate risk [204]. It can include the use of tools such as Fault Tree Analysis or
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Failure Mode and Effects Analysis (see Appendix D.1). The estimation of risk may
be qualitative and/or quantitative. The focus is on user error [145]. The analysis is
conducted by performing an anticipative analysis of potential human errors for each
of the tasks in the task analysis and by estimation of the frequency of occurrence of
the errors and their severity. Once these factors are considered, a risk index is
calculated.
Because of the safety risks posed, the FDA and other international bodies – IEC,
ISO, AAMI, etc. have made human factors and usability engineering processes a
priority for medical manufacturers [204]. In addition, these institutions have issued
guidances and standards prescribing design activities (e.g. [2, 5, 8, 16, 18]). These
are human factors design process guidelines for medical devices that advise on the
consideration of cognitive and environmental factors that can influence human
performance during interaction with a computer system. A good human factors
engineering analysis for medical devices or software systems includes four major
components: user, functional, task and representational analyses [318].
In terms of evaluation and mitigation design activities, usability evaluation has
become an important validation tool [19]. There are two major approaches to
evaluation – heuristic techniques and user testing. Heuristic evaluation techniques
have gained prominence as an easy to use, easy to learn, discount and informal
usability evaluation method [318]. Heuristic evaluation involves a representational
user and a real computer. A small set of human factors experts examine the
interface and judge its compliance with recognized usability principles, i.e. the
heuristics [100]. A typical set of heuristics is the ten principles proposed by Nielsen
and Molich [211]: simple and natural dialog, speaks the user’s language, minimizes
user memory load, is consistent, provide feedback, provide clearly marked exits,
provide shortcuts, provide good error messages, prevent errors, provide help and
documentation. Zhang et al. have modified and extended the common heuristics
from usability engineering for use in the healthcare sector [318].
User testing involves a real system and real users interacting with a real computer
[100]. The testing is conducted in a usability laboratory, where the methods of user
performance measurement, think-aloud protocol collection and scenario-based
usability testing can be used.
Heuristic evaluation and user testing are complementary as they are effective at
identifying distinct sets of problems [100, 318]. The former predicts usability
problems that more advanced users will experience. The latter identifies problems
that novice users will encounter.
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Methodological considerations and challenges
Although medical use errors (i.e. design-induced errors) have been a pressing
issue for two decades [40, 41, 157], there still is no framework for design tailored to
the requirements of the clinical domain. Current practice of design for medical
applications relies on generic methodologies from the fields of HCI and groupware
design [19, 149, 204, 228, 251, 253, 303]. Generic methods, however, are based on
the assumption of an idealized workflow process – i.e. an ideal or expert user and a
perfect progression along a formalized multi-path workflow specification. This
contrasts with the expected reality at the end-user clinical domain. As was described
earlier, the clinical setting, specifically surgical work, is characterized by a great
deal of uncertainty. Another shortcoming of generic HCI methods is that they are
inadequate in expressing the complexity of clinical work [84]. Recent research on
safety and quality in healthcare identified a number of factors that influence clinical
practice – patient factors, task factors (i.e. use of protocols), individual factors (e.g.
skills, competence, etc.), team factors, work environment, and institutional
environment [232, 287]. It is suggested that relying on one level of improvement
intervention while neglecting other important factors that influence clinical work
will result in limited impact [287].
Generic groupware task-based design modeling methods and error analysis
techniques currently applied in medical design are inadequate to meet the
requirements of the domain. Methods such as Concur Task Tree (CTT) [223],
Coordination, Cooperation und Communication (K3) [156], Groupware task
analysis (GTA) [282], and Multiple Aspect Based Task Analysis (MABTA) [175]
focus on taskwork, emphasize the importance of cooperation and contextual factors
from the viewpoint of individual human actors, but fail to consider actual
collaborative group processes [271] (i.e. a more global view of the system) or the
role of technology in performing the activity. As a result of this overall situation,
system development in healthcare is primarily focused on the individual healthcare
professional [253]. The Collaborative Usability Analysis technique is the only one
that shifts the focus of analysis from taskwork to teamwork [229]. All of the
methods provide systematic formal models, but they do not account for the social
processes that have significant safety implications. Further, present task modeling
techniques offer limited expressiveness and medical application designers struggle
to reflect numerous system components with their respective states and user tools
within the task representations. Given the cooperative nature of contemporary
healthcare and the significant role of technology in it, there is a need for an
integrated approach of analysis that incorporates cooperative processes, safety,
usability, and technology. This type of approach requires a level of analysis that
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synthesizes the individual, group, and organizational levels.
In healthcare, as in other domains, consideration of human factors comes during
the late stages of IT-system evaluation and standardization compliance, but
coordination breakdowns are beyond the scope of analyses. While there is an
awareness of and emphasis on addressing user issues, the problems are still
addressed at the final development stages – an approach that has proven expensive
and ineffective in the software industry (see Appendix D.1). Human error is
approached in an informal non-systematic way, preference testing is often applied
[146], and human factors are considered at the representational level – through the
lens of heuristic evaluations [318], and other usability criteria without respect to
risk [146]. To make matters worse, heuristic evaluation deals only with a fraction
of usability issues and is characterized by low validity [55, 100, 318]. Lab user
testing is employed during final stages of system evaluation when major changes to
design are beyond scope [204]. During the late stages of development, the issue of
safety is addressed by means of standardization compliance and by post-market
surveillance [204, 212]. This practice has proven inadequate for the production of
safe and usable medical systems for high-risk environments.
Coordination requirements are not exploited in design of clinical systems nor are
they conceptualized in design, and relevant breakdowns (especially related to interteam macro-system level processes) are difficult to predict during risk analysis and
to trigger in the course of user testing. There are also no design standards to guide
the evaluation of technology designs and their impact on coordination processes.
Requirements elicitation is still often performed according to conventional system
development processes, reducing user involvement to user questionnaires and the
like, rather than effectively analyzing the user needs in the context of social and
organizational issues [253]. Moreover, the fact that technology integration will
change work practices is often neglected.
A further problem in design practice for clinical systems is the utilization of
domain experts in place of actual users due to intellectual property and corporate
privacy concerns. Vendors assume that deriving user needs and requirements
through the lens of domain experts will translate into the system integrating well in
the field. However, the way people are supposed to work in theory never matches
reality. Hence, the more specialized the system, the more user research is needed to
ensure success [210]. If real users are not testing the system, there is a high
probability that a plethora of usability problems will surface.
The concern for intellectual property and corporate privacy also determines the
utilization of the waterfall model of development This is true despite the fact that
this approach is not optimal since it creates the opportunity for incorrect design due
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to minimal user involvement. In the software industry, the iterative and
participatory models of development are now widely used. These models include
user involvement throughout the development lifecycle.
Some initial efforts to develop methods and techniques customized to meet the
demands of design for clinical work have been made. For example, Zhang et al.
modified Nielsen’s usability heuristics to address human factors issues at the
representational level of medical interface design [318]. However, as noted earlier,
heuristic evaluation deals with a fraction of usability issues and is characterized by
low validity [55, 100, 318]. Further, heuristic evaluation focuses on a single device
or application and may not identify problems that arise because of the device’s use
environment [318]. Several other authors have drawn on their findings to derive
functional requirements for technology. For instance, Seagull and colleagues
recommended that to support schedule coordination in an OR environment, any
new technology system must serve as a common referent for communication,
provide a communal memory tool for planning, serve as catalyst for collaborative
and distributed cognition, allow parallel manipulation for multiple user-groups, and
allow flexible content reconfiguration [255]. Xiao noted that the tangible nature of
healthcare delivery creates a challenge in bridging the gap between the tangible and
virtual [305]. He proposed that to harness the potential of technology in supporting
work in healthcare, the focus should be directed to the tangible aspects of work in
modeling, designing, and supporting workflow. Specifically, the development of
user requirements should take into account how artifacts are used and exploited to
facilitate collaboration. Then, the design and deployment of new technology should
support the functions provided by physical artifacts replaced or disrupted by new
technology.
Though these recommendations address some methodological concerns, there is
no design method in the literature that is specifically tailored to development work
for the perioperative setting and is informed by the research in the domain. This
thesis begins by using previous research to further the understanding of
coordination in surgical work. Then, based on the existing and newly acquired
knowledge, the thesis extrapolates system design guidelines and integrates them
into a framework for design specific to surgical systems.
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2.5.2 Adoption of electronic shared displays for coordination of patient
care
Technology implementation in healthcare clinical environments is a challenging
issue from a design and safety perspective. In recent years, the literature has
abounded with examples of partially successful implementations that result in
resistance to adoption, increased patient safety concerns, and changed workflows in
unanticipated ways [160, 319]. The introduction of technology into the healthcare
clinical environment has been shown to change clinical patient care in ways that
prevent communication of important psycho-social patient parameters [319], to
create conditions predisposing to medical errors [160], to desensitize clinicians to
alerts [275], or to change the nature of collaborative work such as the task of
handover [301]. The most common and overt consequences of technology
introduction include: incurred investment overhead of increased demand for
training, repeated rollouts, costly training, as well as workarounds devised by endusers that undermine the benefits of the implemented technology. Most importantly,
technology implementations in healthcare are associated with poor patient outcomes
(e.g. health complications and sometimes fatalities).
This thesis reports a longitudinal study that investigated the effects of the
introduction of a communication technology – an electronic whiteboard
(eWhiteboard) – into the surgical work process. Whiteboards are one of the most
common and exploited communication tools in clinical work environments. In their
analog form – i.e. erase boards, they have been shown to facilitate negotiation of
scheduling, joint planning, inter-personal communication, and inter-group
coordination in the clinical setting [103, 290, 308, 311]. Whiteboard’s large sizes
enable instant and distal views from different locations and by multiple people
[311]. A recent study showed that clinicians in an emergency department
communicated in front of the whiteboard 24% of the time [89]. The importance of
shared access to information in collaborative work, as well as the need for accurate
and timely communication between care providers in healthcare have brought about
the age of a welcome introduction of a new generation of whiteboards – the
electronic ones. The advantages of such distributed shared access public displays in
healthcare operations include synchronous communication, improved and
standardized communication, improved group decision making, increased
efficiency, and greater staff satisfaction [230, 302]. Often there is an assumption
that the large interactional space afforded by a display only benefits the work
practice [301]. However, there are serious concerns about privacy of patient
information - whiteboards publicly display identifying patient information that a
passing hospital visitor can see. On the other hand, if patient information is secured

47

through the use of numeric patient identification or an alias, the usability and
effectiveness of the system is reduced. This, in turn, can affect patient safety.
Further, ethnographic studies in dynamic clinical environments continuously reveal
that by changing the nature of communication from private to public, the new
eWhiteboards transform the use of critical psycho-social information in clinical
work in unanticipated ways [301, 319]. For instance, Wilson et al.’s study of the
effects of introduction of a large shared display into the pediatric unit found that the
public display resulted in greater scrutiny of the patient information and patient care
work documented for handover [301]. Consequently, the summary sheet was no
longer a tool supporting the work of handover and the ongoing work of the shift,
but a mechanism for submitting the work of the shift to the scrutiny of senior staff.
The authors voiced their concern that the public display of the summary sheet might
become an idealized record of the work rather than remain a useful and less formal
artifact of work coordination. In summary, eWhiteboards fight design issues related
to contextual use and care continuum implementation challenges much like other
forms of clinical technology (e.g. medication administration and patient records
systems).
One barrier to improving implemented patient coordination systems is that
validated measures of adoption, satisfaction and efficiency seem to produce
favorable outcomes. The availability of electronic data facilitates fast automated
statistical reporting of business and quality metrics. The success of technology
adoption in hospitals is often evaluated through the lens of such operational metrics
- patient throughput, patient visit duration, clinical outcomes, and self-report
evaluations. More often than not, these measures result in highly positive ratings.
Additionally, such metrics confine analysis to the department/unit that integrated
the new technology thereby neglecting problems at the continuum of care level. As
a consequence, shortcomings of technologies are often overlooked and
implementations are deemed successful.
It is only the field studies that identify issues with integration. The differing
outcomes are due to the diverse nature of the measured parameters – metrics being
concerned with de-contextualized aggregate data (i.e. automated reports) or
reasoned/perceived use (i.e. surveys) vs. actual use [155]. Automated electronic
data analysis lacks analytical and methodological concerns. In addition, survey
techniques depend on subjective judgments that remain implicit in the data [80].
Field studies, on the other hand, reflect actual use in-context but generally are not
part of current implementation processes, nor do they present convincing
quantifiable data. Usability experts have noted, however, that valid data comes from
what people do, not what they say [210].
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The study by Munkvold et al. [203] illustrates the aforementioned concern very
well. The research examined the introduction of an electronic patient record for
coordination of handover in the Rheumatology department of a hospital. The
project was proclaimed successful by an internal hospital evaluation based on
nurses’ self-reported work time activities and a questionnaire they filled out. The
hospital’s report stated reduction in time spent on handover and overtime reduction.
The nurses were also more attentive to the written documentation and had become
more structured in the way they documented their work – thus the quality of the
documentation was improved. Statistical figures and the nurses confirmed that the
objectives were reached. However, the observations of actual work conducted by
the researchers revealed a different reality – formalizing the nursing handover
through the introduction of the system with the goal to reduce redundancy had in
fact resulted in re-allocation of the redundancy to a different time in the work, into
different artifacts, and onto old artifacts that were now utilized differently. For
example, the introduction of the electronic system resulted in fragmentation of the
patient ‘story’ among different people and artifacts. In turn, this development
necessitated the introduction of a weekly summary record integrating information
on patients in the ward.
In this thesis, a longitudinal study of surgical patient care coordination examines
the coordination breakdowns prior to and post eWhiteboard implementation. The
study is unique in that it focuses specifically on the evolution of breakdowns
through the technology integration, rather than studying its effects in an exploratory
manner as previous research has done. In this thesis, adoption/satisfaction selfreports and observational findings are juxtaposed by quantifying actual
eWhiteboard use. The study explores the complex interplay between improved
patient care communication through the eWhiteboard, increased breakdowns
occurrence, and reports of high satisfaction with the technology. The research finds
that the lack of trust among teams of clinical care is a major disabler of adoption of
the eWhiteboard.

2.6 Conclusion
In order to address potential safety, quality, and efficiency issues inherent in
proximal and latent healthcare system factors, there is a need for improved
understanding of breakdowns in healthcare processes through systematic formal
studies that go beyond qualitative descriptions of observed phenomena and address
breakdowns at the system level [38, 45]. Further, operational efficiency in hospitals
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will be enhanced by a recognition of the factors that contribute to breakdowns and
by eliminating costly repair overhead. [181]. The fundamental value of an
appreciation of the deep features of breakdowns and respective repairs is that it is a
rich resource for human- and process-centered information technology system
design solutions [29, 99, 217]. Thus, the goal of this thesis is to acquire knowledge
about breakdowns and to use it to inform and improve the design methods for
surgical care systems. By addressing breakdowns in clinical work during the early
stages of system design, future technology will adequately meet the communication
and coordination demands of clinical work. As a result, adoption and safety will be
enhanced.
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3
Process-oriented
empirical study
This chapter provides a detailed overview of the methodology in this thesis. First,
the choice of research design is justified and the theoretical framework explained.
Next, the two hospitals’ profiles are presented. The chapter then continues with a
detailed description of the data collection procedures and tools, the coding scheme,
the resulting data sets, and the analysis methods.
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To address the research problems of this thesis, it was necessary to examine
breakdowns in more than one hospital and to study the evolution of breakdowns
through the lens of technology integration in a longitudinal fashion. Below, three
studies that make up this work are presented. Two of the studies took place in the
same hospital, the third in a different hospital. The data collection in the first
hospital proceeded in two phases – before the introduction of an electronic
whiteboard communication tool (Phase 1) and eight months after its integration into
the perioperative work process (Phase 2). Only one study in the second hospital was
conducted. In all studies the data collection approach was identical - nurses,
personal assistants, coordinators, physicians, administrators, etc. were observed as
they performed their routine work throughout the surgical journey areas providing
care for patients who have surgery.
The majority of the results, presented in the next chapter, are concerned with the
comparison of breakdowns in the two hospitals. To that end, the two data sets from
the first hospital are integrated to produce a unified picture of the state of
breakdowns in that hospital. The results are derived from statistical analysis of the
coded breakdowns data (the coding scheme is explained in this chapter and the
coded data can be found in Appendix B.2). For the purpose of discussion of the
technology adoption study, the two datasets are considered individually and
juxtaposed.

3.1 Research methodology design
Choosing a research methodology appropriate to the research question, and
informed by a theoretical foundation, is critical [43]. To date, the research on
patient safety has predominantly followed the qualitative research framework,
utilizing the power of the narrative, the case studies - stories of adverse events to
yield insights, provide pattern recognition for patient safety practitioners, and create
a new cycle of improved understanding and system design [86]. Health technology
assessment research also relies on qualitative methodologies [191]. While the
qualitative approach provides rich understanding of a particular instance of a patient
safety concern, it lacks generalizability and does not present quantifiable data often
sought after in scientific disciplines. Some of the more recent research aiming to
address this issue adopts a quantitative framework through survey methodologies
that examine a problem across a great number of settings and organizations. This
approach, however, cannot account for the complexity of underlying proximal and
latent systems factors contributing to patient safety threats. Moreover, survey
techniques depend on subjective judgments, which remain implicit in the data [80].
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The research presented in this thesis adopts a mixed methods research design to
the study of latent factors in patient safety – specifically to the problem of
communication and coordination breakdowns across two settings, offering a richer
description [22, 215], capturing a level of systems complexity reflective of the
research question and environment under investigation. The goal in selecting a
mixed methods research design was to acquire an in-depth understanding through
comprehensive analysis, as well as a degree of generalizability of outcomes
demonstrated through quantifiable data [67]. The integration of qualitative and
quantitative techniques is not new in organizational and health services research
[22, 90, 214]. The methodologies are considered complementary [187] because
each compensates the other for its weaknesses. The integration of both approaches
is performed during the interpretation of results [67].
This research utilized several tools in the conduct of the empirical study of
communication and coordination breakdowns. First, a grounded theory exploratory
approach was adopted [266] in the discovery of broad themes of coordination and
information related to the occurrence of breakdowns in the surgical work practice,
during observations. In previous studies (reviewed in Chapter 2), the grounded
theory approach has been found useful. Also, prior-research-driven top-down
thematic analysis [42, 43] facilitated the initial development of data codes
(presented later in this chapter). In addition, a bottom-up thematic analysis [42, 43],
also known as open coding [266], was followed for the development of further
themes in the coding scheme via an inductive data-driven approach applied postdata collection. Finally, appropriate statistical analyses methods were utilized for
the quantitative analysis of the coded data, as well as for the analysis of a survey.
Figure 4 shows the methodology for the research in this thesis in the context of the
thematic analysis process [43].
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Familiarization with the domain:
Task and workflow analysis
Grounded theory explorative observations

Qualitative outcomes

Generating initial codes:
prior-research-driven top-down thematic analysis
Searching for, reviewing and defining themes:
Inductive data-driven open coding
Statistical analyses

Results

Figure 4: Research methodology.

3.1.1 Theoretical perspective
Through the lens of the Swiss cheese perspective (introduced in Chapter 2, Section
2.1.2), this thesis centers on the study of latent communication and coordination
factors that have potential to affect patient safety downstream in the surgical
process. The Swiss Cheese model was not applied in the analysis of breakdowns
since its core concept requires that an event under consideration has transpired into
an accident. Given that the scope of this study is the prospective investigation of
latent factors, the model is not applicable. Nevertheless, it helps to understand the
nature of the problem studied.
The theoretical assumptions that underpin the study design and analyses in this
work come from the frameworks of activity theory, workflow analysis and systems
engineering. Activity theory [153, 164] examines activity level behavior in relation
to social factors such as the organization of labor, conflicts of interest, culture, etc.
Activity theory’s focus of analysis includes a cultural-historical perspective [60, 87]
as rendered through the study of workers, task, and community. Interactions
between a worker and a task are mediated by artifacts. Interactions between a
worker and her community are mediated by procedures. Examining the use of
artifacts and procedures in-situ allows researchers to extrapolate the effects of
socio-technical system mechanisms on the entire socially distributed activity system
[28]. Workflow analysis [34, 188, 194, 281], on the other hand, seeks an
understanding of work products – material and conceptual, through the analysis of
their transformations. The focus is centered on processes that influence the work,
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inputs/outputs to each step in a process, and on the impact and roles of people as
they interact with the work products.
This thesis integrates the concepts of activity theory and workflow analysis in the
study design and analyses. Observations and relevant data collection focus on
conflicts of interest, examine the use of artifacts and coordinating procedures insitu, and investigate the inputs and outputs of each process step. Further, the
systems engineering framework directed the definition of the study design and
analyses. The surgical micro-systems were modeled and analyzed. In addition, the
coordination, synchronization and integration of the micro-systems were
investigated in relation to breakdowns.
Overall, the ideas in this thesis are influenced by a multidisciplinary perspective
stemming from the social and engineering disciplines. This perspective matches the
relevant patient safety, human-computer interaction/usability, and systems
engineering frameworks of research.

3.2 Research setting
The research was conducted within the busy elective surgery units of two urban
teaching Canadian hospitals. The main criterion for selecting the hospitals was that
the two organizations should be sufficiently different from one another in terms of
their organizational culture, history, function and size. This condition was chosen
for two reasons: 1) so that potential similarities between the organizations would
have greater generalizability, and 2) so that potential differences can be explored in
relation to breakdowns. The first hospital selected is a typical urban general
medium-size institution with a specialization in neurology. It also belongs to a
network of three university teaching hospitals. The second hospital chosen is a
much larger institution with a religious affiliation (Catholic) that has historically
determined the mission and provision of patient care services with an emphasis on
compassion. This hospital specializes in trauma treatment for the city. Based on the
above factors, it was deemed that a fundamental difference, culturally and
functionally, exists between the two organizations. For privacy reasons, this thesis
will refer to the hospitals as Hospital_1 and Hospital_2.
3.2.1 Hospital_1
Hospital_1, a 236 bed institution, offers a history of over a hundred years of urban
patient care. Hospital_1 is a teaching hospital for a major university. Since the
1990s, the hospital has become the designated neurology center of excellence with
the largest cluster of neuro-surgeons in the province. The elective surgery unit is
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comprised of 15 operating rooms and performs 50-80 surgeries per day, including
emergency operations. The surgical division employs a total of 350 people –
administrative and professional staff.
The surgical patient care flow for Hospital_1 is shown in Figure 5. Each box
represents a micro-system, referred to as point of care, and represents a process
carried out by a number of agents comprising a team and using artifacts and
technologies. As can be seen in the figure, multiple teams (i.e. micro-systems) work
synchronously and asynchronously to provide patient care. Each team is in a
separate physical space. Therefore, depending on the focus of analysis, the
coordination space properties can change from intra- to inter-team (or micro- to
macro-system level). The OR Desk is served by a clerk who is the main coordinator
of the process, and is the only agent who never treats patients. The clerk tracks and
distributes the most up-to-date information on the state of affairs to all parties
involved.
For the study, the majority of clinical and administrative staff working in the
micro-systems under consideration volunteered to participate. The participant
sample included 13 employees (out of a total of 15 in these micro-systems), both
men and women.
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Figure 5: The observed surgical process workflow at Hospital_1. Shaded
boxes represent optional workflow steps, and dotted lines indicate direct
information/communication flow lines.

3.2.2 Hospital_2
Hospital_2, over one hundred years old, is a Catholic, teaching institution
affiliated with a major university. Hosptial_2 is a busier healthcare provider with
900 beds. It is the designated adult trauma centre for the city. Hospital_2 runs 22
operating rooms and performs 55-90 surgeries per day, including emergency and
trauma cases. Over 400 administrative and professional employees provide the
perioperative services at the hospital.
Hospital_2’s flow of patient care is very similar to that of Hospital_1, with the
exception of the communication links. The flow is illustrated in Figure 6. Similar to
Hospital_1, each point of care represented on the diagram is a micro-system – a
process carried out by collaborating agents in a team. Artifacts and technologies
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mediate some of the work interactions and information exchanges. Teams are
distributed in the physical space of the hospital. The OR desk at Hospital_2 is
served by multiple clerks and a charge nurse - they coordinate the process by
tracking information and negotiating decisions, and they do not treat patients.
Similar to Hospital_1, most nursing and administrative staff in the micro-systems
under consideration volunteered to participate. The sample size was 18 employees
(out of a total of 20 in these micro-systems), both men and women.
Surgeon’s office
team

Booking team
External services
(tests, pharmacy, etc)
Pre-admit team

Reception team chart check

Day of surgery
Reception
team

Admission
team

Block/Anesthesia
team

Inpatient care
teams
External
dynamic
conditions

Imaging
team

[]

Trauma team
OR Desk
team

Holding team

OR team

Post-op care
teams

Figure 6: The observed surgical process workflow at Hospital_2. Shaded
boxes represent optional workflow steps, and dotted lines indicate direct
information/communication flow lines.

3.2.3 Process structure and communication flows
One notable difference between the patient care flow diagrams of the two hospitals
studied is the established communication channels for information exchange and
coordination among micro-systems. In Hospital_1, communication is centralized
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through the functional allocation of process coordination responsibility into the role
of the OR desk clerk (Figure 5). Under normal circumstances, teams do not
communicate directly. Each team contacts the OR desk clerk with questions or to
pass important patient care information along to another team. The clerk is
responsible for the distribution of information regarding changes in patient care to
all parties involved. Communication in Hospital_1 is therefore formalized. The
process structure provides streamlined communication that avoids variation in
practice.
In Hospital_2, communication channels are less formalized. Direct communication
channels among all teams exist (Figure 6). The OR desk team’s responsibility for
coordination of the process is limited to a few scenarios - for trauma and inpatient
care coordination. For all other matters, teams communicate to each other directly
as needed. Further, clinical staff from one team often help out with the work of
another team through negotiated rotation hours during the day. Thus, the established
process in Hospital_2 was designed to allow for greater flexibility and a lower level
of formalism.
Another important communication flow difference between the two hospitals is in
their communication culture – in Hospital_1 information is pushed through the
system in a pre-emptive and proactive manner, while in Hospital_2 information is
pulled when needed (i.e. in a reactive fashion).

3.3 Procedure and observational data collection
Ethics approval for the conduct of this work was obtained from each hospital (file
#07-0719-AE for Hospital_1, and file #09-013 for Hospital_2) prior to the onset of
the studies. Informational sessions were organized to introduce clinical and
administrative staff to the study, its goals, methodologies and implications of
participation. Participation was voluntary and almost all front-line staff in both
surgical units enrolled. The participants included nurses, clinical and clerical staff at
the elective surgery units whose functional roles were part of direct or indirect
patient care, coordination and administration of the perioperative process.
3.3.1 Understanding the domain
The observations were conducted with a systems approach - they spanned the
surgical process from surgery booking to patient reception at the OR: surgery
booking, pre-admission consults, patient reception, admission, holding area, OR
desk, and block/anesthesia room. First, the tasks and workflow of all agents in the
surgical process were analyzed through a set of unstructured interviews and
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observations (a total of 21 hours in each hospital). In addition, diagrammatic
descriptions of all functional roles in the surgical process activity were produced.
Examples of the workflow models can be found in Appendix A.1 and of the task
models in Appendix A.2. An advanced practice nurse with extensive surgical
experience verified the correctness of the representations. This analysis facilitated a
thorough understanding of the work practice and revealed that the majority of
breakdowns do not become visible (i.e. are not detected) until the actual day of
surgery, although they may have originated prior to that. Therefore, the consequent
data collection efforts focused on the micro-systems relevant to the day the patient
arrives for surgery, i.e. on the operative stage of the process. Further, understanding
the work in each point of care facilitated the development of categories for
quantitative data collection.
3.3.2 Data collection
As mentioned above, data collection efforts focused on the operative stage – the
micro-systems relevant to the day when the patients arrive for surgery: patient
reception, admission, holding area, OR desk, and block/anesthesia room. This
included the time of anesthetizing the patient in the Block Room before the actual
surgery. Clinicians were observed as they performed their routine work throughout
the surgical journey areas. Observations took place in one micro-system, or point of
care, at a time. About four full days of data collection were appropriated for each
point of care in each study (data collection procedures are elaborated below).
Clinical and administrative staff preparation activities for surgeries scheduled for
the following day were also shadowed. Additionally, in Hospital_1, nine patients
were followed from the moment of arrival in the hospital through their journey to
the OR.
Observations started at 6am when the first patients arrive at the hospital and
continued throughout the working day. Both high and low workload periods were
observed in all patient care areas. The data collection spanned over three weeks for
each of the three studies.
Numerous challenges exist in collecting a complete transcript of real-time events
in the highly-intensive and dynamic surgical environment – chief amongst them are
the legal and ethical obstacles in recording video and the incompleteness of
observational notes. To circumvent these, a data collection platform was utilized in
this research - the RATE tool [113]. RATE allows one to pre-program a number of
communication and coordination related categories of interest. The tool enabled the
collection of a complete time-stamped record of all interactions among clinicians
and with physical and digital artifacts, at a low transcription cost of several mouse-
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clicks per event. The observer carried a laptop and recorded all interactions,
including data on information flow and mediating artifacts. In-situ informal
interviews with clinicians were performed to clarify actions, processes, intentions,
and motivations.
3.3.3 Data collection coding scheme
A basic coding scheme for in-vivo data coding was developed with the goal to
collect all communication events observed in a systematic fashion that will allow
for qualitative and quantitative analysis. Each data entry included information on
origin and target of communication, start and end time, event type, theme of
coordination and medium. The main categories of data collection were the
following:
Origin: the functional role initiating the communication
Target: the functional role receiving the communication
Event type: the type of communication event (e.g. update, planning, questioning)
Content: the theme of coordination; the specific reason for initiating this event (e.g. patient
location, OR readiness, schedule)
Comments: a free field for any additional information; mostly used to indicate the specific medium
or tool or artifact utilized

The RATE tool automatically time-stamped each recorded event. The events were
encoded as database tuples where each category represented a field (i.e. attribute)
that takes on a predefined set of nominal values. The values for each field can be
found in Appendix A.3. The resulting observational data entries appeared in this
form:
Start
End
11:30:07 11:30:14
11:30:18 11:30:40
11:30:30 11:30:39
11:30:42

Origin
Nurse5
OR desk
None

Target Event type
None
outgoing call
Nurse4 incoming call
Nurse4 artifact

Content
OR readiness
patient status
None

Comments
phone
phone
chart

Flag

breakdown

Breakdowns were flagged at start and end time. All events in-between were
transcribed in detail and complemented with observer annotations where necessary.
An open commenting field allowed the observer to also record unstructured
information for additional thoroughness and clarity of the collected data.
Breakdowns were further analyzed post data collection to determine the breakdown
triggers, type of repair strategy employed, coordination mechanism, etc.

61

3.3.4 Metadata
In both hospitals, the collected data reflected all communication instances,
detected breakdown situations, and artifact uses. In Hospital_1, two studies were
conducted. Thus, two sets of data were collected – one in January 2008 (Phase 1),
and one at the end of the same year (Phase 2). In Hospital_2, one study was carried
out in May/June 2009. The total number of data hours and total number of
communication events recorded in each study are as follows:
Hopital_1, Phase 1:
Hopital_1, Phase 2:
Hospital_2:

79h 40min; 2824 events
51h 48min; 2163 events
56h 00min; 1738 events

This thesis is mainly concerned with the results from the analysis of the data
subset consisting of all breakdowns. The rest of the communication events recorded
were used in several of the quantitative analyses presented, but mostly provided the
context in the analysis of breakdowns.
The majority of research questions answered by the results concern the
comparison of breakdowns in the two hospitals. Thus, for most of the analyses the
data from Phase 1 and Phase 2 are integrated so as to represent the environment of
Hospital_1 as a whole. However, the two datasets are considered individually in the
context of the technology adoption study, which is concerned with the differences
between Phase 1 and Phase 2 in Hospital_1.
3.3.5 Post-data collection coding
The analysis aimed at a thorough understanding of breakdowns by exploring their
properties and respective repairs. Information on the types of breakdowns that
occur, the types of coordination processes, the types of repair work, and the impact
of breakdowns was sought. No previous work was found to define categories for the
purpose of examining this kind of information related to breakdowns. Therefore,
based on the breakdown and repair properties derived in Chapter 2 on the basis of
previous research, and additionally through an iterative process of content analysis
of the recorded breakdowns episodes, a coding scheme of breakdown and repair
properties was developed for this research. After several cycles of refinement, the
scheme was stabilized at the following seven variable categories.
Breakdown type. Breakdowns are classified into four categories – coordination,
coordination due to dynamic conditions, technical, and human errors. The
breakdowns of coordination are those that concern the patient care management
within and between teams. These breakdowns are preventable, unless they are
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caused by dynamic conditions. The breakdowns of coordination due to dynamic
conditions are those that are caused by conditions that are external to the surgical
process, i.e. breakdowns originating from patients, from hospital bed shortage, staff
shortage, etc. Technical breakdowns represent unexpected problems with the use of
technology of any kind. Human errors are related to an individual’s cognitive
processing of information.
Table 2. Examples of breakdown types.
Type
Coordination

Breakdown examples observed
A porter comes to the Admissions area to take a patient to Holding. However,
the patient has not been admitted yet. (Note: Normal coordination of the patient
transfer implies that the porter has prior confirmation of the patient having been
admitted and assessed by the nurse. Only then should the porter come to take the
patient for transfer.)
Coordination
There is a shortage of beds in the inpatient unit. Therefore not all surgical
due to dynamic patients scheduled for the day can be admitted, but only those whose procedures
conditions
would allow them to recover within hours and be discharged the same day (i.e.
outpatient surgeries). A patient’s surgery is cancelled and the order of other
scheduled surgeries is rearranged.
Technical
The nurse is unable to check whether the blood tests for her patient are done
because the EHR system is down.
Human error
The physician wrote two identical orders for medication to be administered to
his eye surgery patient - one order for each eye. The person processing the chart
thinks that since the orders are identical, then it must be a duplicate order and
throws away one order.

Theme. Content analysis revealed six major themes around which breakdowns
occur in the hospitals of this research1: patient care (related to the process of care),
patient information (related to the patient chart), patient status (location of the
patient and/or status of progress of treatment), contactability (ability to establish
contact with a functional role of interest), human factors (slips, lapses and mistakes
[238]), and equipment.

1

Note that the themes defined here are reflective of the themes identified by other researchers (see Chapter
2), but have been adjusted to better reflect the major clusters of breakdowns that were observed in this
study. The ‘patient care’ theme integrates the issues of surgical schedule, staffing, room assignment, lab
services, etc. on the day of surgery. Nevertheless, the specifics of whether the reason for a breakdown was
the surgical schedule or another one are recorded in the data and available for the finer-grained analysis.
The patient status theme includes issues around patient preparedness and around patient location and
transfer. Equipment breakdowns are as defined by other researchers. The rest of the themes were added to
the set as a result of content analysis of the breakdowns data.
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Table 3. Examples of breakdown themes.
Theme
Patient care
Patient
information
Patient status

Contactability

Human factor

Equipment

Breakdown examples observed
 Cancellation of surgeries.
 Change in the treatment plan.
Blood test and/or electrocardiogram (ECG) records in the patient chart are
outdated. (Note: records have a validity of three months)
 The porter is looking for a patient in order to transfer him/her to the next
point of care. The patient was already taken by the anesthesia team.
 At 10am, the surgeon wants to know whether his scheduled patient for
2:00pm surgery has arrived and been admitted yet.
 The phone in Holding is ringing and noone is picking it up (staff are either
busy or not in the room).
 A nurse is paging a surgeon to inform him of his patient’s state, which may
affect the plan of care. The surgeon is not returning the page.
 A slip: When trying to contact the OR, the nurse mis-dialed the number.
 A lapse: After completing the patient assessment, the nurse forgot to mark the
patient status as “ready” on the board.
 A mistake: The Admitting nurse completed the patient assessment and
transferred the first patient for Dr. X to Holding. She did not realize that even
though this was the first patient for Dr. X, the surgery was scheduled for a later
time in the day. Patient had to be transferred back to Admission. (Note: first
patients are usually scheduled for 8am)
 There are not enough intravenous (IV) pumps in the Holding area and
clinicians need to coordinate the transfer of pumps from other units.
 The OR table in the OR is unstable and needs to be fixed.

Tangibility. The property of tangibility measures the role of information salience
in breakdowns. In this scheme, two values of tangibility were defined – tangible
and intangible. The tangible represents coordination mechanisms that embed and
display information that can be accessed by agents. Tangible mechanisms are
relevant to the use of coordinating artifacts such as forms, physical objects,
software, etc. where the information about the task at hand is embedded in the
artifact, documented for the user, and readily accessible during coordination. Hence,
tangible mechanisms relate to information exchanges that are salient and persistent.
Breakdowns of this type reflect either failure associated with the use of information
that is available through an artifact, or one associated with the improper utilization
of an artifact - such as when a form in the patient chart is blank, rather than filled in.
Such breakdowns are defined as relating to the tangible.
The intangible represents coordination mechanisms that deal with information that
is not salient at the moment of use, nor is it persistent (archival). The breakdowns
relating to the intangible occur due to a breakdown in the use of impersonal
coordination processes such as protocols, norms, conventions, informal rules, and
standards that implicitly carry information used to coordinate the task at hand [280]
– i.e. information-discreet mechanisms. Mismatches in clinicians’ mental models, or
disregard for standards, conventions and protocols, may result in breakdowns
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related to the intangible.
Table 4. Examples of tangibility.
Tangibility
Tangible

Intangible

Breakdown examples observed
 Blood test records are missing in the patient chart.
 Consent form is not signed by the patient and/or the surgeon.
 Nurse did not notice a blood test result in the EPR.
 The Admission’s patient list indicates patientA as being non-infectious, while
the OR desk’s patient list indicates patientA as being infectious.
 The whiteboard indicates that patientB is not ready for transfer, but the
anesthesia team sends a porter to fetch patientB. (Note: the standard/informal rule
is that a porter should only be sent for a patient when the patient is marked as
ready by the previous point of care)
 Nurse in Holding notices that the patient does not have a signed consent for
blood transfusion. The nurse is unsure whether such consent is needed for the
particular procedure so she verifies with the surgeon.

Coordination scale. Coordination breakdowns are classified as relevant to intrateam coordination (affecting the work within one team), inter-team coordination
(affecting the work of multiple teams), or both.
Table 5. Examples of breakdown scale.
Scale
Intra-team
Inter-team

Intra and inter

Breakdown examples observed
 A vitals monitor is not working. The nurse informs the team about the
situation.
 A team member calls in sick.
The patient consent has not been acquired. The nurse has to arrange that the
surgeon comes from the OR to Admission to acquire the patient’s consent. Until
that has happened the patient’s care cannot proceed further to Holding or to the
Block Room. (Note: the consent must be signed during a visit to the surgeon’s
office, in advance of the surgery)
A patient had consumed water and coffee prior to coming for surgery. The
admitting nurse needs to inform the surgeon/anesthetist who will decide when and
whether they will proceed with the surgery for this patient. Until that decision is
taken the nurse cannot proceed with the patient assessment, nor could the other
teams proceed. (Note: Patients are advised not to eat or drink on the morning of
their surgery due to risks related to anesthesia)

Breakdown lifetime. Each breakdown is analyzed with respect to its origin,
detection location and actual or expected repair location [121] within the macrosurgical system flow represented in Figure 5 and Figure 6. The distance between the
three is quantified by a count of the number of micro-systems (micro-system
interfaces) between origin-detection-repair. Breakdown lifetime is defined as the
total distance between origin and repair. The following example demonstrates the
quantification technique in regard to the patient care flow in Hospital_1 (Figure 5):
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 Breakdown: unsigned surgery consent form
 Origin: Surgeon’s office
 Observed detection: Admission
¾ origin-detection distance = 4
 Repair: OR (contact surgeon in OR to come to Admission and take patient
consent)
¾ detection-repair distance = 2
¾ breakdown lifetime = (4 + 2) = 6
Repair strategy. Clinicians resolve breakdowns either through information pull
(an individual takes the initiative to obtain information of interest) or information
push (an individual takes the initiative to distribute information to others).
Table 6. Examples of breakdown repair strategy.
Repair
strategy
Information
pull

Information
push

Breakdown examples observed
 The surgeon notices that a patient’s chart indicates outpatient surgery while the
surgical schedule indicates inpatient admission for this patient. She calls the OR
desk to find out the correct post-operative destination of the patient.
 A nurse cannot read the hand-writing of the surgeon for pre-operative
medication for the patient. She asks two other nurses to help her read the
medication order.
 Nurse calls the OR desk or the surgeon to let them know that the patient
consent form is not signed. (Note: the consent must be signed during a visit to the
surgeon’s office, in advance of the surgery)
 A decision is made in the OR that a patient’s surgery is changed from inpatient
to outpatient. The OR staff notify the OR desk clerk who in turn notifies all teams
of the change.

Repair cost. Various metrics can measure the consequences of repair – e.g.
monetary cost of human resources devoted to repair and taken from patient care,
time spent on fixing a breakdown, number of actions taken as a result of a
breakdown, etc. Since this research is concerned with communication, the cost of
breakdowns was measured in terms of the number of communication chunks that a
breakdown repair incurred. Communication instances such as a telephone call,
conversation, note writing, etc. are each defined as a chunk. Thus, if a breakdown
repair is achieved by calling someone on the phone and then broadcasting the
resolution to one’s team, the cost is quantified at 2 communication chunks (1 for the
call and 1 for the broadcast).
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Table 7. Example of breakdown cost.
Repair
cost
3

Breakdown example observed
The surgeon’s office missed to order in advance an ECG test for the patient. On the
day of surgery the Admission’s nurse detects that the ECG is missing from the
patient’s chart. She checks in the EPR system if the ECG has been ordered and
performed and finds that it has not (1 chunk). She pages the ECG contact person (2nd
chunk). A minute later ECG staff return her call and they arrange for the ECG to be
done (3rd chunk).

The unit of chunk was chosen over that of time (minutes or seconds) because
chunks represent a more generalizable unit of measure that transcends the particular
instance. In addition, a communication chunk is a more reliable data record because
during real-time data collection the observer may have noted the start time of events
with a delay.
Interruption. An interruption is a communication event ensuing from breakdown
repair efforts that produced a break in the task of an unsuspecting external recipient.
An interruption can be mediated by synchronous communication means only – e.g.
face-to-face or telephone. As part of the cost measure, the number of interruptions
produced during breakdown repair were counted.
Following content analysis by the researchers, ambiguous breakdown occurrences
were discussed with clinical staff until breakdown classification was agreed upon.
Nonetheless, some breakdowns could not be classified on all measures because
some properties were not applicable. For example, the “repair strategy” could not be
determined for a case when a clinician detects a missing form in a patient’s chart
and does not take any action in response. Also, the “tangibility” could not be
determined for cases of human error or for coordination breakdowns triggered by a
bed shortage situation in the hospital. Another difficulty in coding a breakdown as
per a certain property value related to the fact that on some occasions more than one
property value applied to a breakdown. For instance, when a clinician both asks for
help upon a breakdown and announces to others that there is a problem, the
breakdown repair entails both an information pull and an information push strategy.
Table 8 summarizes the properties of breakdowns and repairs that comprise the
post-data collection coding scheme, as well as the data sample distribution. The
coded breakdowns data is provided in Appendix B.2.
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Table 8. Breakdowns and repair properties examined in this study, and their
frequencies in the data sample. N(Hospital_1, Phase1) = 68. N(Hospital_1, Phase2) = 166.
N(Hospital_2) = 162. “U = unknown/not applicable/all applicable” - breakdowns
for which a value on the given property could not be determined, or multiple
values applied.
Property:

Defined by these values:

Frequency/Description
Hospital_2
Hospital_1
Phase1 | Phase2

Breakdown type

Breakdown theme

Tangibility of the
process related to a
breakdown
Coordination scale

Breakdown
lifetime
Repair strategy
Repair cost
Interruption

coordination
coordination due to dynamic conditions
technical
human error
patient care (related to the process of care)
patient information
patient status (within the care process)
contactability (i.e. being reachable)
human factors (incl. human errors)
equipment
tangible (information is salient)
intangible (e.g. norms and protocols)
unknown or both
intra-team
inter-team
both (inter- and intra-team)
unknown or both
number of workflow steps between the
origin of a breakdown and its repair
unknown
information pull
information push
unknown or both
amount of communication effort incurred
by a repair (e.g. number of phone calls)
unknown
a communication event, ensuing from
breakdown repair efforts, that produced a
break in the task of an unsuspecting external
recipient

43
15
7
3
35
11
7
6
5
4
21
22

100
39
8
19
79
17
43
3
17
7
44
36

U=25

U=59

2
38
23
U=5

5
99
56
U=6

Min=0
Max=8
U=2

Min=0
Max=7
U=17

26
32

64
68

98
54
2
8
105
27
15
7
5
3
35
58
U=69

15
64
62
U=21
Min=0
Max=5
U=22

61
50

U=10
U=31
U=51
Min=0
Min=0
Min=1
Max=32 Max=17 Max=34
U=3
U=4
U=11

159
Min=0
Max=16

147
Min=0
Max=31

3.3.6 The technology adoption study (Phase 1 & 2 explained)
This thesis reports a longitudinal observational study that examined the
communication issues in the perioperative process of Hospital_1 and their evolution
through the introduction of technology. Intensive observations of daily
communication behaviors and activities of clinical and administrative staff involved
in the surgical process were undertaken in Hospital_1 (Phase 1). The conclusion of
the first phase coincided with the start of a hospital initiative to reduce
communication between care providers and to increase efficiency. At the time when
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the first set of observations was completed, the hospital IT department actively
involved clinicians in a highly user-centered approach for the design of an
application for inter-team communication of patient care status, i.e. an eWhiteboard.
The eWhiteboard was to replace patient care coordination via the phone medium.
Clinicians were recruited to participate in focus group workshops and to define the
information, interaction and functionality requirements. The investigator of this
research thesis was invited to participate in the design activities, which she attended
and observed. The overall design approach of the eWhiteboard closely conformed
to the recommended practices for successful adoption as per recent evolutions of the
Technology Acceptance Model (TAM) - user participation, management support,
incentive alignment, training, organizational and peer support [284]. The IT
department implemented the application as an in-house eWhiteboard that
automatically generates the list of patients and physicians for the day. The
eWhiteboard also requires clinical staff to update patient status information as they
start and complete their care on each surgical patient (Figure 7). The department
management supported the initiative and encouraged the participation of clinicians
in the design activities. Training and support was provided for clinicians and
administrative staff prior to integration into the work processes and thereafter. Eight
months after the integration of the eWhiteboard into clinical work an identical
second set of observations was carried out (Phase 2).

Figure 7: The eWhiteboard. Clinicians checkmark the status of the
patient when a patient arrives at the point of care, and when the patient
assessment is completed and the patient is ready for handoff to the next
point of care.
Participants and data collection procedures in both phases were identical
(described in Section 3.3.2). The collected data were complemented with a
questionnaire (Appendix A.4) administered after the completion of Phase 2. The
questionnaire probed the perception of the utility and satisfaction with the new
communication tool. Ten participants returned the questionnaire.
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Breakdowns were analyzed post data collection, as described in the previous
section. In addition, the specific trigger for a breakdown was considered. Four types
of triggers were important for the adoption study: patient transfer (related to
coordination of patient transfer from one point of care to the next), awareness
(knowing what is happening), trust (a breakdowns triggered by lack of trust in the
work of other teams), and use-error (a breakdown triggered by an interaction with
the eWhiteboard interface). The important breakdown parameters for the adoption
study were: patient status, patient transfer, awareness, trust, use-error, cost,
interruptions. The first three of these – patient status, patient transfer and awareness
– were important because the introduction of the eWhiteboard was to coordinate the
patient status and transfer by providing awareness. Therefore the eWhiteboard was
to eliminate these types of breakdowns. The (lack of) trust and use-errors represent
different parameters because they signify specific reasons behind breakdowns.
These two particular triggers were introduced into the coding scheme during the
analysis of Phase 2 data as it became apparent that the introduction of the
eWhiteboard brought about patient status and patient transfer breakdowns that were
caused by these factors.
Table 9. Example of adoption study parameters. Patient status is a theme, the
remaining parameters are triggers of breakdowns.
Parameter
Patient
status
Patient
transfer

Awareness
Trust
Use-errors

Breakdown example observed
The eWhiteboard indicates that patientC is not admitted yet (i.e. the patient has
not arrived in the hospital), but the OR desk clerk calls Admissions to confirm that
the patient is not there.
 The porter was sent to Admissions to fetch patientD. However, PatientD had
already been transferred to Holding by the anesthesia team.
 The Block Room requests that three consecutive patients on the schedule for
DoctorX be transferred from Admissions to Holding. (Note: There are around 10
doctors, each with a list of scheduled patients for the day. The Holding area and
staff can only accommodate one patient per doctor at a time)
The Holding area nurse called the Block Room to request information for a
patient who had been taken directly to the OR (was not treated at the Block Room).
The nurse was not aware the patient was going directly to the OR.
The eWhiteboard indicates that patientE is in Admissions but is not ready for
transfer. The OR desk clerk calls Admissions to confirm that the patient is indeed
not ready.
User accidentally selects several patients’ entries and updates the status to
‘ready’, when in fact she meant to update only one patient’s status.

It is important to note that in Phase 1, phone calls related to patient status and
patient transfer were not considered coordination breakdowns as the phone was the
medium facilitating the coordination of the patient care process. However, in Phase
2 the medium was the eWhiteboard. Therefore, phone calls relating to patient status
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that could have been identified via the eWhiteboard were considered coordination
breakdowns.
Table 10 summarizes the breakdown parameters that comprise the post-data
collection coding scheme relevant to the technology adoption study as well as the
data sample distribution. The data for the adoption study is part of the complete
breakdowns dataset provided in Appendix B.2, where Phase 1 or 2 is indicated for
each breakdown in the dataset.
Table 10. Breakdowns parameters examined in the adoption study and their
frequencies in the data sample. Total breakdowns N = 234 – includes Phase 1
& 2. The frequencies in the table reflect the breakdowns that fell into each
parameter category of interest for the adoption study. The rest of the
breakdowns are not relevant to the adoption study and therefore not
represented in the table.
Category:
Coordination
theme
Coordination
trigger

Defined by these parameters:

Frequency

patient status - coordination demand within and between
teams to establish the status of a patient within the care process

50

patient transfer - coordination related to the transfer of
patients from one point-of-care to another
awareness - the need to be in the know as to the latest in the
status of patient care
trust – (lack of) trust in the work of other teams
use-error - whiteboard use related error

15

cost - amount of communication effort as measured by the
number of communication episodes incurred by a repair - e.g.
number of phone calls

Min = 0
Max = 32

14
38
10

Consequence

3.3.7 Safety culture survey
The Safety Attitudes Questionnaire (SAQ) is a survey tool developed to identify
teamwork and organizational culture climate factors in healthcare institutions that
could negatively affect safety. SAQ has been administered numerous times in the
context of OR operations [185, 257]. Through 33 items, the tool measures six
dimensions of organizational culture: safety climate, teamwork climate, perceptions
of management, stress recognition, job satisfaction and working conditions.
Measuring safety culture is one way to proactively identify hospital areas that have
an increased chance of experiencing an adverse event and those areas that are rich
sources of patient safety best practices. SAQ was developed on the basis of
extensive research and validation activities around the world [61, 258].
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The SAQ was administered over a web interface available through the
OpenSafety.org website (a non-profit organization committed to enhancing patient
safety). A link with the web address was sent out to the surgical division in both
hospitals (including nursing, administrative, and other staff) and voluntary
anonymous participation was invited. The SAQ questions and the survey results for
both hospitals are found in Appendix B.1.
3.3.8 Analysis
In addition to exploratory qualitative analysis carried out throughout the study, a
number of other analysis methods were utilized in this research. Observed
breakdowns were mapped over the workflow models. This mapping helped
graphically capture the trajectories of breakdowns over the work practice. Spearman
correlation testing for numerical categories and Chi-square tests for the nominal
variables were used to test the hypotheses of association between breakdown
properties and repair strategies. Two-sample z-test for proportions at the 95%
confidence level was utilized to test for differences between the two hospitals
related to the SAQ dimensions, as well as to test for statistical changes in the
occurrence of breakdowns before and after technology integration in the adoption
study. A t-test for differences in the average cost associated with breakdown repair
between the two phases was performed. Regression analysis allowed to describe the
relationship between increase in cost and interruptions. Some descriptive statistics
were carried out as well.
Initial results were discussed with clinicians and hospital staff and their feedback
was used to validate some of the findings.
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4
The anatomy of
coordination
breakdowns: towards
understanding
breakdowns
This chapter delineates the key findings of the thesis and discusses critical aspects
thereof. It presents an in-depth look into coordination breakdowns acquired
through a mixed methods study approach of qualitative and quantitative analysis.
Issues of communication technology adoption in the surgical work context are
examined as well. The chapter ends with the presentation of two conceptual models:
one of breakdowns in the surgical process and one of safety.

73

The aim of this work is to examine coordination processes and respective
breakdowns at a finer level of detail than the high-level concept of coordination,
and to derive insights for systems design. The majority of results presented in this
chapter are concerned with the comparison of breakdowns in the two hospitals. To
that end, the two data sets from the first hospital are integrated to produce a unified
picture of the state of breakdowns in that hospital. However, the two datasets are
considered individually in the context of the technology adoption study, which is
concerned with the differences between Phase 1 and Phase 2 in Hospital_1.

4.1 Two hospitals
This section will examine the similarities and differences between the two
hospitals as revealed by a meta-analysis of the recorded breakdowns data and the
Safety Attitudes Questionnaire.
4.1.1 Breakdowns overview and comparison
The most breakdowns were detected and repaired at the Admissions area at
Hospital_2, while the OR desk was the leading breakdowns arena for Hospital_1.
Figure 8 illustrates the average number of breakdowns per hour. The Holding area
at Hospital_2 experienced more breakdowns on average than the same area at
Hospital_1. However, the average number of breakdowns per hour was comparable
at both institutions – thus, the differing averages for each area are reflective of the
differing organizational process structures (see Section 3.2.3).
The mean cost associated with a breakdown repair at Hospital_1 and Hospital_2
was compared by means of an independent samples t-test and found consistent
between the two datasets (i.e. no statistical difference; t(376)=0.718; P=0.473).
Hence, breakdowns produced relatively similar communication overhead in both
hospitals.
The average breakdown lifetime (origin-detection-repair distance) was shorter for
Hospital_2 – with a mean lifetime of 2.16 micro-systems (i.e. process steps) per
breakdown, as opposed to 2.86 micro-systems for Hospital_1 (t(342)=4; P<0.001).
The same difference held true for the individual distances of origin-detection
(t(351)=4.5; P<0.001) and detection repair (t(367)=2.3; P=0.023). The shorter distances
at Hospital_2 reflect the more distributed horizontal process structure at that
institution and the direct communication lines between micro-systems (see Chapter
3, Section 3.2.3).
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Hospital_1, Phase 2

2

Hospital_2

1

0

Avg breakdowns
per hour

Avg at
Admissions

Avg at OR desk

Avg at Holding

Figure 8: Average number of breakdowns recorded in Hospital_1 and
Hospital_2. 2
The distribution of breakdowns according to the nominal categories of the coding
scheme revealed that the types and proportions of breakdowns in the two hospitals
were mostly equivalent (Appendix Error! Reference source not found.). One
difference is that there are significantly more breakdowns due to dynamic
conditions at Hospital_2 (P=0.025). This result corresponds logically with the fact
that this surgical unit’s work is greatly affected by its association with a big trauma
centre. The dynamic conditions type of breakdowns also resulted in a greater
number of schedule-related breakdowns, though the difference is only significant at
the 90% Confidence Interval (P=0.052).
Another difference is that during breakdown repair, information pushing was
utilized more at Hospital_1 (P=0.022), while the combination of information push
and information pull was utilized more at Hospital_2 (P=0.001) (see Section 4.2.2).
4.1.2 Safety culture
The Safety Attitudes Questionnaire revealed many similar trends and a few
differences between Hospital_1 and Hospital_2 (Appendix B.1).
Similarities. Both hospitals’ participants rated the Teamwork Climate factors to be
average, with a notable but non-statistical difference in favor of teamwork at
Hospital_2 on the item of cooperation between physicians and nurses (“The
physicians and nurses here work together as a well-coordinated team”) – 57%
positive response of clinicians at Hospital_2 as opposed to 35% at Hospital_1.
2

The number of hours of observations was the same across Phase 1 and Phase 2 at Hospital_1, and between
those and Hospital_2. There was a higher number of recorded breakdowns in Phase 2 and in Hospital_2,
which is attributed to the role of learning and conditioning of the observer to greater sensitivity in detecting
breakdowns. Therefore, the data averages from Phase 2 of Hospital_1 are considered more representative
and comparable to the averages from Hospital_2, and thus are chosen for comparison reasons here.

75

The Safety Climate received average scores for both hospitals as well. In
Hospital_1 and in Hospital_2 the ratings for stimuli to report patient safety concerns
were high (“I am encouraged by others in this clinical area to report any patient
safety concerns I may have”) at 71% and 76% respectively. In addition, few
respondents were concerned about discussing errors (“In this clinical area, it is
difficult to discuss errors”) – at 12% and 10% respectively.
Stress Recognition showed that in both hospitals staff were well aware of the
effects of stress on performance and consequently on patient safety. One difference
in this category emerged on the item for the effects of inter-personal stress (“I am
more likely to make errors in tense or hostile situations”) where Hospital_2 scored
higher recognition of the issue (significant only at the 90% Confidence Interval).
Differences. Statistical significance at the 95% Confidence Interval was found on
two of the survey factors: job satisfaction - specifically on the morale dimension
(P=0.01); and unit management (P=0.043).
Job satisfaction overall was rated higher by participants from Hospital_1. The
statistically significant factor in this category was the issue of morale (“Morale in
this clinical area is high”), which was positively rated by 53% of participants from
Hospital_1, as opposed to 14% from Hospital_2 (P=0.01). Another strong factor
was the perception of the workplace (“This clinical area is a good place to work”),
which was rated higher at Hospital_1 (82% at Hospital_1 vs. 52% at Hospital_2) –
though significant only at the 90% Confidence Interval.
Perceptions of Unit Management were more favorable at Hospital_1 (P=0.043;
71% at Hospital_1 vs. 38% Hospital_2), with the main contributing factor to the
high score being the item “Unit management supports my daily efforts”.
In summary, the two hospitals exhibited a number of similarities in safety culture.
The differences were in Job Satisfaction and Unit Management – in both cases in
favor of Hospital_1. There were also two important items with moderate (nonstatistical) difference in favor of Hospital_2 – the perception of teamwork between
nurses and physicians, and the recognition of the effects of tension and hostile
situations on safety.

4.2 Towards understanding breakdowns: qualitative analysis
The amount of effort defines the type of coordination – implicit when coordination
work is minimal and explicit when it requires overt articulated effort [181, 256].
Joint activity theory proposes that people follow a least collaborative effort
principle [54], i.e. prefer to implicate coordination as much as possible. In Human
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Computer Interaction these issues have engendered significant research in codifying
coordination solutions into widgets, toolkits and frameworks for groupware design
that facilitate minimized coordination effort in computer-mediated environments
[244].
Exploratory analysis in this work revealed the prominent role of the type of
coordination employed – implicit or explicit, and the scale of coordination – interteam or intra-team, to breakdowns (Figure 9). In this work, implicit coordination is
characterized as the utilization of a non-verbal coordination mechanism (e.g. a
norm), whereas explicit coordination represents the use of verbal communication at
the time of coordination. The theoretical construct of implicit coordination includes
information distributed in the environment, onto artifacts, and through impersonal
coordination means [280] – i.e. standards, conventions, organizational rules, etc.
Type of coordination
Coordination scale

Explicit
(verbal)
Inter
(multiple teams/micro-systems)

Implicit
(non-verbal)
Intra
(within 1 team/micro-system)

Figure 9: Coordination dimensions.
Coordination occurred in two patterns: clinician-patient and clinician-clinician.
Within the clinician-patient scenario, coordination was explicit, standardized, and
worked smoothly.
Implicit coordination was employed in the same-time same-place setting only of
the clinician-clinician pattern. Contrary to expectations, implicit coordination
worked smoothly and created no potential for breakdowns. This can be attributed to
the benefits stemming from a shared visual field [315], shared mental model of
current conditions [47], and common ground [54].
The clinician-clinician coordination situation consisted of two instantiations – at
the intra-team and at the inter-team coordination scale levels. The intra-team
coordination consisted mostly of assisting team members with small tasks - e.g.
with paging someone, ordering blood tests, etc. – through both implicit and explicit
means. Intra-team coordination was non-problematic.
Clinician-clinician coordination at the inter-team dimension was explicit and
required significant effort, as well as created conditions facilitating breakdowns.
Inter-team communication was synchronous or asynchronous, different-place, and
mostly mediated. Coordinating artifacts were private objects, rather than shared,
and awareness was maintained through an information push/pull approach over the
phone medium. The challenge was to stay coordinated across physical spaces and
across instances of coordinating artifacts. Coordination breakdowns transpired
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occasionally and our interviews revealed an overall sense of clinician dissatisfaction
with inter-team coordination.
Table 11 describes the observed coordination performance. Next, in Section 4.2.1,
the contributing factors behind such performance are analyzed.
Table 11. Observed coordination performance based on four dimensions of
communication.
Intra-team
Inter-team

Implicit
good
n/a

Explicit
good
problematic

4.2.1 Colliding pressures to clinical work
While the information and coordination needs throughout the surgical care process
fall within several broad themes (described in Section 4.2.2), the demands and
pressures over the work of clinical teams differ across the stages of the process,
sometimes in ways that are conflicting, and therefore create latent conditions for
inter-team breakdowns. Table 12 shows the pressure points for the major patient
care phases in the surgical work process, as observed in Hospital_1 and Hospital_2.
Despite the differences in both environments, the pressure points in the two
institutions are mostly equivalent in all stages of the care process.
The main pressures in all surgical points of care are often conflicting interests of
clinical teams through the patient care stream. Oftentimes these situations arise as a
result of changing dynamic conditions such as the emergence of an unscheduled
trauma case. Such an emergency case produces the need to re-arrange the surgical
schedule – such as delaying or canceling a scheduled surgery due to re-allocation of
resources. From a surgeon’s perspective (the critical decision maker in this
situation), cancellation is a last resort because cancellations increase negative
performance metrics and decrease revenue streams. As a result, surgeons push
towards keeping scheduled admitted patients, who are ‘bumped’ by an emergency
case and now pending, in the hospital until a possible solution is found for reincluding them into the daily operating schedule. From Admission’s perspective,
holding pending patients in the unit takes hospital beds and ultimately produces a
bottleneck where incoming scheduled patients cannot be accommodated. In
addition, clinical staff at Admissions would have to interface with pending patients’
growing negative experience over the long waiting times and the option of an
eventual cancellation of the pending surgery.
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Table 12. Work pressure points through the surgical patient care process. “V”
= presence of a pressure point.
Admission Patients should be prepared on time.
team
Help with work in pre-op holding
Help with work in post-op
Patient incompliance (e.g. patient arrives late, patient
ate before coming for surgery, etc.)
Preparatory work or chart are incomplete
Serving as the patients’ interface for problems
originating beyond Admission (e.g. 2nd cancellation;
long waits due to schedule changes)
Pressures from down the line (e.g. from OR or Holding)
Prioritize patients by schedule vs. by minimizing a
surgeon’s idle time
Capacity issue – surgeons do not wish to make
cancellations, but then Admission reaches capacity and
no new patents can be admitted
OR desk

Holding
team

Multiple stakeholders' interests, incl. conflicting
interests, to be handled and considered
Make real-time urgent decisions
Dependence on asset availabilities (e.g. equipment)
Schedule issues (incl. multiple cancellations for the
same patient vs. emergency cases - cannot cancel
either)
Communication overload
Pressure from OR to get patients earlier

Hospital_1
V
V
V

Hospital_2
V
V
V
V

V
V

V
V

V

V
V
V

V

V

(in OR)
(in OR)
V

V
V
V

V
V

Last check point for patients
Pressure from OR to get patients earlier ("surgeons
should not wait")
Minimize a patient’s stay in Holding

V

V
V

OR
(charge
nurse)

Make real-time urgent decisions
Dependence on asset availabilities (e.g. equipment)
Schedule issues (incl. multiple cancellations for the
same patient vs. emergency cases - cannot cancel
either)

V
V
V

Block

Last check point and patient is put under anesthesia
Schedule issues vs. patient quality care – anesthesia
duration, patient wait time, etc.
Make real-time urgent decisions

V
V

V
V

V

V

V
(in OR desk)
(in OR desk)
(in OR desk)

The conflicting interests described above demand a great effort in negotiation of
plans and re-coordination of actions among multiple stakeholders and teams (i.e. at
the inter-team level). Further, delayed or cancelled surgeries are associated with a
domino effect on the surgical schedule for the day, and consequently on the
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coordination workload for clinicians, which is a secondary activity to patient care.
Thus, the overall workload and the stress level for clinicians are increased due to
the higher demand for coordination and negotiation. In addition to breakdowns
related to scheduled patient care, the uncertainty and power dynamics associated
with emergencies, unexpected situations, and the need for time-sensitive decisions
increase the probability of further coordination breakdowns. For instance,
sometimes decisions are made that neglect the current conditions at participating
clinical micro-systems and trigger negotiation efforts to modify the decision (as in
the above example). Another example is when a stakeholder is accidentally missed
in the inter-team coordination effort as in the case of a change in patient order that
is not communicated to the Admitting team who begin intravenous medication
administration to the now delayed patient due to lack of awareness – an undesirable
situation. Hence, there is a combination of high workload, high stress, and high
incidence of breakdown repair work, which are exacerbated by colliding microsystems’ pressures. Figure 10 illustrates that breakdowns occur and are dealt with
during times of elevated workload - the data represents a typical day shift at the
surgical admission units in Hospital_1 and Hospital_2.
Hospital_1
Number of events
Breakdowns

50

45

40

34
30

27

24

23

22

20

20

20

Number of events
Breakdowns

60

Number of events

Number of events

60

43

Hospital_2

70

65

54
50

49

46
41

40

37
30

25
20

15

14
2

1

2

1

1
10
:5
3:
37

10
:1
9:
13

09
:5
1:
33

09
:2
1:
01

08
:5
0:
16

07
:2
0:
59

3
:5
3

:3

:1
:3
0
11

2

0

0

06
:5
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43

0

4

0

1
11

:0
4

:0
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0
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09

:3
0

:3

7

6

:0

Time

0

0

0

11

1

0
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2

:1
08

:5
9

:4

:1

:2
9
08

:0
1
08

1

8

0

2

1

:4

:2

:3
2
07

:0
1
07

2

0

09

2

1

0

14

7

10

10

11
:2
5:
17
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Time

Figure 10: Events and breakdowns during a typical dayshift at the
surgical admission unit in Hospital_1 and Hospital_2. The graph shows
the cumulative number of communication events over half hour
intervals – the graph time span is from 6:30am until 11:53am for
Hospital_1, and from 6:17am until 11:25am for Hospital_2. The graph
shows that when the workload is high (i.e. high total number of events) is
also the time when breakdowns are detected and repaired.
The uncertainty as to the status of affairs and consequently the coordination
demand are very high, even though coordination should be only a secondary task to
patient care. In addition, breakdown repair work generates a number of
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interruptions to critical primary tasks. For example, in order to make decisions on
plans of action related to unanticipated circumstances in planned patient care,
clinicians call to speak with the surgeons in the operating rooms. These calls occur
while the surgeons are performing operations on patients. The pressure, uncertainty,
high workload, and interruptions create the preconditions to human error,
communication and coordination breakdowns, and system level breakdowns. These
latent factors can potentially result in inadvertent hazards.
4.2.2 Foci of coordination
Coordination occurred around four information foci – patient care, patient status,
schedule status and OR status. These focal points uncover that the essential
information needs of agents in the surgical activity are related to maintenance of
awareness across teams and physical spaces, i.e. macro-system-wide. The foci
identify the critical coordination requirements for the perioperative activity.
Patient care: implicit coordination of activity at the intra-team dimension.
The plan of care was mediated by the patient chart that followed the patient
throughout the surgical journey and contained all medical information needed for
surgical care. However, clinicians utilized the chart beyond the medical domain
problem space – they had turned it into a coordinating artifact to help them organize
their activities. To simplify intra-team coordination, placement of the chart was
assigned particular meaning that facilitated implicit coordination and minimized
communication effort. Charts placed on the nursing station desk signified those
patients who were waiting to be examined. Any nurse could take charge of these
patients’ care (Figure 11a). Charts placed on a cart indicated that the patients were
ready for transfer to the next point of care (Figure 11a). When a patient was
examined but required oral medication before transfer, the chart was placed on a
special table with the pills taped on top of the chart binder – when the next care
provider called for the patient, any available nurse would perform the patient
handoff without forgetting to administer the necessary medication (Figure 11b).
These observations show that at the intra-team level clinical activity is based on
distributing information across the work setting in a way that allows implicit
coordination and distribution of patient care among team members with minimal
communication cost and without compromising patient safety. These conditions
should be explored as requirements for system design.
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(a)

(b)

Figure 11a: A clinician reviews a chart placed on the nursing station
desk area for ‘patients waiting to be assessed’. The charts on the cart in
front of the desk are for patients ready for transfer to the next point of
care.
Figure 11b: Medication to be given to the patient upon transfer is visibly
placed on top of the patient chart. Any clinician executing the patient
handoff can easily learn the patient requires the medication before
transfer.
Patient status: the issue of instances of artifacts. Patient status in the process –
e.g. location of the patient and progress of treatment at a given point in time – was
the most important and difficult coordination issue at the inter-team macro-system
level. Locally, intra-team, patient status was established implicitly via a paper
artifact listing all the patients scheduled for the day. Due to the differing
information needs of teams, each micro-system utilized a unique paper artifact that
facilitated patient status identification at the local level. On a macro-system level,
there were multiple artifacts targeting patient status information – e.g. the Holding
Area, the OR desk and the Block Room used schedule printouts from the OR
scheduling software – the “OR schedule”, while at Reception and Admission a selfdevised “Patient List” was utilized in addition to the OR schedule (Table 13). These
artifacts were constantly updated with highlights and notes – different types of
highlights over patient names indicated that a patient is at the point of care or has
been transferred to the next micro-system, a note showed outstanding tests or
cancellations, etc. (Figure 12).
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Table 13. Coordinating artifacts at each point of care. The artifact types
utilized were identical in Hospital_1 and Hospital_2. Each point of care
adjusted the presentation of information on the artifacts according to the team
information needs, resulting in unique instances of the same type of artifact at
each point of care.

Admission team
OR desk
Holding team
OR (charge nurse)
Block
OR

Hospital_1

Hospital_2

Patient list
OR schedule

Patient list
OR schedule

OR schedule
Emergency list

OR schedule
Emergency list

OR schedule

OR schedule

OR schedule
Emergency list

OR schedule
Emergency list

OR schedule

OR schedule

OR schedule
Emergency list

OR schedule
Emergency list

Figure 12: The patient list coordinating artifact. Clinicians mark the
status of patients - admitted, being assessed, or transferred, by utilizing
different types of highlighting. Notes indicate other important
information such as delay of surgery, lack of hospital beds for post-op
care, allergies, equipment requirements, etc.
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The non-shared patient status information storage resulted in continuous efforts to
establish inter-team awareness and align information on artifacts in order to
coordinate action (Figure 13). In Hospital_1, the OR clerk’s primary role was to
mitigate coordination efforts by tracking patient status information, relaying it from
one team to another so that teams can coordinate plans and actions. In Hospital_2,
clinicians tracked patient status themselves when they needed the information. In
both environments, the identification of current patient status was accomplished
through a series of phone calls and occasionally through monitoring activity in the
immediate surroundings. Inter-team coordination was explicit and associated with a
high cost that was additionally exacerbated by the distribution of coordinative
efforts across time due to interleaving time-sensitive tasks. Often breakdowns
occurred that resulted in further coordination overhead. The challenge of staying
aware and coordinated across teams, physical spaces and instances of coordinating
artifacts was evident and demands the introduction of mechanisms for facilitation of
system-wide real-time patient status awareness.

Figure 13: Aligning instances of coordinating artifacts. Clinicians from
different teams often have to align information on their instance of the
OR schedule, the patient list, or the emergency list, to that of the other
teams in order to establish the current status of affairs or to coordinate
decisions in regards to schedule changes.
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OR schedule status: explicit coordination of patient care. The OR schedule is a
representation of the distribution of OR rooms, surgical staff, equipment and
scheduled patient procedures. Due to dynamically changing conditions within and
outside the hospital (i.e. external to the surgical system), the OR schedule is
adjusted multiple times throughout the day. Changes are relevant to all participants
in the surgical macro-system – local activities and planning at each point of care are
determined by the current OR schedule. The schedule status determines the patient
care plan at both the intra- and the inter-team dimension.
In Hospital _1, any change to the schedule was first communicated to the OR clerk
who broadcasted it through a series of phone calls to all teams – a total of up to 10
information handoffs (Figure 14). For example, if a patient does not show up for
surgery, the Receptionist would notify the OR Clerk who, in turn, would notify
Admission, Holding, Anesthesia, Block Room, OR, Recovery, Inpatient Units, etc.
The OR Clerk documented all changes on his/her local paper instance of the
schedule, which was the most up-to-date schedule artifact in the macro-system due
to the centralized nature of information distribution in this setting. Clinicians in the
immediate surroundings of the clerical area often stepped in to align the information
on their instance of the schedule with that of the clerk. The overall culture of
communication in Hospital_1 was one of pre-emptively and proactively “pushing”
information, achieved through a fomalized centralization of information and a
dedicated communication distribution role, i.e. the OR clerk.
In Hospital_2, the communication channels for schedule changes were less
formalized due to the distributed and more flexible communication structure (Figure
6), as well as the reactive nature of information exchange. A decision for schedule
change was broadcast by the decision-making party to the immediately relevant
stakeholders only. The remainder of the teams involved received the information
upon requesting it, if the need for it arose. For example, if a decision for an
emergency case to be taken was made in the OR that would result in a scheduled
patient being put on hold or cancelled, the surgeon would coordinate the decision
with the anesthesia team and may notify the OR clerk. However, the other teams
may or may not be notified, depending on the workload at the OR clerk’s desk –
they will, however, receive the information if they explicitly request an update on
the schedule by calling the OR desk (Figure 14) or the OR. Another consequence of
the informal information distribution at Hospital_2 was that a single care provider
may receive multiple calls informing her of the same information. Everyone marked
the schedule changes when they were informed, similarly to Hospital_1. However,
there was not a single instance of the OR schedule artifact that was always up-todate – the most current instance varied from one moment to the next. The lack of
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broadcast structure often resulted in breakdowns at the inter-team dimension – a
team whose work planning is dependent on the schedule would be left out of the
loop of schedule change information distribution. Consequently, clinical work in
the ‘uninformed’ micro-systems would be centered around an expired status of the
OR schedule. Eventually, the interdependence of teams would trigger a
communication episode between a team that is informed and one that is not. At this
point, the breakdown is detected and re-coordination effort begins. For example, a
patient called Admissions to cancel her surgery. Admissions noted the cancellation
on their instance of the OR schedule but did not inform other stakeholders. When
the time for the patient’s surgery approached, Holding called Admissions to request
that the patient be transferred – at this point it became known to Holding that this
surgery was cancelled. Since the next patient on the schedule for that particular OR
was not ready, the consequence of this breakdown was that the OR had to be put on
hold until the next patient was ready – with the physicians, nurses and anesthetists
waiting. In the context of the perioperative setting, this represents a breakdown with
a major impact. Not only does it increase the overall stress level, but it triggers the
domino effect on the daily schedule that results in further cancellations,
breakdowns, and loss of revenue. The overall culture of communication in
Hospital_2 can be characterized as one of “pulling” information per need.

(a)

(b)

Figure 14a: Clinician speaking on the phone to the OR clerk regarding a
schedule change.
Figure 14b: The clerk gathers and distributes patient care and schedule
information through the phone medium and updates the status by
marking her instance of the OR list.
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The two differing situations described above are strong evidence of the need for
real-time information diffusion across the entire socio-technical macro-system, as it
is critical to maintain awareness system-wide in order to align plans for patient care.
Essentially, implicating inter-team coordination related to scheduling is deemed
advantageous.
OR status: the issue of coordination over the wall. Early completion of surgical
procedures, as well as complications during surgery and respective delays, affect
the OR schedule, patient care and work planning for all teams. In addition, some
types of anesthesia administered to a patient in the Block Room require closelycoupled coordination based upon the progress of ongoing surgery in the OR. Interteam coordination with ORs is critical to safety, but is challenging as it is secondary
focus to the OR team – the primary task is performing surgery on their present
patient. In addition, most of the OR team members need to maintain sterility which
precludes them from using the phone or intercom – they would have to relay the
information to a non-sterile nurse who will communicate it externally to other
teams. This chain of communication imposes additional inter-team coordination
costs. To minimize it, clinicians from teams outside the operating rooms would
walk into the ORs to discuss or clarify important OR status information. They
fought the communication constraints of distributed physical spaces by creating an
opportunity for synchronous same-place communication for successful coordination
of action. This finding is in sync with Coiera’s observation that clinicians have a
synchronous bias and favor information seeking from humans [59]. However, such
practice can be a threat to safety as it introduces interruptions and additional
cognitive demands to OR staff. Thus, there is a need for surgical procedure progress
awareness mechanisms that distribute information on the state of affairs inside the
operating room so that the coordination needs of non-OR staff are met without
risking patient safety. This finding adds further evidence for the requirement to
maintain system-wide awareness.
4.2.3 Recurrent patterns of coordination
Recurrent breakdowns are repeated situations when staying coordinated among
agents in the socio-technical macro-system is challenged and the result is loss of
common ground, or of shared understanding of the state of the system. Such
recurrent problems of coordination trigger the creation of coordination structures,
either in the form of conventions or as formal procedures, to mitigate coordination
efforts. Since these structures of coordination are consistently used to solve the
same coordination problem, they are referred to as patterns. The coordination
patterns observed aimed at avoiding safety threats and the occurrence of
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breakdowns. The patterns were, however, cumbersome communication structures –
often producing interruptions to clinical work, ambient noise in an already hectic
environment, and adding to the cognitive load of participants. Nonetheless, the
patterns of coordination are important because they reveal the critical
communication needs and requirements of clinicians in coordinating their daily
work.
In Hospital_1, the observations revealed several coordination patterns devised by
hospital staff to facilitate the recurrent problems of coordination and maintenance of
awareness. The use of these structures was consistent and was confirmed through
informal interviews. Formalized descriptions are presented in Figure 15. In
Hospital_2, only one pattern was observed. As mentioned earlier, the culture of
communication at this institution was more flexible and reactive in nature, which
explains the less formalized ways of coordination. The following discussion on
patterns of coordination is based on the study from Hospital_1.
One pattern utilized at the Reception and Admission areas related to inter-team
coordination of patient transfer to the next point of care, which required establishing
patient status within the immediate environment - e.g. whether the patient has
arrived, has been brought in, has been assessed, or needs medication administration.
The structure of action sequences is presented in Figure 15, Pattern 1. The sequence
demonstrates the desire for least coordinative effort – implicit coordination is
empowered via chart placement, and explicit coordination is only a backup strategy.
The structure also allows distribution of responsibility for inter-team coordination in
an implicit manner across all local team members – i.e. any clinician can establish
patient status to coordinate patient transfer.
The OR Clerk’s function was the most demanding in terms of frequency and
density of coordination tasks. The schedule-related broadcasting structure to
maintain inter-team awareness consisted of multiple steps (Figure 15, Pattern 2) and
required a high level of cognitive load due to numerous interruptions and parallel
tasks. For example, a broadcast could span over 15 minutes and 20 recorded
communication events – where only 6 of the events were related to the broadcast
structure instance.
Implicit structures were devised where appropriate to reduce task load for the OR
clerk and to allow redistribution of cognitive resources to other explicationdemanding coordinative tasks. Figure 15, Pattern 3 shows the way paper slips
mediated coordination of patient transfer between the OR Clerk and the Attendants.
Similar to Pattern 1, this structure implicitly distributed the coordination throughout
the socio-technical system. The structure was embedded within the ongoing task of
maintaining awareness – i.e. both the clerk and attendant integrated the new
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information onto their individual coordinating artifacts – so that they can plan their
activities based on current state of affairs.
Pattern 1:
Establish patient status to coordinate inter-team transfer
<look for placement of chart in “ready” spot>
if chart is NOT in a "ready" spot:
<look at patient list markings>
if markings are insufficient:
<look around & inquire team members>
end if
end if
if medications are taped on chart
<give medications to patient>
end if
Pattern 2:
OR Clerk broadcasts schedule change
for all to whom this is relevant:
<call Admission>
<call Holding>
<call OR>
<call Block Room>
<call Recovery>
<call Inpatient Units>
<tell porter>
<page Charge Nurse>
<take call from Charge Nurse>
Pattern 3:
OR clerk coordinating patient transfer with Attendant
<mark OR list when call for patient is done>
<take patient slip from "hold" location>
<tape patient slip to front of desk>
Attendant:
<take patient slip>
<cross check patient info against OR schedule>
<go for the patient>
if attendant is back & takes a blanket:
<highlight patient name on OR schedule as "arrived">
end if

Figure 15: Patterns of coordination in Hospital_1.

4.2.4 Summary of qualitative findings
The qualitative analysis resulted in a few major findings. First, it identified that
perioperative work at the intra-team coordination dimension is realized smoothly –
both through implicit and explicit means. Significant effort and potential for
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breakdowns were observed with inter-team coordination that was explicit. The
challenges contributing to the problematic inter-team coordination were: 1)
colliding pressures between micro-systems, 2) maintaining awareness of the state of
affairs by having to align multiple instances of coordinating artifacts, 3) the effects
of dynamically changing conditions on intra- and inter-team patient care planning,
and 4) coordination of tightly-coupled actions among teams in separate physical
spaces. Finally, in Hospital_1, several patterns of coordination were observed as
solutions devised by clinicians to solve recurrent coordination breakdown situation.
The findings contradict common beliefs of implicit coordination being a safety
issue and reveal that breaks in continuity of surgical patient care occur mostly at
micro-system boundaries. These insights are informative of the underlying
coordination problems in the surgical process, but cannot adequately describe the
severity of the breakdowns that occur. To that end, further investigation of
breakdowns was conducted with a quantitative approach.

4.3 Quantitative analysis
In order to examine the hypotheses defined in Chapter 2, Section 2.4, as well as to
determine the severity of breakdowns identified through the qualitative approach,
statistical measures were applied to the data from both Hospital_1 and Hospital_2.
In this section, the origins and lifetimes of breakdowns are dissected. The role of
tangibility of broken coordination mechanisms is examined, and its relation to other
properties of breakdowns and repairs. Also, the determinants of the choice for
breakdown repair strategy are investigated. Lastly, the breakdown properties that
determine breakdown impact and repair costs are explored.
The results presented in this section are concerned with the comparison of
breakdowns in the two hospitals. To that end, the two data sets from Hospital_1 are
integrated so as to represent the environment of Hospital_1 as a whole. In the next
section (Section 4.4), the two datasets from Hospital_1 are considered individually
and are juxtaposed in order to examine the problem of technology adoption and
occurrence of breakdowns.
The following results are derived from the coded breakdowns data (Appendix
B.2). Breakdowns are analyzed statistically according to each property they were
coded by (e.g. breakdowns scale) and hypotheses are tested for the relation between
two distinct properties of the same breakdown (e.g. breakdown scale and
tangibility). For each statistical test, the breakdowns that did not have a value for
the properties tested were excluded.
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4.3.1 Propagation of breakdowns
Breakdowns originate throughout the perioperative process. The initial trajectory
of breakdowns, as determined by whether they were detected at origin or not, is
shown in Figure 16. Our results reveal that most breakdowns propagate downstream
in the surgical system flow and therefore affect perioperative work downstream, i.e.
at the inter-team dimension. The degree of propagation is significant - what Figure
16 reveals is that 86% and 88% of all breakdowns with an identifiable origin
propagated downstream in Hospital_1 and Hospital_2, respectively.
Surgeon’s office
team

Booking team
External services
(tests, pharmacy, etc)

3

9

Pre-admit team

2

17
Reception team chart check

3

Day of surgery
Reception
team

1

Admission
team

Block/Anesthesia
team

6

3
10

40

Imaging
team

2

OR Desk
team

External
dynamic
conditions

Trauma team

7

13

Inpatient care
teams

Holding team

7

12

OR team

5
Post-op care
teams

Hospital_1

Hospital_2

Figure 16: Breakdowns propagation. The numbers represent the count
of breakdowns originating from each micro-system. A loop indicates a
breakdown detected at origin. Communication lines without associated
number next to them indicate that no breakdowns on those pathways
were observed during the study. Most breakdowns propagate
downstream or through the communication channels upstream, i.e.
breakdowns are mostly at the inter-team level.
Breakdown content analysis through the coordination scale property confirmed
that the majority of breakdowns relate to inter-team coordination processes (Figure
17). In fact, given that the “inter and intra” category value is defined as breakdowns
that affected both intra- and inter-team processes, we could conclude that 97% of
breakdowns in Hospital_1 affected inter-team work, and respectively 89% of
breakdowns in Hospital_2.

[]
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Hospital_1

Hospital_2

Figure 17: Relevance of breakdowns to scale of coordination.

4.3.2 Tangibility of coordination and breakdowns
Hypothesis 1: Tangibility of coordination mechanism relates to breakdown theme.
An association between tangibility and breakdown theme was found in both
hospital settings (P<0.001 in Hospital_1 and in Hospital_2, Chi-Square exact test).
Examination of the Adjusted Standardized Residuals (Table 14) showed that the
major contributing factors in the association were the following themes:
- Hospital_1: human factors, patient information, patient status, and equipment
- Hospital_2: patient information, patient status and patient care
The common contributing themes between the two hospitals were patient
information and patient status. Most patient information breakdowns were related to
the tangible – to the use of paper forms, software and other artifacts (85.7% and
85.2% in each hospital respectively). The vast majority of patient status
breakdowns, on the other hand, were related to the intangible – i.e. to the norms and
conventions of practice at the unit (97.9% and 100% for each hospital respectively).
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Table 14. Breakdown themes as contributing factors to the association with
tangibility of coordination. The adjusted standardized residual indicates the
strength of association for each theme - a value equal to or above 2.0 is
statistically significant. The higher the value, the stronger the statistical
association. Themes in bold indicate significance in both hospitals. Nonsignificance is indicated by “n.s.”.
Breakdown theme
associated with tangibility
patient care
patient information
patient status
contactability
human factors
equipment

Adjusted Standardized Residual
Hospital_1
Hospital_2
n.s.
3.7
4.9
6.0
7.1
3.0
n.s.
n.s.
4.4
n.s.
2.3
n.s.

The remainder of the breakdown themes did not exhibit a common degree of
statistical strength across the two hospitals. Nevertheless, it is worth noting the nonstatistical commonalities observed. Most human factors based breakdowns (94.1%
and 66.7% in each hospital respectively) were related to the use of artifacts, i.e. to
the tangible. All equipment breakdowns (100%) were also related to the tangible.
The majority of patient care breakdowns (60.8% and 79.6% in each hospital
respectively) were related to the intangible. For instance, when surgeons switched
ORs but did not notify the Block Room, clinicians in the Block Room were
confused to find that the OR they were planning to take patientX to was occupied
by another surgeon (from the one they expected in that OR) who was operating on
another patient. Finally, all contactability breakdowns (100%) were due to cultural
norms - i.e. the intangible. For example, paging surgeons from Admission would
get no response as the surgeon does not recognize the caller number. However,
paging him/her from the OR Clerk’s extension receives timely response as this
extension is known as the “OR number” and therefore as an important one.
Hypothesis 2: Tangibility of coordination processes relates to coordination scale
(inter, intra, or both).
No relationship of association was found (P=0.163 for Hospital_1 and P=0.285 for
Hospital_2; Chi-Square exact test).
Hypothesis 3: Tangibility of coordination processes relates to the type of repair
strategy employed.
Statistical association was found between these two categories (P<0.001 for
Hospital_1 and P=0.019 for Hospital_2; Chi-Square exact test). The Adjusted
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Standardized Residuals for information pull and information push were significant
for both datasets - 4.8 in the case of Hospital_1, and 2.4 in the case of Hospital_2.
From the tangible-based breakdowns 67.3% (Hospital_1) and 52% (Hospital_2)
were repaired by information push, and the rest by information pull. From the
intangible-based breakdowns, 76% (Hospital_1) and 77% (Hospital_2) were
repaired via information pull and the rest via information push.
4.3.3 Repair strategies
Clinicians and administrators work hard to minimize the effects of breakdowns in
an effort to preserve the safety and reliability of the system. Thus, each breakdown
is associated with a repair that aims to bring the state of processes to what is
considered a normal operational state. Repairs are consequential to breakdowns and
therefore are expected to be related to breakdowns.
Hypothesis 4: Breakdown type relates to repair strategy.
In Hospital_1, there was an association between the type of breakdowns –
coordination, coordination due to dynamic conditions, technical or human error –
and repair strategy (P<0.001; Chi-Square exact test). The Adjusted Standardized
Residuals revealed that the statistical significance comes from the categories of
coordination, and coordination due to dynamic conditions (Adj Std Residuals = 4.0
and 3.8, respectively). Coordination breakdowns were resolved with information
pull in 59% of cases within this measure, while coordination breakdowns due to
dynamic conditions were resolved with information push in 76% within this
measure.
In Hospital_2 this hypothesis was not confirmed (P=0.289; Chi-Square exact test).
Examining the Adjusted Standardized Residuals, however, pointed to similar
tendencies as in Hospital_1: coordination breakdowns were resolved with
information pull in 56.9% of cases within this measure.
Hypothesis 5: Breakdown theme relates to repair strategy.
An association between breakdown theme and repair strategy employed was found
(P<0.001 for Hospital_1 and P=0.002 for Hospital_2, Chi-Square exact test). As
can be seen in Figure 18, most values in the category breakdown theme have a bias
in repair strategy (i.e. more than 60% of cases). In Hospital_1, contactability,
equipment, patient care and patient information related breakdowns are rectified
mostly through information pushing, while the majority of breakdowns linked to
patient status and human factors are repaired through information pulling. For
example, patient status breakdowns are usually related to lack of mutual
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organizational awareness, and are dealt with by pulling information, i.e. inquiring
about the patient status. A review of the Adjusted Standardized Residuals revealed
that the statistical significance comes from the patient care, patient information and
patient status breakdowns (Adj Std Residuals = 4.1, 3.7 and 7.8, respectively).
In Hospital_2, a similar trend is observed – equipment and patient information
breakdowns are resolved through the means of information pushing, while human
factor and patient status breakdowns through information pulling. However, the
Adjusted Standardized Residuals showed that the statistical significance is mostly
due to the patient status breakdown theme (Adj Std Residual = 3.2).
The theme with a common bias between Hospital_1 and Hospital_2 is that of
patient status. Although not statistically significant, biases in repair strategy were
observed for both hospitals for the other breakdown themes as well.
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Figure 18: Breakdown themes and repair strategies (black = information
push; white = information pull). A star (*) indicates statistical
significance.

4.3.4 Breakdown cost: communication overhead
The number of communication chunks associated with repair from a breakdown
reflects the degree of communication overhead that a breakdown induces, and is
therefore defined as the repair cost.
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Hypothesis 6: Breakdown lifetime (origin-detection-repair) correlates with repair
cost.
We found that breakdown lifetime is a predictor of repair cost (P<0.001 for both
hospitals; Spearman’s rho=0.596 for Hospital_1; Spearman’s rho=0.466 for
Hospital_2). The same relationship was found between the origin-detection distance
and repair cost; as well as between the detection-repair distance and repair cost. The
positive correlation indicates that the longer a breakdown propagates downstream in
the system process, the greater the communication overhead associated with the
repair will be. Propagation ranged from 0 to 4 surgical flow micro-systems.
Breakdown cost ranged from 0 to 32 communication chunks per breakdown for
Hospital_1 and from 0 to 34 chunks for Hospital_2, with an average of 4 chunks in
either case. Figure 19 shows that increase in lifetime tends to result in increase in
repair cost.

Hospital_1

Hospital_2

Figure 19: Breakdown lifetime (cumulative distance between origindetection-repair locations) vs. repair cost, N(Hospital_1)=214 and
N(Hospital_2)=135. A random number between -0.1 and +0.1 was added to
each discrete measure to facilitate the display of all data points. The
graph shows a general increase in distance is associated with increase in
cost.
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4.3.5 Breakdown cost: interruptions
A significant correlation was found between the cost of a breakdown and the
number of interruptions associated with the repair (Pearson r = 0.948)3. Regression
analysis showed that the model was with predictive power (R2= 0.898) and the
overall relationship was statistically significant (P<0.001). The amount of
interruptions as a result of a breakdown can be predicted by the formula:
interruptions = 0.796 x cost -0.120

(Eq. 1)

In other words, 68% of communication cost associated with a breakdown repair
can be predicted to be interruptive in nature. The mean repair cost across all
breakdowns was 3.44 communication chunks. Figure 20 shows the relationship
between repair cost and interruptions.

Figure 20: The relationship between breakdown repair cost and the
number of interruptions generated.

4.3.6 Breakdown cost: safety
High cost breakdowns for the two hospitals were examined – the top 10% in
terms of the number of communication chunks incurred during repair (Table 15).
Each breakdown from the data subsets for both hospitals was flagged if it exhibited
reasonable potential for a patient safety threat. For example, the following
3

The statistic presented is for the combined data from Hospital_1 and Hospital_2. The relationship for the
individual hospital data sets exhibited the same correlation.

98

breakdown records were determined as safety-threatening:
- “unclear pt destination of an add-on case causes great confusion and repair
work to clarify if everyone is aware that this pt is having surgery today”.
- “significant OR delay due to wrong booking - consent was right but surgery
booked wrong; could have performed different surgery…”
All high-cost breakdowns, with only one exception, were of the breakdown type
coordination (N=15) or coordination due to dynamic conditions (N=20) – i.e. 35
out of the 36 breakdowns. Statistical difference between the two hospitals was
found in the amount of safety-threatening breakdowns (P=0.014; 95% Confidence
Interval). In Hospital_2, breakdowns with the highest cost were strongly correlated
with safety – 5 out of the 14 breakdowns were patient safety threats as well. This
was unlike Hospital_1, where only 1 out of the 22 breakdowns presented a safety
hazard.
Table 15. Data subset with top 10% highest cost breakdowns.
Hospital_1

N
22

Hospital_2

14

Top 10% cost range
Min = 9
Max = 32
Min = 8
Max = 34

4.3.7 Summary of quantitative findings
Breakdowns originate throughout the surgical macro-system (i.e. in all micro
systems), and they are rarely rectified at the point of origin – breakdowns propagate
downstream in the surgical system in 86% of cases at Hospital_1 and 88% of cases
in Hospital_2. A consequence of breakdown propagation is that the majority of
breakdowns are related to and affect inter-team coordination – they are found at
communication interfaces between micro-systems. Most importantly, the distance a
breakdown propagates through the surgical process before being resolved (i.e. from
originating point of care to the point of detection and repair) correlates to the
breakdown repair cost. Further, 68% of the repair cost of a breakdown is made up
of interruptions to ongoing clinical care tasks. The majority of high-cost (top 10%)
breakdowns in this study were either of type coordination or of type coordination
due to dynamic conditions.
The breakdown theme relates to the tangibility of the broken coordination process.
The common theme predictors between the two surgical units were that of patient
information and patient status. Patient information breakdowns related to the
tangible - patient information is saliently stored on hard or soft storage media
throughout instances of medical environments. Patient status breakdowns, on the
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other hand, were associated with cultural norms, i.e. the intangible norms and
conventions of the local work practice.
The type of repair strategy employed is determined by a combination of the
tangibility and theme associated with a breakdown. Tangible-related breakdowns
tend to be repaired through information push while normative intangible-based ones
tend to require information pull for repair. The breakdown theme also determines
the repair strategy to be employed. Across the two hospitals, patient status
breakdowns were repaired with information pull. Further, in Hospital_1, patient
information and patient care breakdowns exhibited a preference for an information
push repair. Although not statistically significant, biases in repair strategy were
observed for the other breakdown themes as well.
One interesting difference between the two surgical units’ recorded activities was
that the highest costing breakdowns were imposing safety threats at Hospital _2,
which was not the case at Hospital_1.
Table 16 summarizes the findings.
Table 16. Quantitative results. Findings in bold highlight positive results
common to both hospitals.
Finding
Breakdowns originate throughout the
process and propagate downstream.
Most breakdowns relate to inter-team
coordination
Tangibility of coordination process relates
to breakdown theme.
Tangibility of coordination process relates to
coordination scale.
Tangibility of coordination process relates
to repair strategy.
Breakdown type relates to repair strategy.
Breakdown theme relates to repair strategy.
Breakdown lifetime relates to repair cost.
Breakdowns produce interruptions.
Big breakdowns threaten safety.

Hospital_1
Hospital_2
True
True
86%
88%
True
True
97%
89%
True
True
P<0.001; χ2 exact test
P<0.001; χ2 exact test
No
No
P=0.163; χ2 exact test
P=0.285; χ2 exact test
True
True
P<0.001; χ2 exact test
P=0.019; χ2 exact test
True
No
P<0.001; χ2 exact test
P=0.289; χ2 exact test
True
True
P<0.001; χ2 exact test
P=0.002; χ2 exact test
True
True
P<0.001; rho=0.596
P<0.001; rho=0.466
True (68% of cost is interruptions)
Pearson R = 0.948; P<0.001; R2=0.898
interruptions = 0.796 x cost – 0.120
No
True
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4.4 Adoption and breakdowns
Many of the breakdowns that emerged during this study’s analyses were related to
the use of paper artifacts as a medium for the coordination of clinical activity. An
intuitive progression of the identification of such artifacts as problematic is to
replace them with electronic solutions. An investigation of the adoption of such an
electronic solution was conducted before (Phase 1) and after (Phase 2) technology
implementation in Hospital_1 (as described in Section 3.3.6). This analysis was
conducted to capture the changes in communication and coordination practices
resulting from the introduction of the technology. This section describes the
findings related to the eWhiteboard communication technology integration into the
surgical unit’s work. The chapter identifies some socio-cultural factors that underlie
the presence of continuous breakdowns in clinical work.
In this section the two datasets (Phase 1 & Phase 2) from Hospital_1 are
considered individually and are juxtaposed in order to examine the problem of
technology adoption and occurrence of breakdowns. The results presented are
derived from the raw data and the coded breakdowns data (Appendix B.2),
excluding the breakdowns for Hospital_2. The statistical analysis is provided in
Appendix B.5.
Communication Load. Eight months after the integration of the eWhiteboard, the
communication workload was reduced from 61 to 42 communication episodes per
hour on average for all surgical care areas. The most significant reduction was
observed in the work of the OR desk – a decrease of 27 communication episodes
per hour, and the least in the work of the Admission team – a decrease of 13
episodes per hour (Table 17).
Table 17. Number of communication episodes per hour comprising patient
care work before and after the introduction of the eWhiteboard. Total
communication episodes: N(Phase 1) = 2824 and N(Phase 2) = 2163.
Care Team
Admission
OR desk
Holding
All teams

Number of communication episodes
Phase 1 (before) Phase 2 (after) Difference
70
58
-13
66
39
-27
43
19
-23
61
42
-19

Qualitative observations. From the first day of observations in the second phase,
it became obvious that patient status-related phone calls were still happening at least
several times a day, though reduced in number. The situation was associated with
dissatisfaction from those on the receiving end of the calls. The qualitative analysis
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of participants’ comments during observation times revealed that the persisting
phone calls in Phase 2 are triggered by lack of trust in the work of other humans specifically, the lack of trust was exhibited at micro-system boundaries, i.e. between
points of care. For example, a person from TeamX would state that a patient must
have been admitted despite the fact that the eWhiteboard indicates the opposite. The
reasoning provided was that the Admission team must have forgotten to update the
status or did not know how to update the status. As a result, that person would place
a phone call regarding the status of the respective patient. Table 18 lists several
snippets from our data log comments that show dissatisfaction on the part of those
‘distrusted’ and on the part of those who ‘do not trust’.
Table 18. Comments and observer notes from the observations log of Phase 2.
Observer note: “Porter came to get patient who is not here yet, so whiteboard is not honored.
….. patient was clocked-in at Reception but not at Admission yet. …… A lot of
dissatisfaction expressed with dishonoring the whiteboard info. Dissatisfaction
with inter-team work”
Observer note: “unhappy with the pre-admit/prep work- with orders marked ‘done’ when they
were just ‘scheduled’”
Participant:
“this is the third time they are calling for this patient”
Observer note: “[OR clerk checks whiteboard and calls X team]. [X] went to check everything
with clerk on hold. Unwarranted – pt not ready, as was marked on whiteboard”
Observer note: “[OR calls for a patient]. X frustrated coz they call 10 times for same patient”
Observer note: “[call to Admission team] Confirming that the patient is ready. The whiteboard
says ‘ready’”
Observer note: “[X] says she thinks that nurse in [Y team] probably didn’t check at the right
place to find patient. [X] will call.”
“they were unhappy. They asked if she looked at the whiteboard. Patient is not
in [Y team area] yet and the whiteboard says so.”
three minutes later: “patient is now marked as ‘arrived’ on the whiteboard. She
makes a remark about the patient being there few seconds later – thus, he must
have been there [before]”
Participant:
“why are they not thinking?”
Observer note: “[X] updates the whiteboard and calls again to tell [Y team] about the switching
and to check the whiteboard [about it]. They say they saw it”

Breakdowns. As expected, breakdowns related to awareness were significantly
reduced after the introduction of the eWhiteboard, from 27% to 2.9% (P<0.001).
However, contrary to expectations, patient transfer related breakdowns slightly
increased, rather than decreased, from 5.4% to 9.6%. The increase was not
statistically significant (P=0.211) and therefore no change is concluded. The
average cost of a patient transfer breakdown was 1.67 communication episodes. A
statistically significant increase in the patient status related breakdowns was
observed (P=0.007). The lack of trust in others’ work and whiteboard-related useerrors accounted for this increase. These two types of breakdown triggers were new
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and unique to Phase 2. Lack of trust produced 72.9% of all patient status
coordination breakdowns in the second phase, or 27.9% of all breakdowns with an
identifiable trigger in that phase. A total of 35 phone calls were observed in Phase 2
triggered by patient status inquiries despite the whiteboard presence (such phone
calls were not considered breakdowns in Phase 1). In 80% of these calls, the status
was accurately displayed on the whiteboard. Use-errors associated with the
eWhiteboard generated another 7.4% of all breakdowns in Phase 2. The average
cost associated with trust-related breakdowns was 1.5 communication chunks, and
that of use-errors was 1.22 chunks. These results are presented in Table 19 and
Appendix B.5.
An independent samples t-test was conducted to compare the breakdown repair
costs in Phase 1 and Phase 2. The results showed that the average repair cost was
consistent across both phases, i.e. no significant difference was found (t(84)=1.756;
P=0.083).
Table 19. Patient transfer and patient status change from Phase 1 to Phase 2,
and the average cost of a breakdown repair across both phases.
Parameter:
patient transfer
patient status
Æof those, due to trust
awareness
trust
use-errors

Change:
non-significant increase (P = 0.211)
increase (P = 0.007)
+72.9%
significant decrease (P < 0.001)
+27.9%
+7.4%

Avg. cost
1.67
1.56
2.15
1.5
1.22

Perceived usefulness. The technology adoption questionnaire probed three
categories of usefulness – perceived usefulness, perceived trust, and satisfaction
with the eWhiteboard. Table 20 summarizes the responses. There was no doubt as
to the perceived benefits - all respondents rated them highly. In an open question,
the respondents listed two major reasons for the high ratings - reduced phone calls
(related to patient status and patient transfer) and “knowing” the current patient
status. As for the disadvantages, respondents seemed to vary their ratings from one
extreme to the other – the main disadvantage they listed in the open question was
that during their busy days “one may forget to update the status or may update the
wrong field”.
On the issue of perceived trust, clinicians reported being “upset” and “curious”
when they receive phone calls for patients under their care that have a correctly
indicated status on the eWhiteboard. Most respondents attributed such unwarranted
calls to their colleagues’ “lack of confidence in the whiteboard” and lack of
proficiency in using it (“they don’t know how to use the whiteboard”). When the
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status for a patient under their team’s care was not correctly updated on the
eWhiteboard, the majority of respondents were “curious how it happened”. (Table
10 and Table 20 refer to the same types of trust situations – Table 10 shows
observed behaviors, while Table 20 reflects perceptions)
The overall satisfaction with the introduction of the eWhiteboard into the work
process of the surgical system was rated very high.
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Table 20. Questionnaire responses.
Question

Rating (Likert scale)

Reasons (% represents how many people listed the
reason as one of their answers)

perceived usefulness

advantages

disadvantages

1 (no advantage)

0%

less calls

80%

2

0%

knowing patient status

30%

3

0%

not specified

10%

4

50%

5 (improves my work)

50%

1 (no disadvantage)

40%

“one may forget to update status or may update

30%

2

20%

the wrong field”

3

20%

“we still get calls for patients”

20%

4

10%

“people don’t know how to use the whiteboard”

10%

5 (many disadvantages)

10%

“we need more information displayed”

10%

“implementation is not through the continuum of

10%

care”
“no disadvantages”

10%

not specified

20%

How do you feel when you get a call for a patient

upset

40%

whose status on the whiteboard is accurate?

curious

40%

doesn’t bother me

10%

angry

10%

Why do you think you get such calls?

They don’t trust my work, they’re checking on

20%

trust

me
70%

They are making sure everything is ok

30%

Lack of confidence in the whiteboard

80%

How do you feel when you get a call for a patient

guilty

20%

whose status on the whiteboard is

upset

0%

INACCURATE?

curious how it happened

60%

doesn’t bother me

20%

How satisfied are you with the introduction of
the whiteboard as a communication tool?

satisfaction

They don’t know how to use the whiteboard

1 (not at all)

0%

2

0%

3

10%

4

40%

5 (very much)

50%
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4.5 Discussion of findings
This research employed the activity theory and workflow analysis perspectives in
the study of breakdowns in surgical care coordination with a systems engineering
approach. Through the examination of people, processes, artifacts and procedures
in-situ, several important socio-organizational factors were identified as barriers to
efficient and safe coordination of patient care. These factors included conflicting
interests and mistrust between micro-systems, the challenge of system-wide
situation awareness, as well as the constraints of physical spaces. These qualitative
findings regarding the work practice provided meaningful background and
explanation for the quantitative component of the research. The following
discussion presents the integration of both.
A relatively low number of breakdowns were observed over a long period of time
demonstrating an overall reliable and smooth process. This is consistent with
findings from other clinical settings [121]. Contrary to expectations, no issues with
implicit intra-team coordination were found. Reliance on spatial and visual cues as
signifiers of activity status was prominent – e.g. placement of objects, highlights
and notes, but no significant efforts or breakdowns were associated with this type of
collaborative work. This can be explained by the fact that implicit coordination was
utilized by means of procedural conventions in routine tasks, rather than in novel or
out of the ordinary situations. Thus, in this study, implicit coordination was not
found to be problematic in relation to safety, but rather facilitated an economic way
of coordination in routine patient care work.
Significant effort and a number of breakdowns were observed with inter-team
coordination that was explicit. A similar observation was reported by [243]. Unlike
the instances of implicit coordination, the explicit coordination episodes concerned
non-scripted coordination tasks. In fact, most often inter-team explicit coordination
breakdowns centered around novel or unexpected situations. One major issue in
these cases was maintenance of system-wide situation awareness among all teams.
Another problem was reaching agreement on action plans when teams’ interests
collided. Previous research in an OR suite has also indicated that the need to
reconcile multiple conflicting goals is a complicating factor to perioperative work
that leads to opportunities for error and to compromises in patient safety [246]. The
results suggest that the best target for process or technological support is at microsystem boundaries (i.e. inter-team) in the continuum of the socio-technical care
macro-system, and in decision support for inter-professional coordination. The main
information needs of clinicians through the surgical process – patient care, patient
status, OR schedule status, and OR status – can provide a good starting point for
technology to address those problematic inter-team coordination efforts.
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This study confirmed the reports by Ren et al. that breakdowns originate
throughout the surgical system and at any time [243]. An important novel finding of
this thesis is that inter-team coordination breakdowns often propagate downstream
in the surgical system process, which effects increased communication cost
associated with repair. This is due to the fact that as they propagate, breakdowns
affect the work of a greater number of people, as well as due to the increased
criticality of process inputs as a patient approaches surgery. To minimize risk and
reduce process waste, the opportunities for breakdown propagation need to be
diminished. The implication is that stricter measures are necessary so that all inputs
at transition points in patient care are in place. Instead of breakdowns being
disablers of patient care, disablers of breakdowns should be embedded in the
process. These ideas are further developed in Chapter 6.
This research found several dependencies between tangibility and other
breakdown properties. For example, the tangibility of the coordination process
relates to the breakdown theme. This finding indicates that particular types of
information need (i.e. the breakdown theme) are communicated through specific
coordination mechanisms (i.e. the tangibility). The tangibility did not exhibit a
correlation to coordination scale. Thus, the type of coordination mechanism
employed does not bear influence on whether a breakdown will affect one team or
multiple teams. In other words, tangible and intangible coordination mechanisms
are equally relevant to breakdowns that affect intra- and inter-team work. Further,
the tangibility of the coordination process was found to correlate with the repair
strategy employed. This means that the coordination mechanism related to a
breakdown determines the type of repair mechanism that will be utilized to fix the
breakdown.
The findings also revealed several insights related to the breakdown repair strategy
employed. In Hospital_1, it was found that the breakdown type correlates with the
repair strategy. This was not the case in Hospital_2. A likely explanation for this
difference is the distribution of breakdowns by type in the data for Hospital_2.
Human error and technical breakdowns were observed very few times in Hospital_2
(see Table 10). This could explain the lack of association found between breakdown
type and repair strategy. The research also showed that the breakdown theme
correlates with the repair strategy, in both hospitals. Thus, the particular type of
information need related to the breakdown (i.e. the breakdown theme) is associated
with a specific type of repair mechanism employed in the breakdown resolution.
Another critical finding of this work is the role of breakdowns in inducing
interruptions to clinicians’ work. A significant body of research has demonstrated
the contributing effects of interruptions to adverse events and medical error in
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healthcare work [62, 81, 97]. In this study, interruptions comprise a subset of the
possible communication chunks that make up the full set of chunk types defining a
breakdown repair cost4. Therefore, while it is not surprising that there is a strong
relationship between interruptions and breakdowns communication cost, the
significance lies in the fact that the relationship can be quantified. Further, that a
predictive power can be established. This study determined that breakdowns in
routine patient care, specifically the communication overhead associated with their
repair, are a major source of interruptions. In addition, this study revealed that
despite the high degree of similarity in the occurrence of breakdowns in the two
hospitals, the impact of breakdowns can vary from one organization to another,
depending on such factors as the culture of communication – whether it is one of
proactive pre-emptive information diffusion that effects the development of
formalized communication patterns, or one of reactive information distribution that
relies on information pull when an information need arises.
The results highlight the need to examine issues of large scale coordination in
detail in order to derive recommendations for operational optimization and
technological support that will minimize breakdown lifetime and consequently
repair costs and interruptions. In turn, this focus will improve efficiency and reduce
the potential for safety risks. In the following, the findings are abstracted and placed
within an initial theoretical framework positioned in the context of theories of
coordination in organizations. Then a model of safety outcomes during breakdown
situations is offered. Lastly, the role of trust in technology adoption is discussed.
4.5.1 Conceptual model of breakdowns in the surgical process
Several models of coordination and cooperation in response to breakdowns have
been proposed within organizational sciences. In this section, the findings of this
study are positioned at the crossroads of two such frameworks by combining and
extending their assumptions to produce a model of coordination work and
breakdowns for the OR work setting.
The framework of [181] situates group coordination within a pattern of
relationships among task structure, organizational structure, awareness and
communication. The essential postulate of the model is that the organizational
structure interacts with the nature of the tasks at hand to produce and affect the need
for coordination among team members, which in turn produces and affects the need
for communication (Figure 21). The particular instance of all these variables
determines team performance.
4

Chunk types that are not interruptions include writing a note, filling in a request form, interacting with the
electronic systems
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Organizational
Structure

Task
Configuration

Need for
coordination

Need for
communication

Figure 21: Model of coordination, abbreviated - from [181].
The model of cooperation by [291] was developed with a larger unit of analysis in
terms of scale of coordination - it comes from the context of inter-organizational
cooperation. This model reflects the processes of coordination that are employed as
a response to unexpected events. The premise is that disturbances and unexpected
events result in collective process-related actions that aim to bring the state of the
socio-technical system to the initial state of coordinatedness. Depending on the
degree of cooperation required to accomplish a stable coordination state, the model
defines that either corrective cooperation (e.g. workarounds) will occur, or
remediative coordination (if larger scale solutions are necessary such as persistent
organizational solutions). The detailed model description is presented in Figure 22.

Figure 22: Model of cooperation, abbreviated - from [291].
Combining some of the constructs from the two models described above with the
findings of this work, a conceptual framework of coordination and breakdowns in
OR operations is derived (Figure 23). As in the first model presented above, the
Organizational Structure interacts with the Task Configuration, and together they
effect the Need for Coordination. The Coordination Theme and the Tangibility of
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Coordination are closely-coupled parameters of coordination – i.e. influencing each
other – that determine the specific Need for Communication. The Organizational
Structure defines the formal coordination tools and options for flexible rules,
standards and conventions, and therefore influences the Tangibility of Coordination
in a given situation. Task Configuration is related to the Coordination Theme. The
Task Configuration, Organizational Structure, Coordination Theme, Tangibility of
Coordination, and communication are the mechanisms that bond the disparate
activities of surgical teams into a coherent flow that makes the surgical patient care.
It is referred to as a Normal State of the perioperative system.
The Need for Communication among agents in the activity is not always
successfully realized, or unexpected events happen, in which case a Breakdown
occurs (The construct of breakdown reflects the notion of unexpected events and
disturbances from Wehner et al.’s framework [291]. Thus, the rest of the discussion
of unexpected events and disturbances is framed by referring to these as
breakdowns). The OR system state changes to Breakdown State which poses a Need
for Re-coordination through repair work in order to bring the surgical system back
to normal operation. The Coordination Theme implicitly defines the breakdown
theme at the moment when a breakdown occurs. Repair efforts are initiated upon
breakdown detection.
The Need for Re-coordination demands that agents choose and adopt a Repair
Strategy. The choice of Repair Strategy is related to the Coordination Theme and
the Tangibility of the broken process of coordination. Repair Strategy determines
the specific Need for Communication, which in turn initiates the actual Repair
Work. The notion of Repair Work is inclusive of the concepts of corrective
cooperation and remediative coordination from [291]’s model.
The Organizational Structure determines the range of possible breakdown
propagation. Hence, Breakdown Lifetime is dependent on the Organizational
Structure. The Repair Cost is determined by the Breakdown Lifetime. Upon
successful repair, the system resumes its Normal State.
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Need for coordination
Coordination
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Non-breakdown
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Need for re-coordination
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Need for
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Figure 23: Abstract representation of the factors influencing
breakdowns and repairs in the perioperative system. Solid arrows
represent relationships established by this work and by that of [181].
Dotted arrows indicate links derived by theory.
The suggested framework provides a diagrammatical reflection of the relationships
among variables that were found in this study. Through this study an appreciation
of the deeper features of breakdowns is achieved from a process-oriented
perspective. The conceptual model facilitates an improved understanding of the
dependencies of organizational mechanisms and their relationship to breakdowns.
4.5.2 Conceptual model of safety and breakdowns
Good coordination does not affect performance until workload is extremely high
[112]. Assuming that high communication cost is inherently an indicator of
heightened workload (as the communication itself is an additional load to existing
taskload), it is this notion – that the outcome of a high workload, high stress, high
uncertainty situation is a function of the ‘goodness’ of coordination – that can shed
light to the one very significant difference found between Hospital_1 and
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Hospital_2. Despite the great number of similarities between the two hospitals, one
important difference was found – unlike Hospital_1, the highest-cost breakdowns at
Hospital_2 presented a safety risk. This can be explained through the lens of the
qualitative findings. At Hospital_1, more strictly defined roles and communication
channels resulted in the creation of formal conventions for the re-coordination of
activity among multiple micro-systems upon breakdowns – i.e. the coordination
patterns (see Section 4.2.3). The communication culture of Hospital_1 can be
defined as one of proactive pre-emptive information diffusion. The utilization of
coordination patterns presented a small communication overhead in return for
minimizing the risk of inducing further breakdowns and compromising safety. The
process structure at Hospital_2 was designed to allow for greater flexibility and a
lower level of formalism. As a result, while there existed common ground (i.e.
shared understanding) of what a breakdown resolution should entail, breakdown
repairs did not follow a strict script of actions but rather were resolved on an ad hoc
basis. The culture of communication was reactive in nature – information was
sought and distributed when needed, rather than broadcast to the attention of all
micro-systems. Consequently, the greater level of uncertainty at Hospital_2 (due to
the bigger unit size and the association with a trauma centre) in combination with
the lack of formalized communication channels for breakdown resolution led to
conditions in which breakdown repair work often triggered the emergence of new
breakdowns and impacted safety.
Based on the above insights, the conceptual model of safety in Figure 24 was
developed. The model proposes that several parameters affect the occurrence of
breakdowns. The communication culture, stakeholders’ interests that can collide at
any one moment in time, the process structure (e.g. flexible and distributed or
hierarchical with functional allocations) and the amount of dynamic conditions
affecting clinical coordination are the critical parameters that surfaced as a result of
this study. The list of parameters can certainly be expanded with further research.
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Organizational factors
Communication
culture

Stakeholders’
interests

Process structure

Amount of dynamic conditions

affect the occurrence of
Breakdowns
(type: coordination or
due to dynamic conditions)

Is there a formal communication structure for re-coordination?
Requirement: coordination among multiple stakeholders

No

Yes

Safety
Safety threat

NO safety threat

Figure 24: Model of safety for surgical unit operations.
The data of this study revealed that high-cost breakdowns are of the type
coordination and coordination due to dynamic conditions. Upon the instantiation of
a Breakdown situation, the requirement for repair from the breakdown is that
coordination must be negotiated with multiple stakeholders/micro-systems. The
crucial factor in the outcome of the breakdown – whether it will potentially threaten
patient safety, is the presence of established formal communication structure for recoordination. Such structures were present in the case of Hospital_1 information
broadcast protocols. It is assumed, however, that any formalized communication
tool can be utilized including computer-mediated communication solutions.
The model helps to understand the relationship between several organizational
factors, breakdowns and safety. It can be concluded that a more ‘proactive’
approach to handling re-coordination upon breakdowns, such as establishing
protocols of communication, is more effective at minimizing safety risks than a
‘reactive’ approach that deals with issues of coordination at the spur of the moment.
Such understanding can facilitate the informed design of breakdown disablers and
communication tools that target improved safety and efficiency.
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4.5.3 The role of trust in adoption
The role of trust - a socio-organizational culture factor, was found to be a key
factor for successful adoption of communication technology such as the
eWhiteboard. The eWhiteboard achieved the goal of reducing communication load
among care providers. Further, it significantly reduced coordination breakdowns
related to awareness of the status of things. However, the findings confirmed that
success of implementation is defined in the eyes of the beholder. While overall
communication load and awareness breakdowns were reduced, and perceptions of
usefulness and satisfaction were very positive, the qualitative and quantitative
metrics of communication overhead revealed several negative outcomes.
First, the observations in Phase 2 unequivocally showed that patient status
coordination was not completely achieved via the eWhiteboard, but was still
partially mediated over the phone. Qualitative analysis of participants’ comments
led to the conclusion that the persisting phone calls were triggered by a deep
systemic issue – lack of trust in the work of other humans. Specifically, the lack of
trust was exhibited at inter-team boundaries – i.e. between micro-systems, which is
the dimension that the eWhiteboard was supposed to facilitate communication over.
The following situation was observed numerous times: a participant using the
eWhiteboard chose to confirm or question the information via the phone despite
observing a clear patient status on the eWhiteboard display. This behavior meant
that the respective party questioned whether “they” updated the patient status. The
observations indicated that most of the time the eWhiteboard was accurately
updated. There were, however, a few cases when the information was not current.
During the study at Hospital_2, evidence for lack of trust in the work of other
teams was observed as well, even though it was unrelated to technology
implementation. For instance, a nurse in one of the patient care areas checked the
test results for a patient in the electronic system, saying “I’d like to check and make
sure they are not abnormal because I am afraid somebody in OR won’t check”.
Also, nurses and coordinators were seen always double-checking the information
provided to them by physicians regarding bed availability in the hospital, because
they suspected that physicians compete with each other for providing beds for their
patients and therefore provide inaccurate information. Similar to Hospital_1,
dissatisfaction and frustration with inter-team coordination was also expressed:
“they are in this department because they’re supposed to use their heads”. These
examples from Hospital_2, although informally reported here, support the findings
from Hospital_1 that reveal the critical impact that the organizational culture and
specifically the attitude towards the work of other teams has on communication
workload and consequently on breakdowns and adoption.
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Similar to the success stories reported in many accounts of clinical
implementations, the self-reported perception measures in the study of technology
adoption at Hospital_1 indicate well received technology adoption and high
satisfaction. This is not surprising given the main objective of reducing
communication load was achieved. What is surprising are the questionnaire
responses on the issue of trust (Table 20). The communication overhead was
perceived by all but one person as lack of trust in the actual eWhiteboard and lack
of proficiency on others’ part in using the technology. The observations, however,
showed that the use-errors associated with the eWhiteboard were not relevant to the
few situations when a care provider failed to execute an update and therefore the
information on a patient was not current. Instead, use-errors were associated with
slips during updates. For example, during execution of an update of patient status,
the nurse unintentionally selects several patient rows on the eWhiteboard, which
results in changing the status for all of them. Use errors were immediately corrected
– the nurse always noticed the erroneous update and re-updated the eWhiteboard.
The observations did not indicate lack of proficiency with using the tool – therefore
it is concluded that the lack of trust in other people is possibly projected onto the
eWhiteboard, which mediates the communication between ‘us’ and ‘them’.
Having quantified the observational data allowed to achieve a description of the
unanticipated issues in technology adoption that spans beyond a qualitative
narrative. It was found that along with reduction in patient care communication, the
eWhiteboard’s utilization was accompanied by a significant overhead that is
unaccounted for in survey metrics. The issue of trust comprised a major portion of
coordination breakdowns recorded in Phase 2, and therefore to a great extent it
demotes the success of the eWhiteboard. In this sense, the findings confirm the
double-sided adoption accounts reported by others.
It is worth noting that in the case of healthcare, communication of accurate and
timely information is critical. In this sense, lack of trust as exhibited in persistent
phone calls to confirm and question information is not necessarily a negative
behavior. The lack of trust could be seen as the efforts that collaborators invest in
ensuring reliability of the larger socio-technical system. The environment is
complex and hectic. Maintaining safe patient care operations, as well as optimizing
efficiency in order to avoid losing revenue (as in the following example), are the
drivers of such behaviors. Oftentimes, critical decisions regarding changes in the
plan of care need to be made based on real-time status information that may not be
reflected on a manual update status display for several minutes – e.g. “has the
patient arrived in the hospital in this precise moment of time or should we start
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preparing another patient for the same OR”. The consequence, as seen in this study,
is communication overhead. Hence, future system designs should aim to ensure the
maintenance of reliable operations with real-time information, in a way that
ameliorates potential inter-team/micro-system mistrust.

4.6 Chapter summary
Between the two hospitals studied, a great number of commonalities were found:
similar safety culture, information needs of clinicians, equivalent number and types
of breakdowns that occur, and comparable communication overhead. What became
clear in both hospital contexts was that breakdowns stem from failing coordination
between different teams in patient care, i.e. between micro-system interfaces. When
a breakdown occurred, it often propagated downstream in the surgical care process.
Properties of the breakdown determined properties of repair. The distance a
breakdown propagated before detection and repair positively correlated with the
communication cost that fixing the breakdown incurred. The breakdown repair cost
was also a major source of interruptions to clinical work.
Although largely similar in breakdown behavior, the two surgical units differed in
one dimension – the safety risk potential of their most difficult to resolve
breakdowns. Analysis led to the conclusion that safety is at least partially dependent
on the availability of pre-established communication protocols for dealing with
breakdowns.
The study of adoption revealed that trust in other humans is a complex issue that
underlies partial resistance to completely embracing the benefits of communication
technology.
In the next chapters the insights from a better understanding of the anatomy of
breakdowns will be developed into a method for breakdown detection and a
framework for the management of breakdowns.
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5
Breakdown Detection
This chapter develops a breakdown detection method as a useful approach to the
management of breakdowns in inter-team coordination within the context of the
daily operations of surgical units. The method is based on breakdown detection
approaches in other domains and on insights acquired through this study. The
chapter begins with a survey of the theoretical background for the method, shows
its utility through a sample analysis, and concludes with a presentation of the
validation of the method. Limitations are discussed as well.
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The costly overhead of re-coordination effort following a breakdown, along with
the safety risks introduced to clinical work by means of interruptions and cognitive
overload, require that breakdowns be managed so that perioperative coordination is
achieved in an economic and safe fashion. The finding of this and other research
indicate that systemic level factors represent the main contributors to everyday
breakdowns. These findings point to the significance of inter-operability at the
micro-system interface (e.g. inter-professional or inter-team communication), as
well as the technical interface of new implementations. With the current worldwide
move to digitize all healthcare information, the need to integrate information within
a socio-technical system such as a hospital is especially pertinent. However, this is
not a trivial task. The literature abounds with examples of partially successful
implementations that result in resistance to adoption, increased patient safety
concerns, increased breakdowns, and changed workflows in unanticipated ways
[160, 319].
The first step towards the management of breakdowns is the ability to detect them.
To address the issues of technology implementation at the micro-system interface,
as well as to reduce safety threats arising from breakdowns, there is a need for a
better assessment of the presence of breakdowns at the macro system level in
healthcare processes. This chapter will present a method for breakdown detection
that provides a systematic approach to both manual and automatic inter-team (i.e.
macro-system level) breakdown detection. The goal of the method is to identify the
amount of pre- and post-implementation, or pre- and post-intervention, breakdowns
in perioperative work. This can be accomplished either in real-time or
retrospectively (based on communication records). The method aims to provide a
practical way of detecting breakdowns that occur between different teams – at
large-scale coordination, based on criteria derived from empirical findings. The
management of breakdowns will be discussed in Chapter 6.

5.1 Target detection points
The great majority of breakdowns in coordination were found relevant to interteam processes. In half of the cases, those same breakdowns affected intra-team
work as well. Very few breakdowns were related to coordination at the intra-team
dimension only. Therefore, the detection method described in this chapter is
focused on the discovery of inter-team breakdowns.
The detection of breakdowns is possible at the point when a repair occurs and
therefore has a post hoc monitoring nature – breakdowns are not prevented from
happening but are identified upon repair. This approach is suitable for the detection
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of breakdowns in the surgical process as the occurrence of a breakdown is unknown
until detection, at which time a repair action is initiated.

5.2 Breakdown detection approaches
Breakdown detection is characterized by a suspicion that an error/breakdown has
occurred, independent from understanding the nature and causes behind it [316].
Despite the need to better understand and utilize breakdown detection mechanisms
in order to improve safety, while recognizing that not all breakdowns can be
prevented, research on error management in the safety-critical domains such as
aviation has focused primarily on the development of error classification schemes,
the design of error tolerant systems, and error prevention through training and
design [250]. Very few studies investigate the problem of breakdown detection in
high-risk domains [250].
Consequently, only several approaches to breakdown detection in aviation have
been offered thus far. Some focus on the cognitive aspects of breakdown detection,
narrowing in on the human as the grain of analysis [158, 250] – examining the
potential for people in the socio-technical system to apply strategies for breakdown
detection. Cognitive approaches, however, are not easily translated to the macrosystem process framework where inter-team coordination is the focal point. Another
approach in aviation exploits computational linguistics analysis methods in the
examination of communication patterns and their relation to error and performance
in the cockpit – the overall number of words spoken, the length of words, and other
linguistic dimensions in the communication of crew members [259].
A third methodology examines communication patterns analysis in air traffic
control, albeit not specifically breakdown detection, and draws the attention to the
flow of information [37]. Yet another approach converges solely on the monitoring
of activity based on a predefined model of expected behavior and detects
breakdowns by identifying deviations in actual behavior [46]. This latter construct
of comparing prescribed and actual behavior is in fact common to all breakdown
and error detection methods [283]. Given that breakdown detection research and
practice in aviation, and in safety-critical domains in general, has yet to mature, the
following review looks at non-risk domains that offer a solid scientific and practical
background in breakdown detection approaches. It is these approaches that have
inspired the aforementioned work in aviation.
The detection of breakdowns has been extensively studied in a variety of
disciplines such as conversation analysis, second language acquisition, speech
pathology and computational linguistics. Although these disciplines are concerned
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with the study of breakdowns at the conversational level as opposed to the larger
scale inter-team coordination level, both levels of analysis share an important
commonality - the underlying mechanism of interest behind conversation and largescale coordination is communication. Thus, insights acquired in the context of
conversation can be used as a foundational framework for the development of the
large-scale coordination breakdowns detection method. The following will focus on
the review of the major approaches from the field of computational linguistics for
several reasons. First, computational linguistics offers several decades of sound
scientific research on the topic of breakdown detection. Second, computational
linguistics methods are inspired by the other disciplines’ wisdom and therefore
represent a unified body of knowledge. Third, the breakdown detection methods are
not concerned with language processing per se. The methods focus on the dynamics
and structure of communication – an approach that easily translates beyond the
original domain.
In the context of speech, breakdown detection is understood to be the monitoring
of dialog for cues that some miscommunication (i.e. breakdown) has occurred
[193]. The recognition of breakdowns, i.e. the identification of cues, is
accomplished through computational models of interactional structures. There are
two approaches to the modeling of interaction – grammar-based and plan-based
[260]. Grammar-based models embody knowledge about the linguistic structure of
dialog. Plan-based models infer mental states of agents via sets of rules that aid the
inference of task-related plans – that is, plan-based models incorporate knowledge
about the structure of the task at hand. More sophisticated models combine both
approaches [192]. The interactional models are used to generate predictions about
user behaviors. Each deviation of user behavior from dialog predictions is
interpreted as a signal of the potential occurrence of breakdowns [69].
Predictions allow a system to detect breakdowns in communication in two ways.
On the one hand, expectations about the content of the next interactional
contribution allow the system to accept or reject an interpretation of user’s
conversational contribution. For example, an automated travel agent system can
have the following set of predictions about the task of selling a travel ticket [69]:
1. A statement about the name of the departure city
2. A statement about the name of the departure city and other required
parameters, such as the date and the time of departure
3. An explicit confirmation of the arrival, and the departure city
4. An explicit denial of the understood arrival city and a request for another
arrival city
5. An explicit denial of the understood arrival city
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Based on the set of predictions, the system can accept a limited number of speech
acts and reject others that don’t comply with the expectations. However, even the
accepted interactions may constitute a breakdown. For example, name confusion of
the departure city – the user says “Roma” and the system interprets it as “Arona”. In
such a case, the breakdown will propagate through the interaction contributed by
the system, and will be consequently detected by the user who is better able to
identify the breakdown. At this point, the user will adopt a repair strategy, which
will represent a deviation from the next predicted behavior. This deviation presents
the second way in which the system detects breakdowns – by noting the empirical
consequence in the user’s response. A different type of expectation related to the
interpretation of user behavior will trigger repair efforts by the system. For example
[69]:
6. A statement including a new arrival city, plus the departure city
7. A statement including a new arrival city
Without an explicit negation statement by the user, through predictions (6) and (7)
the system can still determine that the new statements represent an implicit negation
and an initiation of repair – the user asks the system to return to the context where
miscommunication occurred. Predictions of this type, where implicit meaning is
interpreted, are derived by research across disciplines – conversation analysis,
linguistics, second language acquisition, and speech pathology.
The breakdown detection approaches described above are the backbone of a
variety of computational models. Each model extends the detection capability in a
certain direction. One model incorporates conversational context analysis in the
interpretation of breakdowns [69]. Another combines plan-based predictions with
expectations derived from social norms [192]. Other approaches utilize Bayesian
networks to identify the source of breakdowns and maximize mutual understanding
[218].
In summary, breakdown detection in computational linguistics does not involve
language processing, but is achieved through modeling of interactional structure –
either linguistic structure or task structure. Based on the models, a set of formal
expectations is derived, which can include context-independent rules, domain
specific predictions and expectations derived from social norms. These predictions
are exploited as constraints on user behavior. When a non-expected action is
observed at the conversation level, the system reasons a breakdown has occurred.
Table 21 summarizes the computational linguistics approach.
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Table 21. Requirements for a method of breakdown detection
Requirements for breakdown detection
1. Model a structure of interaction
2. Derive predictions from the structural model
3. Detect breakdowns based on predictions

5.3 Method of detection
This section develops a detection analysis framework that facilitates inter-team
breakdown detection for the surgical setting. The method is based on the breakdown
detection models from the field of computational linguistics, where interactional
structure is modeled and determines interactional predictions, which implicitly
define the occurrence of breakdowns. The computational linguistics models concern
the coordination of conversation between a system and a user. Thus, application of
the breakdown detection approach to large-scale coordination, such as surgical
inter-team coordination, must extend the scope of analysis to accommodate the
domain requirements by preserving the core approach while incorporating
knowledge about coordination acquired through this and previous studies of
perioperative work.
Detecting breakdowns of inter-team coordination scale requires the analysis of
communication between teams rather than between a single user and a single
system. In the inter-team context, information is exchanged among more than two
interactional objects (i.e. teams/micro-systems), and therefore can be characterized
by a flow – a notion that reflects the trajectory a particular information instance
travels in terms of its communication to and from different micro-systems in the
surgical system. Coordination between teams revolves around the exchange of
different types of domain-specific information by means of communication.
Therefore, each type of information will follow a particular flow within the surgical
process. The common goal among teams is to provide efficient and safe patient
care, while each team is carrying out independent but concurrent tasks that need to
be coordinated by means of information exchange. Hence, while breakdowns
between a user and a system are detected through an examination of the bidirectional communication of information between them, the focus of analysis for
the inter-team coordination context is the information flow for the various types of
domain-relevant information exchanged between any two teams.
The information flow provides the equivalent of an interactional structure model,
as information flow is commonly formally defined within each organization and
unit. Thus, a mapping of the information flow can be obtained without the high cost
of analysis. For finer-grained breakdown detection or in the case that information
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flow mapping is not readily available, interviewing clinicians at each process step
can solicit the required flow information. Information flow provides a reflection of
the domain-specific task structure, with a main focus on communication of
information at the macro-system process level.
Following the identification of the different types of information and their
trajectories, predictions of communication behavior defining a normal state of the
system can be derived. Depending on the scope of analysis required, predictions can
be extrapolated from additional sources such as empirical research. The prediction
inference options are:
1. Generate predictions about information flow based on existing information
flow mapping. These predictions should be per type of domain-specific
information (e.g. patient chart, consent, lab tests, emergency cases, bed
availability), and can be uni- or bi-directional relationships of communication
between micro-systems.
2. Generate/refine predictions about information flow as related to the properties
of coordination (e.g. tangibility of coordination, theme, etc.). Such
predictions are derived based on this and other studies, as well as on local
empirical data. The predictions can be uni- or bi-directional relationships of
communication between micro-systems.5
¾ If a relationship between properties exists, communication predictions
should be generated with constraints – i.e. a cross-check that the expected
relationship is maintained. For example, in the present study it was
established that a breakdown’s theme relates to the tangibility of the
coordination process. Thus, if a patient status inquiry is executed over an
expectation for intangible coordination – an indication of a breakdown
will be triggered5. Conceptual model representations such as the one
described in Section 4.5.1 can be particularly helpful in correctly
establishing all constraints.
3. Generate predictions about information flow and properties of coordination
derived from social norms at the surgical unit of coordination. This step
requires actual empirical research investment. The benefit is the inclusion of
important criteria such as organizational culture factors – i.e. conventions of
communication, and patterns of coordination (as in Chapter 4, Section 4.2.3).
These can produce normal state predictions, or breakdown state expectations
– the determination requires knowledge of the work practice. Constraints

5

In the current study, the identified properties’ relationships pertain to breakdowns and would therefore
establish predictions of the presence of breakdowns. However, ‘normal’ state predictions based on
relationships among properties can be established based on other studies.
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linking a potential breakdown to safety can be established, such as those
discussed in Chapter 4, Section 4.5.2.
Based on the predictions set forth in 1-3 above, a potential breakdown is detected
when a communication instance does not satisfy any of the information flow
predictions, and/or it adheres to one of the breakdown expectations. Detection
occurs at the point of breakdown repair as the communication instance at repair
would violate a prediction. In other words, information would be sought from a
team that should have provided it and thus the flow will go in the opposite direction
of the expected prediction. Communications that go against the direction of
prediction between any two teams are a deviation and can be inferred a potential
breakdown. Detection occurs at the repair point as well in the case of
communication behavior that matches a breakdown expectation.
Optionally, the detection method can be improved with higher degree of detection
validity. At the moment of detection the first repair strategy is detected as well. One
of the constraints identified through this work is that the repair strategy is
determined by the tangibility and theme of coordination. Therefore, further
intelligence to the detection method can be implemented by adding a check that
verifies the detected repair strategy matches the expected repair strategy (thus, a set
of predictions of repair strategies must be implemented). The outcome of this
verification process determines the strength of probability that the detected
breakdown is in fact a breakdown.
Finally, a history of valid breakdown detections can be stored over time and used
as part of the breakdown detection validation phase. If the detected event matches a
‘context’ stored in the history, then the strength of probability of a valid breakdown
detection is increased.
The method is summarized in Table 22.
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Table 22. Breakdown detection method
Requirements
1. Model a structure of interaction

Method
Model the information flow at the process level for the
different types of domain-relevant information
2. Derive predictions from the Determine direction of information flow between all teams
for the following predictions:
structural model
a) Generate predictions based on existing information flow
mapping. These are per type of domain-specific
information (e.g. patient chart, consent, lab tests,
emergency cases, bed availability)
b) Generate/refine predictions related to the properties of
coordination (e.g. tangibility, theme). Predictions are
derived from research. Implement cross-checks to ensure
cross-property constraints are maintained, if necessary.
c) Generate predictions of breakdown behavior
d) Generate predictions derived from social norms
e) (optional) Generate predictions for repair strategies
based on research
f) (optional) Store a history of valid breakdown detections
3. Detect breakdowns based on - Communications that go against the direction of prediction
between any two teams are a deviation and can be inferred a
predictions
potential breakdown
- Communications that conform to breakdown expectations
are inferred a potential breakdown
- (optional) Validate the potential breakdown by comparing
actual repair with expected repair
- (optional) Validate the potential breakdown by comparing
to the history data

5.4 Validation
Validation of the breakdown detection method is crucial in establishing the
usefulness of the method in providing meaningful outcomes. The diagnostic
performance of algorithms is commonly evaluated with analysis of the Receiver
Operating Characteristic (ROC) curve. This analysis method has been extensively
applied in a variety of domains such as medical and biomedical informatics [166,
296], clinical decision-making and clinical medicine [78, 195, 227, 320], social
sciences [267, 268], machine learning [96, 165, 262], and others. ROC curve
analysis examines the true positive and false positive rates produced at each
detection level. This allows the analyst to determine whether the diagnostic test’s
output reflects a reasonable rate of valid detection or approximates a random
detection rate.
The breakdown detection method is a binary classification algorithm – it classifies
events as either being a breakdown or not. Breakdown events that are detected are
referred to as true positives (TP), whereas those that are not detected are false
negatives (FN). Events that are not breakdowns and do not trigger detection are
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known as true negatives (TN). Non-breakdown events that trigger a detection are
referred to as false positives (FP). The false positive rate (FPR) measures the
percentage of non-breakdown events that have triggered the method to return a
detection and have therefore been misclassified. The true positive rate (TPR)
measures the percentage of correctly classified breakdowns as compared to all the
breakdowns in the test sample.
ROC curve analysis plots the TPR against the FPR as the detection sensitivity is
varied. The analysis is commonly used to evaluate discrete classifiers, including
binary classifiers – tests that classify objects on the basis of the existence of some
property. As such, ROC curve analysis is the most appropriate validation tool for
the breakdown detection method.
The applicability and accuracy of the breakdown detection method can be
evaluated by measuring its performance at variable levels of breakdown detection
sensitivity. A basic set of communication flow predictions was derived for
Hospital_1 and Hospital_2. The level of breakdown detection was adjusted by
reducing the number of initial predictions. The following sections elaborate on the
procedures. ROC analysis of the resulting performance of the breakdown detection
method revealed excellent performance over the data for both hospitals.
5.4.1 Structure of interaction – information flow
The information flows for each type of domain-specific coordinative information
were defined for Hospital_1 – phases 1 and 2, and for Hospital_2, based on
workflow knowledge acquired in the early stages of this study through interviewing
and observations (see Chapter 3) in combination with information flow diagrams
provided by the perioperative unit management. The aim of validation was to
evaluate the method with a most basic set of predictions and therefore the focus of
information flow analysis examined only the outgoing and incoming phone calls for
each team in the surgical process. An additional factor considered was the use of the
electronic patient record system that was known to indicate that some patient
information was missing in the patient chart.
The information flow model for each hospital represents an ideally coordinated
process for that hospital – i.e. the goal information flow for all types of information.
The major domain-specific information types that comprised the models are
equivalent to the information foci and themes identified in this study – e.g. patient
status, OR readiness, schedule, etc.
Figure 25 shows the information flow model expected for ideally coordinated
breakdown-free communication among teams on the day of surgery for Hospital_1,
Phase 1. Any type of phone communication between teams that is not reflected in
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the model, including phone calls to teams that are not represented in the figure (e.g.
communication to/from the Booking team, Surgeon’s office, external services, etc.),
is considered a potential breakdown. The information flows for Hospital_1, Phase
2, and for Hospital_2 were analogously modeled and can be found in the Appendix
C.1.
Reception team
Admission team

Imaging team

Holding team

OR desk

Block/anesthesia team

OR team
Post-op care teams

Figure 25: Day of surgery information flow model for Hospital_1,
Phase_1. Solid arrows represent allowable phone communication
between teams on any type of information exchange (e.g. patient status,
schedule, OR readiness etc.). Dashed arrows represent allowable phone
communication between teams on the theme of patient status only. The
direction of the arrow indicates the receiving end of the phone
communication.

5.4.2 Predictions
Predictions were defined based on the interactional model and on known
breakdown-related communications and patterns. The two types of predictions – for
breakdown state and for normal state – are elaborated separately below. The
notation is introduced in Table 23 and the abbreviations in Table 24.
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Table 23. Notation
Symbol

↔
→
[X]
[X : p]

[X: ¬ p]

and

Meaning
Communication between two teams that is bi-directional – it can originate
from either team
Communication between two teams that is uni-directional – it originates
from the team specified at the origin of the arrow, and the team at the tip or
the arrow is a recipient of the communication
The square brackets surround a team specification, in this case team X.
“p” defines a specific information type for the communication. The
implication is that no other information type is allowed through the
definition of the respective communication
“ ¬ ” denotes excepted cases and is equivalent to a logical NOT. The
notation is used to signify that all types of information exchange are
allowed except p.
Logical AND – values on both sides should be true in order for the
prediction to return true.

Table 24. Abbreviations
Abbreviation
PT STATE
PT INFO
ADM
EPR
HA
BR
OR
OUTpt status
INpt status

Meaning
Patient state
Patient information
Admission team
Electronic patient record system
Holding team (HA=Holding Area)
Block/Anesthesia team (BR = Block room)
Operating room team
Outpatient status
Inpatient status

Next, the set of normal state and breakdown state predictions are presented.
Normal state
The normal state predictions were derived from the interactional models (see
Section 5.4.1) by directly translating the information flows into notational
expressions. The complete set of predictions is presented in Table 26.
Breakdown state
Known expectations of a breakdown state were compiled – the entire set consists
of the predictions set forth in Table 25, in addition to the following:
¾ All calls about PT STATE
¾ All calls about SCHEDULE
¾ No answer to a phone call – i.e. CONTACTABILITY breakdown
¾ [ADM] using the EPR system
Table 25 also includes known patterns of coordination indicating a breakdown.
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Table 25. Information flow predictions for a breakdown state.

Pattern

Hospital_1, Phase_1
[Pharmacy] ↔ [ADM]
[Labs] ↔ [ADM]
[Post op] ↔ [ADM]
[Imaging] → [OR desk]
[Inpatient floor] → [OR desk]
[Post op] → [OR desk]
[OR desk] → [Booking]
[OR desk] → [Maintenance]
[BR: schedule] → [OR desk]
[OR desk: ¬ pt status] → [BR]

Hospital_1, Phase_2
[Pharmacy] ↔ [ADM]
[Labs] ↔ [ADM]
[Post op] ↔ [ADM]
[Imaging] → [OR desk]
[Inpatient floor] → [OR desk]
[Post op] → [OR desk]
[OR desk] → [Booking]
[OR desk] → [Maintenance]
[BR: schedule] → [OR desk]
[OR desk: ¬ pt status] → [BR]

[OR desk: ¬ pt status] → [OR]

[OR desk: ¬ pt status] → [OR]

[ADM: ¬ pt status] → [OR desk]
[ADM] → [OR]
[HA] → [OR]

[ADM] → [OR desk]
[OR desk] → [ADM]
[OR desk] → [Reception]
[ADM] → [OR]
[HA] → [OR]

In any sequence, at least three of these calls are
In any sequence, at least three of these calls are
placed:
placed:
[OR desk] → [ADM]
[OR desk] → [ADM]
[OR desk] → [HA]
[OR desk] → [HA]
[OR desk] → [OR]
[OR desk] → [OR]
[OR desk] → [BR]
[OR desk] → [BR]
[OR desk] → [Post op]
[OR desk] → [Post op]
[OR desk] → [Inpatient Floor]
[OR desk] → [Inpatient Floor]
[OR desk: page] → [Charge Nurse]
[OR desk: page] → [Charge Nurse]
[Charge Nurse] → [OR desk]
[Charge Nurse] → [OR desk]

Hospital_2
[Pharmacy] ↔ [ADM]
[Labs] ↔ [ADM]
[Post op] ↔ [ADM]
[Imaging] → [OR desk]
[Inpatient floor] → [OR desk]
[Post op] → [OR desk]
[OR desk] → [Booking]
[OR desk] → [Maintenance]
[BR: schedule] → [OR desk]
[OR desk] → [ICU],
except for first call of the day
[OR desk] → [Recovery],
except for first call of the day
[ADM] → [OR]
[ADM] → [BR]
[OR desk: ¬ staffing] → [OR]
[OR desk] → [BR]
[BR: schedule] → [ADM]
[HA: ¬OR status] → [OR]
[TRAUMA: page] → [OR desk]
[OR desk] → [TRAUMA]
[OR desk] → [OR]
[OR desk] → [Anesthesia]
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Table 26. Information flow predictions for a normal state.
Reception
Admission [ADM]
Imaging
Holding [HA]
OR desk

Block Room [BR]
Operating Room [OR]

Hospital_1, Phase_1
[Reception: pt status] → [OR desk]
[ADM] → [Imaging]
[ADM: pt status] → [OR desk]
[Imaging: pt status] → [ADM]
[HA: pt status] → [OR desk]
[HA: pt status] → [BR]
[OR desk] → [Reception]
[OR desk] → [ADM]
[OR desk] → [HA]
[OR desk: pt status] → [OR]
[OR desk: pt status] → [BR]
[OR desk] → [Post op]
[BR: pt status] → [OR desk]
[BR: pt status] → [OR]
[BR: OR status] → [OR]
[OR] → [OR desk]
[OR] → [BR]
[OR: pt status] → [HA]

Hospital_1, Phase_2

Hospital_2

[ADM] → [Imaging]
[Imaging: pt status] → [ADM]
[HA: pt status] → [BR]

[Imaging: pt status] → [ADM]
[HA: pt status] → [ADM]
[HA: OR status] → [OR]
[OR desk: pt status] → [Inpatient Floor]
[OR desk: staffing] → [OR]

[OR desk] → [HA]
[OR desk: pt status] → [OR]
[OR desk: pt status] → [BR]
[OR desk] → [Post op]
[BR: pt status] → [OR desk]
[BR: pt status] → [OR]
[BR: OR status] → [OR]
[OR] → [OR desk]
[OR] → [BR]
[OR: pt status] → [HA]

[BR: pt status] → [ADM]
[BR: OR status] → [OR]
[OR: INpt status] → [OR desk]
[OR: pt status] → [BR]
[OR: OUTpt status] → [HA]

Table 27. Coordination properties predicting a breakdown.
Hospital_1, Phase_1

DYNAMIC CONDITION and INFO PUSH

Hospital_1, Phase_2
PT INFO and TANGIBLE
PT STATUS and INTANGIBLE
EQUIPMENT and TANGIBLE
TANGIBLE and INFO PUSH
INTANGIBLE and INFO PULL
EQUIPMENT and INFO PUSH
PT INFO and INFO PUSH
PT STATUS and INFO PULL
HUMAN FACTOR and INFO PULL
DYNAMIC CONDITION and INFO PUSH

Hospital_2

PATIENT CARE and INTANGIBLE
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Secondary detection: coordination properties
The present research found that properties of coordination and repair of a
breakdown are related. These relationships were encapsulated into predictions.
Given that the relationships established in this work pertained to breakdowns, the
predictions are set to determine the presence of a potential breakdown state. When a
cross check of two predicted properties returns true, the communication event is
deemed to be a breakdown. The full set of coordination properties predictions is
shown in Table 27.
5.4.3 Detection procedure
The event logs from the observational data sets for both hospitals were examined
with respect to the prediction sets described above. Because the predictions concern
only incoming and outgoing calls, and usage of the EPR system, only these
particular types of events were tested against the predictions. All other types of
events, such as use of artifacts and co-located communication, were ignored. The
algorithm shown in Figure 26 was applied in order to determine a breakdown.
Input: event – an event from the log of all communication events
comprising the empirical data sets for the two hospitals. An event
is characterized by origin and target of communication.
Output: TRUE when a breakdown is detected. FALSE otherwise.
//for each event of type “incoming call”, “outgoing call” or “EPR”
if (event = breakdown state prediction)
return TRUE
else if (event = normal state prediction)
return FALSE
else if (event = secondary prediction)
return TRUE
//since no match for normal state was found, predict breakdown
else
return TRUE

Figure 26: Breakdown detection algorithm for the data sets of this study.
The detection level was adjusted by removing predictions from the previously
evaluated prediction set, thus reducing the sensitivity of the algorithm. At first the
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complete prediction set was applied. Next, the breakdown state prediction [ADM]
→ [OR] was removed from the set and the algorithm was re-applied. For the third
iteration, predictions for all types of information flow related to [HA] → [OR] were
excluded from the previous prediction set – these included predictions of normal
and of breakdown state. Following was the exclusion of all predictions of normal
and breakdown state related to [OR desk] → [OR] from the prediction set of the
previous iteration. In the final iteration, the secondary predictions of breakdowns
state (Table 27) were taken out.
The choice of predictions to be excluded was determined based on knowledge that
these specific predictions detected commonly occurring breakdowns and therefore
their exclusion would result in reasonable reduction in breakdown detection. The
order of exclusion was not of particular importance - one can use the data in Figure
27 to compute performance for a different sequence. Since the method is a binary
classifier system with no ordinal, interval or ratio scale associated with the detection
variable, no criterion exists to define proper sequence or prediction set size.
As discussed earlier in this chapter, the sensitivity can be increased by adding
further predictions. For the purpose of the breakdown method validation, the goal
was to test the detection performance with a basic set of predictions.
Certain breakdown repairs entailed multiple phone calls, each of which matched a
breakdown prediction. However, no multiple counts were allowed during the
application of the method – i.e. these detections were marked as belonging to the
same breakdown and did not result in duplicate detections (see Section 5.6.2).
5.4.4 ROC curve evaluation of breakdown detection
To validate the performance of the breakdown detection method, a ROC curve
analysis was performed. The application of the algorithm allowed the computation
of the TPR and FPR at varying sensitivity levels. The total sample of true positive
cases and true negative cases in the three data sets was counted. The true positive
sample represents all the actual breakdowns in the data. The true negative sample
represents the rest of the recorded events in the data – i.e. non-breakdown events.
The TPR was computed as the fraction of the true positives output by the detection
algorithm in the true positive sample. Likewise, the FPR was determined as the
fraction of false positives output by the algorithm in the true negative sample. The
TPR range for the full set of predictions was between 95.6% and 97.8%, and the
FPR range was between 0.5% and 2.2%. At the lowest sensitivity level, when the
predictions described in Section 5.4.3 were all excluded, the TPR range was
between 32.4% and 79.5%, and the FPR range was between 0.2% and 0.8%. Figure
27 summarizes the validation outcomes.
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Total:
Prediction set
with all predictions
"SAU->OR" excluded
above and "HA->OR" excluded
above and "OR desk->OR" excluded
above + no secondary detection

True Positive True Negative
137
852
Hospital 1, Phase 1
True Positive False Positive TPR
0.9562
131
19
0.9197
126
16
0.8321
114
12
0.6715
92
7
0.6058
83
7

FPR
0.0223
0.0188
0.0141
0.0082
0.0082

True Positive True Negative
161
429
Hospital 1, Phase 2
True Positive False Positive TPR
0.9627
155
5
0.9193
148
4
0.8820
142
4
0.8199
132
3
0.7950
128
3

FPR
0.0117
0.0093
0.0093
0.0070
0.0070

True Positive True Negative
139
585
Hospital 2
True Positive False Positive
136
3
127
3
112
3
93
1
45
1

TPR
0.9784
0.9137
0.8058
0.6691
0.3237

FPR
0.0051
0.0051
0.0051
0.0017
0.0017

Figure 27: Breakdown detection data. The frequency counts represent incoming and outgoing phone calls. True
positive rate (TPR) and false positive rate (FPR) reflect the ratio of detection to actual total sample in the given
category (total true positive or true negative, respectively).
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The three curves in Figure 28 show the breakdown detection method performance
over the three sets of data, with each curve depicting one set. There is high
similarity in the outcomes, with slightly better performance for the data from
Hospital_2. The lower number of false positives for Hospital_2 reflects the reactive,
rather than proactive, culture of information exchange at Hospital_2 – phone calls
are most often placed when there is a specific need to acquire information. In
contrast, Hospital_1’s culture of information exchange at the surgical unit is one of
proactive pre-emptive information push that is not associated with a specific
breakdown-triggered need. Therefore, the potential for the algorithm to detect false
positives is increased. In Phase 2 (Hospital_1), the overall phone communication is
slightly reduced as a result of the introduction of the eWhiteboard as a
communication tool. At the same time the culture of proactive pre-emptive
information exchange is preserved – the result is a lowered opportunity for false
positive detections and therefore a slightly better algorithm performance.
The area under the curve (AUC) as a standard performance measure shows very
high values for all three datasets, ranging from 0.971 to 0.987. These values
demonstrate an excellent performance achieved in detecting inter-team breakdowns
in the two hospitals through the application of the breakdown detection method.

True Positive Rate

1

Hospital 1, Phase 1
Hospital 1, Phase 2
Hospital 2

1
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False Positive Rate
Figure 28: ROC curve for breakdown detection method over the three
sets of data. The area under the curve (AUC) for Hospital_1 Phase 1 is
0.971, for Hospital_1 Phase 2 is 0.977, and for Hospital_2 is 0.987.
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5.5 Discussion
The breakdown detection method proposed in this chapter was applied and
validated over the data coming from the three empirical studies in two hospitals.
The evaluation of the method revealed excellent breakdown detection performance,
even with a basic set of predictions that focused on phone communication only.
Inter-team coordination breakdowns were correctly identified 95.6%-97.8% of the
time with the initial set of predictions. After iteratively reducing the level of
sensitivity of the algorithm, breakdown detection was between 32.4% and 79.5% at
the lowest sensitivity level tested. At all sensitivity levels, the false positive rate
remained very low – between 0.2% and 2.2%. These results clearly indicate that the
breakdown detection method provides meaningful and correct outcomes.
Furthermore, the false negatives (FNR) - i.e. missed breakdowns, are more critical
when it comes to addressing safety issues than the false positives – the tolerance for
missing the detection of breakdowns in safety-critical applications should be
minimized. Thus, the very high TPR exhibited by the breakdown detection method,
reflecting low rate of false negatives (FNR + TPR = 1), is of utmost importance and
makes it especially suitable for applications seeking to address safety issues.
Although the detection rate is dependent on the scope of the predictions – the more
predictions, the higher the detection rate – the results of the validation proved that
even with a moderate scope of predictions limited to the analysis of phone
communication only, the breakdown detection method performs very well.
The breakdown detection method would best be utilized in the facilitation and
evaluation of safety and process improvement interventions, including technology
implementations. The detection method would be applied to determine the preintervention state of affairs with respect to a particular problem – i.e. a single type
of breakdown such as patient consent issues. The output would provide a baseline
for the evaluation of the intervention. After implementation, the breakdown
detection method would be re-applied to measure the outcome of the intervention
with a modified prediction set to reflect the new information flow trajectories
expected of breakdown-free information exchange in the surgical unit. The postintervention breakdown detection would provide an accurate assessment of the most
current state of affairs as compared to pre-implementation. As the adoption study in
this thesis showed, clinical performance measures used in the evaluation of process
improvement endeavors, such as the introduction of the eWhiteboard as an interteam communication tool, do not reflect the persistent communication issues that
remain past implementation and undermine success.
The breakdown detection method is particularly useful because of the minimal
cost associated with its application. First, the information flow is commonly
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formally defined within each organization and unit and thus can be obtained
without the high cost of analysis. Another non-expensive option for information
flow mapping is to interview clinicians in each micro-system. Second, this study
demonstrated that the method can be effectively and successfully applied without
the need for investment in analysis or monitoring technology. With current
telephone technology in place in most Western hospitals, call tracking/logging
could be utilized without any expense. These technologies will further reduce the
cost associated with observer data collection. The only consideration in using
telephone logs is to find a way to determine the foci/theme of coordination of phone
communication. Otherwise, the method would still detect breakdowns, but the
accuracy will be reduced. Only the secondary detections – those facilitated by cross
checking the properties of breakdowns and their repairs, require human analysis
capabilities in addition to the pure technical data collection.
Another important advantage of the breakdown detection method is that it
provides detection from a global view of the system process under consideration,
due to its focus on inter-team coordination. Additionally, in the case of automated
inter-team communication monitoring (see Section 5.7), the method would produce
a better description of reality than the data coming from manual data collection (as
was the case of this study). The latter suffers from the constraint of having a single
viewpoint of data collection – an observer is present one place at a time. Thus, the
resulting breakdowns view of the activity of the various teams is time-distributed
and reflects breakdown rates at dispersed moments in time. When applied by
automated means of activity monitoring, such as when outgoing and incoming
phone calls are tracked or logged, the breakdown detection method will produce an
accurate global view of coordination breakdowns among all collaborating teams at
any point in time.

5.6 Limitations of the method
Detecting breakdowns by applying the method proposed in this chapter poses
several challenges – some breakdowns cannot be detected, others produce
duplicates, and certain culturally related communication behaviors result in false
positives. This section will detail such problems identified during the validation of
the method and discuss their implications.
5.6.1 False Negatives
When a breakdown repair is executed at the same physical location as the one
where the breakdown was detected, the method as applied in this study would
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produce a false negative (i.e. it would miss the breakdown). Although not frequent,
there were several cases of such situations in our data. A solution to the issue of
false negatives is the utilization of more advanced context-aware technology such
as location-aware sensors (see Section 5.7). The trade-off for improved accuracy in
breakdown detection is the required investment in sensor technology. However,
depending on the specific needs and goals for which the breakdown detection
method is used, such an investment may be justified, such as when serious safety
issues are suspected.
Another occasion when false negatives were identified during the breakdown
detection method validation was for cases when no action of repair was taken from
the person who detected the breakdown. The issue of false negatives in this scenario
is a consequence of the fact that the method was applied over observational data.
This data, as discussed earlier, is subject to the limitation of a single viewpoint at a
given instance in time. Assuming that a repair will be undertaken by some team at
some moment in time, the breakdown will be detected if several observers collect
data simultaneously at different team locations or if automated phone
tracking/logging is implemented.
5.6.2 Duplicate true positives
Breakdown repair work is sometimes distributed through time and executed in
parallel to other coordination activities. Specifically, this situation applies to
breakdowns that cannot be resolved immediately and require follow-up repair
efforts. In its basic form, the breakdown detection method would not recognize
repair work efforts that are scattered across time, and interleaved with other
coordination work, as relevant to a single breakdown. The result is the output of
several true positives for a single breakdown. The duplicate positives can be
eliminated by a higher degree of sophistication of the algorithm. Alternatively, they
can be tolerated and treated as data noise – there were only several such instances in
our data. In any case, the overall picture produced by the breakdown detection
method still has a high degree of accuracy and is a good reflection of actual
breakdown rates.
5.6.3 False positives
The perioperative process is a safety-critical environment where, as in other
safety-critical domains, a degree of redundancy is highly valued as service to
reliability and resilience of operations. The level and degree of formality of
redundancy can vary from hospital to hospital. All of the false positives produced by
our data sets from both hospitals, were due to either duplication of effort or pre-
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emptive inter-team information exchange, especially during low workload periods.
These inter-team communications stem from the goal to maintain reliability and
resilience. For example, when a nurse in Admissions noticed an unusual procedure
listed on the consent form, she called the surgeon to alert him/her to that fact.
Another common occurrence in the false positives data was when the OR finished a
surgery prior to scheduled completion time, they would call the Admissions team to
inform them so that later scheduled patients can be prepared earlier than planned.
Similarly, the Holding and Admissions teams sometimes called the OR to check the
status of the current surgery so they can plan their local patient care activities.
Occasionally, during low workload times, clinicians would call the OR desk to preemptively check if there are any changes to the schedule. All of these situations
resulted in false positives.
Our data shows a higher degree of false positives at Hospital_1 (Figure 27). The
numbers correctly reflect the difference in organizational communication culture at Hospital_1 it was one of proactive information pushing, while at Hospital_2 it
was one of reactive information pulling per need. Hence, the greater number of
false positives for Hospital_1.

5.7 Automated detection
Data collection, extraction and analysis are major methodological challenges in
empirical qualitative research [310]. Both have an extremely high cost as
transcription and coding are labor intensive. Correlating data becomes cumbersome
because it triggers numerous iterations or re-coding. Automated data collection
would reduce the efforts of both transcription and extraction, and facilitate the
automated detection of breakdown with minimal cost.
There are two ways that automated breakdown detection is envisioned with the
proposed method. As discussed earlier, current phone technology utilized in
hospitals in most of the world already log incoming and outgoing phone
communications. The logs can be acquired and used as transcripts for retroactive
breakdown detection with the method. Additionally, simple software applications
can be coded to automatically monitor the phone logging process in real time, to
write breakdown detections to a file, and to analyze them.
Another option for automated data collection, extraction and ultimately breakdown
detection is through the utilization of context and/or location aware sensors, such as
RFID technology. People and asset trajectories are easily identifiable with RFID
data, as well as trajectory intersections. Thus, the approach can be considered in
tandem with phone call monitoring in order to improve detection accuracy rate (i.e.
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the issue of false negatives due to repair efforts taking place in the same location as
the detection). RFID data coming from staff ID badges can be monitored to identify
situations when clinicians from different teams are in close physical proximity
within the same physical space – if breakdown predictions for normal state do not
include an expectation for such inter-team proximity, a potential breakdown would
be detected.
Telephone and RFID data can reduce the total cost of breakdown detection and
increase accuracy of detection. Both technologies are implemented in many
hospitals around the world to seamlessly provide information used to improve
healthcare operations. In such hospitals there will be no setup-cost associated with
their use.

5.8 Chapter summary
The method proposed in this chapter provides an efficient and inexpensive
approach to the detection of inter-team coordination breakdowns in the surgical unit
operations. Given the rise in evidence that such breakdowns are often a
consequence to technological implementations, and the precursors to safety hazards,
being able to assess their presence pre- and post-implementation is crucial.
The breakdown detection method is the first step required for breakdown
management within the context of the daily operations of surgical units. By
mapping information flow expectations for the different information needs of
clinical work – such as patient status information flow, schedule status information
flow, staffing coordination information flow, etc. – an analyst can derive a set of
predictions that serve as input to the algorithm for detecting the breakdowns. The
algorithm is based on the notion that behaviors that do not comply with predictions
of normal information flow are potential breakdowns. The algorithm can be
augmented to include predictions of communication behaviors that indicate the
presence of breakdowns. The method was verified over the data from the
observational studies of this work (Phases 1 & 2 in Hospital_1, and the data from
Hospital_2) and demonstrated excellent detection performance.
The breakdown detection method allows an analyst to determine the amount of
breakdowns for different types of breakdowns, before and after technology or
intervention implementations. The next chapter will develop the second step in the
management of breakdowns - the strategies for system design to aid improvement
efforts and the prevention of breakdowns. By re-applying the breakdown detection
method following an improvement intervention, one can evaluate the success in
terms of reduced or persistent presence of breakdowns.
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6
Breakdown management
This chapter materializes the knowledge on breakdowns acquired in this research
into design recommendations and establishes a blueprint for future work in the
management of breakdowns in the perioperative setting. The chapter begins with a
presentation of a set of guidelines and a system design framework for breakdown
management that are tailored to the requirements of the surgical domain. Next,
current challenges in breakdown management are identified and directions for
future work are defined.
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Given that coordination breakdowns have a significant impact on both patient
safety and on surgical system performance, what can be done to prevent or
minimize their effect? What are the general strategies, independent of specific
errors, that can lead the way to inter-team coordination improvement? This chapter
aims to answer the aforementioned questions by providing guidelines for system
design that capitalize on the understanding of breakdowns and related coordination
mechanisms acquired through this work. The guidelines are then integrated into a
system design framework that also incorporates the breakdown detection method as
a tool for assessment of the severity of breakdowns in everyday work. The chapter
concludes by laying out the agenda for future work on breakdown management in
the perioperative field.

6.1 System design for the perioperative setting
6.1.1 Guidelines for process and technology (re-)design
A number of researchers suggest innovative technological solutions such as
eWhiteBoards, context-aware systems, and sensor technologies [39, 243, 305] as
solutions to coordination and communication breakdowns in healthcare. Several
guidelines for design have also been proposed [59, 121]. This section shifts the
focus to the methodological space. Based on the findings of this study design
guidelines are proposed for the early stages of system design. Next, a design
framework is suggested that adapts current system development lifecycle activities
by integrating the guidelines.
The research reported in this thesis showed that the majority of breakdowns in
surgical patient care are relevant to the inter-team dimension – i.e. they pertain to
communication processes and information exchange between micro-systems.
Breakdowns were found to propagate downstream in the process of surgical care,
passing through micro-system interfaces until detected and addressed, which
increases their repair cost proportionately to the propagation distance. The cost of
breakdown repair has implications not only for the amount of incurred
communication overhead, but also for the amount of interruptions produced to
clinical work and for safety. Safety was found to be at least partially related to the
availability of communication protocols for dealing with breakdowns. The cultural
factor of lack of trust at team interfaces was found to be a disabler of successful
technology adoption. All of the findings point to serious latent factors related to
communication and coordination that lie at team boundaries, at the macro-system
level. How can system design address this type of latent factors?
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The outcomes of this research correspond to problems other industries have
addressed in the past – e.g. the aviation, reliability engineering, production and
manufacturing, software and systems engineering domains. A detailed review of the
ways in which these industries have addressed breakdown management is provided
in Appendix D.1. In summary, the approaches adopted in these domains address
system-level breakdowns in several ways: through 1) a multidisciplinary approach,
2) a systems perspective, 3) a focus on early prevention and allowing no
opportunities for propagation, 4) a balance between procedure compliance and
flexibility, and 5) a culture change. Based on the integration of the findings of this
study and the above insights from other fields, this section describes specific
guidelines for process and technology design tailored to the perioperative domain so
that breakdowns be minimized. The guidelines do not address culture change as this
issues was not covered by findings of this work. The guidelines are informed by the
approaches in the other domains but are not dependent on specific techniques.
Techniques are only suggested as examples of tools that may be appropriate. The
target implementation of the guidelines is the initial stages of system design –
during task and workflow analysis at the requirements stage. At the core of the
guidelines is the notion to seek information needs and potential breakdowns at the
systems level, rather than to look only for person-oriented human errors. A design
framework integrating the guidelines follows their description.
Process analysis guidelines
(I) Mind the entire process workflow, not only the problem taskflow. This research
showed that most breakdowns relate to inter-team coordination. The particular
problem that a redesigned procedure or a piece of technology is to support should
be positioned with respect to the entire process, not just the immediate environment
of the user. All micro-systems within the process, their inputs and outputs should be
analyzed, regardless of the apparent relevance to the issue at hand. Information and
tasks that seem pertinent to specific segments or people in the process can have
unobtrusive implicit relevance to other parts of the socio-technical system.
Hospitals are fragmented systems. This study confirmed that breakdowns in care
delivery may derive from factors further upstream and distant within the network of
a hospital’s organizational processes. Asking users to clarify inputs and outputs to
their task is not sufficient. A designer should deliberate the entire system process to
build confidence that all inter-team requirements are identified, including those
subtle processes that are carried over implicit coordination mediums. Although a
procedure or computational solution is to support a micro level problem (i.e.
scheduling ORs), analysis should address the effect that the new application will
have at the macro level – on the entire perioperative system. Concern-oriented
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approaches to systems engineering [143] can be particularly relevant in addressing
system level requirements, as long as the minimum set of stakeholders is extended
to include representatives of the entire target user population, as opposed to the
subset of direct end-users.
For example, designing an OR scheduling system should not only consider the
scheduling-related tasks and users, but the entire perioperative macro-system, with
verification of inputs and outputs – those related to scheduling and those that might
not seem relevant at first sight. Nurses in surgical pre-admission and in admission
might not be direct users of such a scheduling system, but the system state is
extremely relevant to their work.
(II) Consider coordination themes with respect to process. Provide efficient means
for repair from breakdowns. The analysis of breakdowns in this research study
revealed that the organizational process and coordination theme determine the
repair strategy. Although there may be variations in instantiation, the basic structure
of the perioperative system process and the themes of coordination are common
across settings. Thus, coordination solutions to be embedded in new procedures or
technology should be designed with consideration of coordination themes and
surgical process, where for each theme appropriate information means are provided.
The thematic breakdowns resolved with information pull can be relieved by means
of information push so as to eliminate the need for pulling. The thematic
breakdowns resolved with information push can benefit from enhanced
communication channels between parties that minimize the cost associated with
repair. For instance, patient information breakdowns are predominantly resolved via
information push (because the task of providing the missing patient information is
usually delegated to the responsible person). An efficient channel of ‘push’
communication for patient information breakdown repair delegation can be a
motion scan of the respective form’s barcode, or a read of its RFID tag, with a
dedicated reader that sends a request for the missing information to the relevant
responsible party for the given information type.
(III) Embed barriers in the system that prevent breakdown propagation, or
consider re-engineering the process. This research showed that the length of travel
of a breakdown through the system determines the repair cost. Therefore, the goal
of design should be to minimize, even eliminate, the distance that breakdowns can
propagate in order to reduce the repair cost and associated interruptions and safety
implications. To this end, the completeness of all inputs to the socio-technical
micro-systems (both operational and IT-inputs) should be verified against the
outputs of the preceding process step. In essence, the accuracy and completeness of
communication interfaces between teams must be verified before clinical work is

143

allowed to proceed. Design barriers should be embedded at each surgical patient
care transition, thus preventing the progression of flow upon missing inputs.
Immunity to breakdown propagation should be a system design requirement.
Failure propagation modeling can be utilized through techniques such as Failure
Mode and Effects Analysis (FMEA) and Advanced Cause Consequence Analysis
(ACCA), with a focus on information needs, to support work with breakdown
management design. While disablers of breakdown propagation should be placed as
far from the actual surgery as possible, some flexibility can be introduced – e.g.
though multiple information flow trajectories. In some cases, re-engineering the
process will be more reasonable in allowing for inherent flexibility and safety than
introducing additional barriers.
To prevent halts in the perioperative system (an undesirable effect of enforcement
of the system inputs), barriers should be implemented with caution and with a
degree of flexibility by means of an explicit timeframe or system boundary - preemptive reminders could first warn of outstanding inputs, and ‘soft’ IT-system halts
could be explored as subsequent more intrusive interventions. For example, if
reminders to acquire patient allergy information did not result in data input for the
allergy field of the patient record up until 24 hours prior to surgery, the application
view for the functional role responsible for coordination of patient information can
simulate a halt at an appropriate time (not in the middle of the user’s task). This
would mean a freeze for several seconds with a display of the particular patient
record and appropriate message that this patient’s missing information will produce
a surgery halt. The user should be able to ‘unfreeze’ the application after several
seconds, or to delegate responsibility for the record to another functional role with
an explicit digital handshake. While such a solution would incur minimal human
resource cost at the local level, since breakdown propagation will be reduced, the
overall communication cost associated with breakdown repair will be minimized.
(IV) Mind tangibility – it is important to users. The findings of this research
showed that tangibility is relevant to the coordination theme and determines the
choice of repair strategy. The design of coordination solutions should account for
the tangibility requirements of coordination processes as per their theme and should
provide the relevant push/pull means to facilitate the information transfer. For
example, patient information will always relate to the tangible and therefore can
continue being supported by tangible artifacts – the effort should be in improving
the information presentation. Patient care issues, on the other hand, relate to the
intangible which affords greater opportunity for breakdowns in a distributed teams
environment. This research found that most tangible-related breakdowns are
resolved by pushing information, while most intangible-based breakdowns trigger
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information pull. Therefore, intangible-based breakdowns will best be supported via
seamless communication devices that allow on-time coordination negotiation,
information pull and efficient breakdown repair, without the constraints of
traditional telephones and intercoms that require a clinician to cross a room, lookup
a number, dial, and stay stationary for the duration of the negotiation. Voiceoperated badges [36] are an existing communication solution that can support
coordination related to the intangible in an efficient and transparent manner.
(V) Consider cultural factors. The technology adoption study found that lack of
trust at inter-team boundaries is a disabler to successful coordination improvement
efforts. The problem can be addressed by the design of coordination solutions that
promote trust. The design should involve all teams, through a discussion of their
respective needs and expectations of each other. Solutions should be generated and
re-designed through continuous discussions until all teams adopt the evolved
intervention with confidence that it serves their information needs, which translates
into behaviors that speak to that effect.
(VI) Examine recurrent patterns of coordination. This research established that
recurrent patterns of coordination are present in surgical care work. These patterns
of coordination are informal solutions to recurrent breakdowns. The coordination
structures comprising these patterns are easily detectable observable behaviors and
are good targets for efficiency improvement efforts. Clinicians can benefit
tremendously from offloading these recurrent communications through more
automated technological means.
(VII) Examine recurrent breakdowns. This research showed that the existence of
communication protocol for re-coordination upon a breakdown can make a
significant difference in the potential for the breakdown to affect patient safety.
Recurrent breakdowns that are not associated with a coordination solution are a
prime target for communication protocol or technological solution.
Task analysis guidelines
A qualitative approach, in combination with a formal description of activity, is
required for an early and feasible solution of safety threats in high-risk clinical
system design. Other safety-critical fields such as military and aerospace use
qualitative design methodologies based on human error and risk analysis. Such
methods incorporate erroneous user actions analysis into the task models [33, 94,
224, 231]. Classification schemes of human error in system interaction help
streamline error predictions [137, 234, 238]. The MECHA method [94],
guidewords-based techniques [224], and the THEA technique [231] analyze
erroneous user actions - cognitive and behavioral, i.e. slips, lapses and mistakes
(a.k.a. skill-, rule- and knowledge-based errors). However, for clinical contexts
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these methods have too narrow a scope of analysis – they are human-centered but
not process-oriented. They focus only on an individual’s potential to err, at the
cognitive and behavioral levels, while cooperative aspects predisposing breakdown
situations are neglected. The design of surgical care procedures or computational
applications should also consider communication and coordination breakdowns,
computational communication breakdowns, and external workflow influences.
(VIII) Integrate task model, system model and workflow model into a coherent
Cooperative Surgical Activity Model (CSAM). This research showed evidence that
latent communication factors lie at all system levels – the task, the workflow, and
the macro-system. A task model should therefore be able to reflect the complexity
of clinical work and allow for analysis of the full range of communication,
coordination and other issues that can arise from introducing a new procedure or
technology into an existing clinical context. To that end, the level of analysis should
include a balanced integration of user task model, technical system communication
interfaces (human interface and system-system interface with appropriate state
instances), and workflow model. While the main focus remains the specific task and
associated user actions, the relevant technical system interactions and relevant
workflow relationships to other activities and organizational factors are necessary
information sources for a complete task analysis. Peripheral systems, people,
objects, tools and data sources should be reflected in the model.
(IX) Focus on joint activity processes – localization of communication and
coordination hotspots. This research revealed the importance of communication and
coordination activities to clinical work. In the CSAM, particular attention should be
paid to reflect and analyze the implications of all participatory actions of agents
derived from each individual user’s task model (i.e. each functional role). The
model should reflect all actions that contribute to coordination of the activity.
(X) Represent technology in the task model – localization of human-computer
interaction and system-system interaction hotspots. The present research and
previous work have shown that technical and equipment failures are common in the
perioperative setting. The role of technology as an interactor [32] in the
perioperative activity is as significant as that of humans – when a system fails the
safety-related consequences could be as severe as those of a physician being
unavailable at a time of emergency. The CSAM should incorporate relevant
communication interfaces from the technical system model, including the respective
parameters and system states.
(XI) Design for safety through breakdowns analysis. This research demonstrated
the significant impact of breakdowns on surgical operations and on safety. Safety is
the property of the interrelationships and interconnections between parts of a socio-
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technical system [94]. Thus, analysis should focus on identifying those
interrelationships and interconnections that can produce breakdowns and challenge
the safety of the socio-technical system. This implies a thorough analysis of user
actions, human-computer and system-system interactions that can produce human
error or communication and coordination breakdowns. The temporal aspects of the
interrelationships and interconnections among actions are of specific importance to
correctly identify the conditions that will lead the system to an unsafe state
(Breakdowns analysis is elaborated on later in this chapter).
(XII) Either entirely replace a repair/coordination structure, or keep it intact. In
this study, a number of coordination repair structures were observed in the
perioperative setting. Similar to personal behavioral modules in the field of
Psychology, repair structures can be conceptualized as joint activity-related
behavioral modules. As such, they can be replaced by IT solutions as an entity, but
should not be segmented (i.e. with only certain segments being automated). The
entire action sequence must be automated. Otherwise, conditions predisposing to
human error and breakdowns are created [288].
Breakdowns analysis guidelines
This section suggests how potential breakdowns can be anticipated by thoroughly
examining the task and process models for the clinical activity under consideration.
The exploration of breakdowns during workflow and task analysis must look at
activity as comprised of agents’ work on three analytical levels: the activity space,
the problem space, and the action space (Figure 29). Actions can be individual and
participatory (i.e. individual actions that are coordinated with other people in the
activity and intended to be part of the joint activity) [54]. Actions are subject to
cognitive and behavioral errors. Participatory actions make up the work in the
activity space - negotiation of goals, plans, procedures, etc. These are needed to
organize the task and are part of the system work. Thus, work in the activity space
is susceptible to coordination breakdowns. The problem space is made of both types
of actions – it reflects individual and joint work on the problem-solving of the
medical problem. Work in this area is vulnerable to communication breakdowns.
Given that the activity and problem spaces subsume actions, cognitive and
behavioral errors can propagate to communication and coordination breakdowns.
Technology is present on two levels of breakdown analysis in the activity - as an
interactor through its user interface it allows for use errors; and as a mediator
through its system interface it allows for communication breakdowns at the
computational level.
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Technology Error:
• Mediator – Computational Error
• Interactor – Use error

Actions

Human error:
• Cognitive Error (mistakes)
• Behavioural (slips and lapses)

Figure 29. Analyzing surgical work from a joint activity perspective,
including the errors and breakdowns each type of participant work is
prone to.
Once a task model is created, it is traversed from low-level actions to higher-level
tasks and the full range of potential errors and breakdowns are analyzed for each
action in the tree. The possible human error and breakdown patterns considered are:
cognitive and behavioral errors, coordination breakdowns, communication
breakdowns, system-as-mediator and system-as-interactor errors. Classification
schemes are used and techniques applied for human error analysis. The inputs to
both human error and breakdowns analysis are: envisioned error scenarios and
application specialists’ feedback (require domain knowledge); observations,
incident and accident reports, historical and empirical data, and other technologies’
specifications (objective points of reference). Temporal factors influence the
occurrences of errors and breakdowns and should be considered: what is the time
safety threshold for each task (e.g. 3 seconds vs. 5 minutes). The time and space
configuration of the task – same place/different place/same time/different time –
should be exploited in the breakdowns analysis. Lastly, each predicted failure is
associated with an outcome, and risk analysis is performed.
6.1.2 System design framework
This section proposes a system design framework tailored to perioperative work.
The framework integrates the knowledge acquired through this study and positions
the design guidelines (suggested earlier in this chapter) in the context of the system
design lifecycle by adapting some of the development activities. The framework
extends traditional user-centered design approaches currently used for the design of
medical technology, such as [4, 6, 190, 208, 209], to include coordination processes
and breakdowns at the macro level through a systems approach. The framework
targets the design and development of interventions such as procedures, processes
and technology to address communication and coordination breakdowns in surgical
patient care. This framework is relevant to the initial stages of system design and
throughout the development cycle.
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1. Requirements gathering – follow guideline (I) – elicit needs from all
stakeholders in the surgical process, including those that are not envisioned to be
the procedure or technology users. Employ formal IT-system description methods
considering all stakeholders (e.g. ANSI/IEEE 1471[143]) to derive a complete set
of requirements that addresses direct and indirect user needs in addition to the
minimum set of stakeholder concerns. Probe for a thorough understanding of the
domain system processes, not only the particular design task problem.
2. Detect breakdowns – apply the breakdown detection method to identify the
occurrence of breakdowns and to establish a baseline for evaluation of the design
effort. The output from the breakdown detection method is used as input to the
design of breakdown disablers.
3. Task and workflow analysis – both should address domain system level
processes of coordination, implicit and explicit, tangible and intangible. Guidelines
(II), (IV), (VIII-X), and (XII) should be applied. Existing concern-oriented
techniques [253] can facilitate the identification of cross-disciplinary task and
workflow-related requirements. The task and workflow models can be integrated
into a CSAM.
4. Breakdowns analysis – examine the breakdowns that are recurrent and produce
most overhead, and analyze the underlying reasons that are responsible for the
occurrence of breakdowns – e.g. inadequate procedures, culture, incompatible goals
between teams, etc. Participation of all stakeholders and multidisciplinary experts at
this step is essential. Guidelines (V-VII), (XI), and the breakdown analysis
guidelines are relevant.
5. Concept design – address the effects of the new procedure or IT-system on the
macro level processes identified in the previous steps. Consider between embedding
new barriers or re-engineering of the process. Follow guideline (III).
6. Envisioned task and workflow analysis – similar to step 3, address system level
processes and the considerations outlined in guidelines (II), (IV), (VIII-X), and (XII).
Future task and workflow impact are verified with the entire target user population,
at the inter-professional and inter-team levels, through existing techniques [253].
7. Human error analysis over envisioned task flow and workflows - as in other
safety-critical domains [33, 94, 224, 231].
8. Breakdowns analysis over envisioned task flow and workflows – the full range
of potential breakdowns is explored – techniques of predictive breakdown analysis
should be employed, such as those described in [271] and in [102]. Probabilistic
failure propagation modeling can be utilized through techniques such as FMEA and
ACCA to facilitate design decisions. Validation from all stakeholders and
participation of multidisciplinary experts at this step is essential. Guidelines (V-VII),
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(XI), and the breakdown analysis guidelines are relevant.
9. Mapping of predicted failures to anticipated adverse outcomes and risk analysis
execution, as in [145].
10. Analysis of contextual factors.
11. Design solutions – inform solutions based on the above analyses; provide
appropriate information means based on process and coordination theme - as in
guideline (II); embed barriers to prevent breakdown propagation – as in guideline
(III); provide suitable tangibility interactions based on coordination theme – as in
guideline (IV); consider the solution in the context of the organizational culture – as
in guideline (V), and mind human factors – as in guideline (XII).
12. Early system prototyping or procedure training, followed by implementation.
13. Breakdown detection and evaluation testing – apply the breakdown detection
method to identify the occurrence of breakdowns and to compare with the baseline.
If improvement is not absolutely successful, re-iterate the design effort until the
solution evolves to a more mature design.
14. Keep an eye on adoption – continuous monitoring over time and openness to
solution re-design are key to ensuring efficiency, safety and complete integration.
6.1.3 Discussion
The design guidelines are supplementary to traditional techniques currently
utilized for user task, workflow and requirements analysis (e.g. focus groups,
interviews, questionnaires, scenarios, use-cases, etc.). The recommendations
integrate the approaches adopted in other industries to address breakdown
management with the findings from this research that are specific to the
perioperative environment. The resulting guidelines and system design framework
for the management of breakdowns are prescriptive of types of analyses to be
undertaken in the quest to address system level latent factors of communication and
coordination, but are also general enough to allow designers to continue using their
preferred techniques of analysis. The guidelines serve to expand the focus of
analysis during the early system design stages and to steer it to those issues that are
specifically essential to surgical work. The guidelines facilitate the designer’s work
to adopt an approach that does not fail to address the communication and
coordination demands of the perioperative process. The proposed system design
framework for breakdown management integrates the knowledge acquired through
this study by positioning the guidelines in the context of the system design
lifecycle. The framework can be applied during early (re-)design stages, but also
can easily be utilized in the context of software integration over existing hospital
implementations, as well as in hospital IT infrastructures design. Additionally, some
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of the recommended analyses can be used to inform technology procurement
decisions.
The system design framework for breakdown management in the surgical setting
is anticipatory of breakdowns at the individual and system levels. An optimal fit
between a process or technology and the intended setting and users is critical for
design and successful implementation [140]. Current literature abounds with
examples of clinical technologies holding a promise of adoption, efficiency and
safety improvement success. However, these technologies often do not meet
expectations once integrated into the end-user environment. Indeed, the new
technology/procedure often introduces unanticipated problems [160, 247, 319].
While it is impossible to predict every potentially negative consequence in every
possible user environment, applying a more holistic and anticipatory analysis
framework, like the one proposed here, will minimize the range of procedure or
technology integration issues that may occur. Additionally, utilizing the approach
from the hospital consumer side (i.e. during procurement and integration) will
further increase the return on investment in increased analysis by assuring that the
right technology is chosen for a given environment and process. Such holistic,
process-oriented analysis is currently non-standard. The framework derived from
this study will have significant impact on improving transparency in healthcare
technology integration, in enhancing quality and efficiency, and safety.
The idea of minimizing breakdown propagation that underlies some of the
guidelines, and drawn on the basis of the findings of this research and of the work
in other industries, aims to address not only communication cost reduction, but also
to ameliorate conditions of safety hazards. Pushing error detection and prevention
upstream translates well into the surgical system due to the linearity of the surgical
process. In addition, many of the breakdowns in the surgical setting are due to
missing, delayed, unclear, and incomplete information related to surgical
preparation work [254] that is the input to patient care on the day of surgery.
Therefore, efforts focused on breakdown prevention and detection in the early
stages of the surgical process – Patient Referral, Surgeon’s Office, Pre-Admission –
should reduce a significant amount of the repair cost and the level of latent safety
threats. Rigorous efforts in completion of the surgical package (i.e. patient chart)
from the surgeon’s office can help decrease the amount of workload on the day of
surgery, as well as the level of uncertainty, need for coordination, and interruptions
(i.e. multiplier effects). The work of pre-admission units, where applicable, can
further help prevent breakdown propagation by enforcing completeness of the
surgical package’s auxiliary inputs such as current blood tests, consults, exams, etc.
Basically, shifting the main point of breakdown detection and repair from the day of

151

surgery to the micro-systems that precede it is deemed to have significant
implications for reducing breakdown impact. While not all breakdowns stem from
system inputs, reducing the total of breakdowns on the day of surgery is considered
beneficial.
Another positive outlook on the proposed design framework comes from its
commonalities with Lean management. In recent years, increasing evidence
demonstrates the utility of Lean Management to improving work processes in
healthcare organizations. The core of the proposed framework relates closely to the
principles of Lean (with the assumption that frontline clinicians are actively
involved in design), while applying them to the system design domain. Lean
management’s fundamental concept is to identify waste and inefficiencies in a
process and to create solutions that improve operations to a value-optimal
workflow. When applied to healthcare organizations, Lean Management has had
positive impact on patient satisfaction, productivity, cost, quality, and efficiency
[13, 79]. Breakdowns in healthcare operations that were examined in this research
cause a tremendous amount of waste in the process, which is the necessitated repair
work. The suggested design framework applies the core principles of Lean
management to the design of processes/technology in order to produce a lean
technology-supported process - reducing errors, breakdowns and repair overhead
results in a lean design of clinical work through the integration of procedural and
technological solutions. Both Lean management and the proposed framework
design efficiency with an outlook on socio-technical system level processes.
6.1.4 Future directions for work in technology adoption
The issue of trust identified by this work is a social factor not previously reported
from studies in the clinical domain. The problem pertains to the domain of
organizational culture and deserves a further look. Perhaps greater degree of
automation in status communication technologies will avoid trust-related
breakdowns. Future technology should aim to ensure the maintenance of reliable
operations in a way that ameliorates potential inter-team mistrust. As healthcare IT
moves towards technology implementations across the continuum of care, and
current legislations are pushing in this direction, such as the HITECH Act and
stimulus package in the U.S. for adoption of electronic medical records, the issue of
trust will surface more often.
The role of trust in adoption in mediated collaborative work has been studied in
other domains such as e-commerce [104] and also falls under the more general
problem of User Experience (UX) [123, 169]. Current literature suggests that usercentered design approaches and system performance determine technology
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adoption. Ease of use and usefulness are the key factors found to predict acceptance
[284]. The findings of this study indicate that user-centered approaches to the
design of collaborative technologies that support clinical work are not sufficient to
produce a successful implementation. There is a tight relation between the “social”
and “technical” aspects in a socio-technical system. Successful adoption of a system
is significantly influenced by underlying socio-organizational factors in the enduser environment. The challenge such factors present is lack of clear predictability
parameters. Designers and users cannot envision the complete impact of system
integration. Time and again research studies reveal that understanding the work, the
workflow, the context, even the organization, is inadequate in facilitating complete
predictability of technology integration. Thus, the importance of adopting a
continuous improvement approach becomes paramount in the quest to address such
invisible organizational culture factors.
Given the importance of IT to today’s surgical operations and the growing number
of partial successes with implementations, future work could focus on the
development of accurate predictable UX models. These models would focus on the
clinical end-user and the socio-organizational factors in their environment. Such
models in other domains translate user parameters into product specifications with
an outlook on adoption – they have been successful in the manufacturing industry
[205]. A retrospective approach to building a UX model may be more appropriate
for the surgical domain at this point. Future research should examine factors that
represent strong candidate predictors of UX based on existing related studies. In this
work, trust was found to be a major contributing factor. In other studies it was the
transformation of information from private to public [301, 319], the quality of the
connection medium [275], or the shift in power, control and autonomy [25]. In
addition, generic adoption parameters like end-user’s level of experience with IT,
spatial location of technology in-use, institutional turnover rate, etc. should be
considered. Being able to accurately predict user experience will be both beneficial
to surgical operations and economical from a development point of view.
Lastly, a carefully designed meta-analysis study with data from existing work on
technology acceptance in different hospital settings, coupled with sound theoretical
frameworks from psychology, sociology and communication science, will shed
light on the curious but yet unresolved issue of the discrepancy between the selfreported attitudes and observable behaviors. Insights thus drawn will enable the
HCI community to develop more reliable and valid evaluation methods for usability
and user experience [168, 248].
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6.2 Future perspectives for breakdown management in the
surgical setting
This section will briefly review the state of affairs of breakdown management in
healthcare so far. Specifically, the section will identify the practices of other
domains (identified in Appendix D.1) that have been utilized within the hospital
environment. Next, the challenges against existing efforts will be discussed and
areas for future work will be identified.
6.2.1 Efforts so far
Recent years have marked a growing recognition in healthcare, and specifically in
surgery, of the contribution of latent factors such as coordination breakdowns to
preventable adverse events in patient care, including fatalities. Efforts to improve
patient safety by addressing the underlying issues have been initiated around the
world. The majority of initiatives have turned for insights to aviation as it is a
safety-critical field and offers years of research with demonstrated safety
improvements. CRM training has been implemented in operating rooms [198, 199]
with a major push towards the use of checklists and team briefings in the OR [184],
including initiatives endorsed by the World Health Organization [293]. Another
strand of work towards patient safety and operational efficiency improvement has
brought about the implementation of Lean management principles from operations
science into healthcare [79, 107] and particularly the surgical environment [134].
Such work has demonstrated that Lean Management has positive impact on patient
satisfaction, productivity, cost, quality, and efficiency [13, 79]. Recent standards for
the design of medical devices and technology have also addressed the issues of
safety stemming from systemic factors by mandating extensive requirements
gathering and the use of usability and human-factors oriented approaches from
software engineering in the development of any device to be used in hospitals
(ISO/IEC 62366:2007 [16], ANSI/AAMI-74: 2001 [9], ANSI/AAMI-75:2009 [18],
ANSI/AAMI48:1993 [2] and [91, 92]). FMEA, from reliability engineering, has
been utilized by some hospitals during process changes and technology integration
[21, 73, 277, 292]. Issues of inter-professional communication, relating to power
dynamics and safety, have surfaced in the discussions of professional circles [179,
189, 237], but no specific formal standards to address these have been established.
Finally, recent efforts from academic environments attempted to bring to the
healthcare field the methods from systems engineering – specifically, the
stakeholder concerns approach [252, 253].
In summary, attempts have been made to apply some of the approaches from the
aviation, reliability engineering, production and manufacturing, software and

154

systems engineering industries (reviewed in Appendix D.1) to the surgical setting.
In the next section, the challenges faced by these efforts are discussed. Specifically,
challenges are reviewed that have adversely impacted the success and diffusion of
improvement initiatives.
6.2.2 Challenges
Despite the numerous efforts to improve communication, coordination, safety and
efficiency in the surgical setting and beyond, dramatic diffusion across hospitals,
technologies and countries has not been observed. Improvements have been
reported in isolated cases, and sometimes follow-up research has identified issues of
sustainability of improvements, technology adoption issues alongside positive
outcomes, and bias in success stories (see Section 4.5.3 and [98, 148, 160, 176]).
Through the research of this study, several challenges to the greater impact of
improvement efforts were observed on the macro level of surgical operations:
 Efforts are dispersed and non-systematic. Usually an external consulting group
works with a surgical or other hospital unit’s management to advise on rapid
improvement strategies/programs (as in [79]), without continuous involvement
and re-analysis of the state of operations past the initial evaluation, which usually
resulted in certain successful metrics.
 Lean management improvements have often been applied on a superficial level of
operational changes related to medication stock and operating time efficiency,
ignoring the core principles that make Lean work, which require an
organizational cultural change where continuous improvement is a value and
formal channels of communication between front-line workers and management
are established to enable it. (The application of CRM suffers from similar
drawbacks as it directly adopts solutions from aviation without considering their
evolution in that particular context.)
 There are no communication/coordination standards or active involvement of
non-clinical personnel in the establishment of communication practices – there is
a lack of multidisciplinary contributions in the determination of communication
and coordination practices, which are left at the discretion of the clinical unit.
 Flexibility has been appropriated a high priority, many times overriding
adherence to SOPs and frequently resulting in breakdowns and overhead in
resolving them. Lack of compliance is pervasive to many procedures, including
the use of checklists [176], surgical site marking and performing a “time-out”
[148], and CRM procedures in the OR [98]. From the perspective of a continuous
improvement culture, there is a need to address the underlying reasons: Is this a
product of perioperative culture? Are the procedures inadequate? Is it both?
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 CRM improvement efforts so far have focused on the micro-system level of
teamwork within the OR. However, communication and coordination issues span
the entire surgical system and, as in aviation, CRM should be applied beyond the
single team in the operating room and to the macro system level as well.
 A non-punitive culture of continuous improvement is not the status quo. While in
some cases adverse events are brought to light and used to bring on
multidisciplinary perspectives to identify proximal and latent factors contributing
to breakdowns and to improve patient care (as in [1]), in other cases legislation
and politics mandate punishment for any preventable errors [56, 245]. Research
across countries and continents shows a high level of defensive medicine
practices that come from fear of medical litigation and fear of negative publicity
[50]. Punitive legislation promotes the disguise of breakdowns and accidents, the
adoption of defensive care practices, and the disabling of any potential for
continuous safety improvement.
 Power dynamics, especially between surgeons and nurses, are a major disabler of
continuous improvement.
 During improvement initiatives for communication, coordination, safety or
efficiency, in-hospital or consultant-lead studies advertise success of programs on
a variety of metrics. However, field academic research shows poor performance
on similar metrics or on other intervention by-product performances. This is a
result of the use of electronic data for fast automated statistical reporting of
business and quality metrics utilized in the intervention evaluations by hospitals
and consultants – e.g. patient throughput, patient visit duration, clinical outcomes,
patient satisfaction, and self-report evaluations. These measures neglect to
account for important socio-technical dimensions of work - e.g. workload, stress,
information flow quality, culture, process distance from optimal efficiency, etc.
The business metrics also confine analysis to the department/unit neglecting
problems at the macro-system level. Field research, mostly coming from
academic studies, examines actual behaviors in-context, including macro-level
latent factors, but generally is not part of current intervention evaluation
processes.
6.2.3 Areas for future work
Given the great number of adverse events and hospital budget considerations, the
problem of management of breakdowns and other latent factors endangering safety
and undermining efficiency in the perioperative environment needs to be addressed
in a more systematic and aggressive fashion. Having identified the major
approaches to breakdown management in other industries (in Appendix D.1), and
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the challenges and disablers to the efforts to implement those approaches in
healthcare (in the previous section), several critical areas for future work have
emerged.
 Research. More research on breakdowns at the macro system level is necessary.
The present study expanded the current knowledge in this direction by identifying
inter-team breakdowns as primary latent factors for consideration and by
revealing how some of the properties of breakdowns statistically determine their
consequences. However, this study was only an initial step in the quest to
identify and understand macro-level breakdowns. A further look at dysfunctional
socio-technical micro-system interactions is necessary in order to address all of
the underlying causes.
 Multidisciplinary approach. There is a critical need for adoption of a
multidisciplinary approach to breakdown management in surgical care units –
currently clinical personnel and management with clinical background are the
supervisors of breakdown problems and improvement projects. While their input
is essential, the contribution of experts with engineering, social science, and
human factors perspectives is crucial in addressing systemic latent factors issues.
These experts should be involved in the design and evaluation of communication
processes and technology in a surgical unit.
 Systemic approach. Interventions and technology implementations should be
anticipated and evaluated with an outlook on the macro continuum of care, not
with a narrow focus on a single micro-system - e.g. the OR – which promotes
fragmentation and breakdowns at team interfaces. The involvement of
multidisciplinary teams is essential in meeting this requirement.
 Culture change. The often punitive and hierarchical culture in surgery is a major
disabler to efficient information flow. A balance between flexibility and
compliance to procedures and safety is needed. Front-line workers/end-users of
processes and technologies should be empowered with formal and direct channels
of communication to enable and drive continuous improvement. Most
importantly, feedback loops should be formalized so that clinicians can see the
outcomes of their potential initiatives to improve the status quo. A long-standing
problem with adverse event reporting systems in healthcare is the lack of
feedback – when an issue is reported – the reporting party does not usually get
invited to contribute to efforts for improvement. Often, the reporting party does
not know how and whether the information was used in a productive manner.
Even worse, if the issue has seriously affected patient safety, punitive action may
be taken. A formal communication feedback loop is necessary, along with a nonpunitive environment so that safety and efficiency are continually improved
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through the re-design of breakdown contributing mechanisms. The issue of power
dynamics between physicians, nurses, administration and management need to be
addressed through appropriately designed decision and communication
procedures with the goal to enable a safety culture. Only when these conditions
are present will techniques such as Lean and CRM truly work.
Cultural change is not an easy task and takes time to evolve and mature.
However, aviation is an example of its feasibility – aviation experienced the same
types of challenges (e.g. power dynamics, micro-system focus, punitive culture)
that were overcome through a top-down and systematic approach to training and
evaluation facilitated by multidisciplinary inputs. Governmental and corporate
endorsement are necessary in promoting a non-punitive culture, pushing towards
disabling the forces of power dynamics in patient care, and involving non-clinical
experts in all process and safety improvement efforts.
Continuous efforts. Breakdown management requires continuous monitoring of
performance post interventions and technology integration, rather than short-term
rapid improvement projects. Evaluation metrics should always include both
business metrics and socio-technical measures.
Flexibility vs. compliance. The right balance between compliance to procedures
and flexibility needs to be determined and potentially standardized in the form of
system boundaries for the execution of tasks. Clear system boundaries are
necessary to establish productive flexibility vs. flexibility that facilitates
inefficiency and safety hazard triggers.
No breakdown propagation. Boundaries should establish disabler checkpoints
of patient care when information is missing or incorrect. All other industries
reviewed adopt a no propagation policy, recognizing the exponential impact that
propagated breakdowns incur. This study showed that propagation is
commonplace in perioperative operations and it is the primary communication
overhead factor.
Prevention vs. avoidance and mitigation. Greater focus should be appropriated
on methods for prevention of communication and coordination breakdowns,
rather than on avoidance and mitigation. Given the amount of uncertainty
inherent in surgical process operations, avoidance and mitigation techniques are
essential for coping with unexpected situations. However, prevention should be
priority for recurrent and for preventable breakdowns. The patterns of
coordination found in this study, as well as the research literature on the use of
workarounds in clinical work, demonstrate a culture with a focus on avoidance
and mitigation of breakdowns.
Technology design. Technology cannot solve the problems that cause
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breakdowns. First the reasons for breakdowns have to be addressed, and then
technology can facilitate the solutions that will prevent, avoid or mitigate
breakdowns. Thus, technology has the great potential to improve communication,
coordination, safety, and efficiency if designed from a systems engineering
perspective and when integrated in a continuous improvement culture.
Stakeholder-oriented engineering approaches can greatly enhance the quality and
outcome of technology engineering for the surgical environment and should be
given further attention in the future.
 Technology adoption. Cultural factors, such as trust, and a discrepancy in the
outcomes from various technology evaluation techniques are the major disablers
to accurately identifying and addressing issues of adoption. Future work should
focus on the development of accurate predictable user experience (UX) models
and on bridging the gap between evaluation approaches. (These ideas were
further elaborated on in Section 6.1.4)
Table 28 summarizes the areas of future work required in the management of
breakdowns in the perioperative process.
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Table 28. Future work for the management of breakdowns.
A need for
Research
Multidisciplinary
approach
Systemic approach

Culture change
Continuous efforts
Flexibility vs. compliance
No breakdown
propagation
Prevention vs.
avoidance and mitigation

Technology design

Technology adoption

With a focus on
• macro system level breakdowns
• dysfunctional socio-technical system component interactions
Experts with engineering, social science, and human factors
perspectives should be involved in design and evaluation of
communication processes and technology
All process interventions should anticipate macro-level impact,
especially at team/unit interfaces
• Non-punitive culture
• Continuous improvement driven from the front-line workers
• Formal channels of communication, with a closed feedback loop
• Procedures to moderate the effects of power dynamics
Continuous monitoring rather than rapid-improvement projects
System boundaries to allow for productive flexibility and to
prevent inefficiency and safety threatening conditions
System boundaries disabling patient care flow upon missing or
incorrect information
Greater focus on breakdown prevention
• After identifying the reasons for breakdowns, technology can
facilitate the solutions
• Systems engineering approaches are especially relevant to the
issues of inter-team breakdowns
• A continuous improvement culture is a precondition to successful
integration and long-term adoption
• development of accurate predictable UX models
• research on the discrepancy between self-reported attitudes and
observable behaviors

The directions for future work are broad categories independent of particular
techniques. While techniques such as CRM and Lean have been applied to the
healthcare domain with some success, translation of their application from other
fields is not straightforward and requires some important considerations of the
differences between the domains [127, 154]. For example, when adopting
approaches from the aviation field, it is important to take into account that in the
surgical setting the surgeon’s life is not threatened during an adverse event. This
fact contrasts with the pilot’s life in a cockpit situation. Other differences between
aviation and surgery range from the level of uncertainty and unpredictability, which
is higher for the surgical domain [128], to the hiring process, the initial operating
experience, recurrent mandatory training, the management of emergencies, and
practice certification requirements [154]. These considerations can have profound
implications for the openness to procedure compliance, for decision making, for
communication practice, etc. Therefore, an application of CRM or other techniques
must be adapted in order to produce optimal results for the surgical setting. When
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Lean is considered, several value dimensions are relevant in surgical patient care –
the clinical, the operational and the patient experience [314]. So far, the majority of
accounts of Lean applications to healthcare have looked predominantly at the
operational dimension only. As a derivative of reducing the patient’s length of stay,
these applications have also reported improved patient experience.
Multidisciplinary teams, composed of clinicians and experts in systems
engineering, social science, human factors, and operations, are best equipped with
the necessary knowledge to determine appropriate process modifications so that
procedures and tools would adequately fit the target domain. An example of
successful integration of multidisciplinary knowledge into a healthcare domain is
the field of Anesthesia where for over thirty years the adoption of systems and
human factors perspectives, and recent considerations of reliability engineering
concepts and continuous improvement approaches to procedures, has tremendously
improved safety [101].
Breakdown management in surgical care can be accomplished with a systematic
and well-informed approach. The breakdown detection method, described in the
previous chapter, is an essential tool in identifying breakdowns and establishing a
baseline for intervention evaluation. Next, breakdowns mechanisms must be
identified through a multidisciplinary systemic approach and the process under
consideration must be re-designed with the active participation of front-line
workers. Clear system boundaries that allow flexibility but also enforce compliance
with procedures must be defined. Breakdown propagation must be minimized
within the defined system boundaries. The focus of re-design should be on
prevention, if possible. A system can often benefit from the advantages of a well
designed communication technology. The breakdown detection method should be
used to evaluate the outcomes of improvement efforts. However, continuous
monitoring and improvement will be key factors in achieving operational
efficiency, smooth coordination at team interfaces, and improving safety.

6.3 Chapter summary
The chapter presented a set of guidelines for process and technology (re-)design
tailored to the perioperative setting. These guidelines draw on the findings of this
research and integrate those findings with the insights from other industries. The
guidelines recommend design activities that look beyond tasks and workflows,
consider information needs at the macro level, push breakdown disablers away from
the day of surgery, anticipate breakdowns not only from a human factors oriented
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perspective but also from a large-scale coordination perspective, and establish a
balance between flexibility and procedure compliance. The guidelines were
positioned in the context of the process/technology development lifecycle to
produce a coherent system design framework for breakdown management for the
surgical setting. The major contribution of the guidelines and framework is the shift
in focus during design to latent factors influencing surgical work – healthcare
system level processes and breakdowns. By addressing latent factors early in
design, the goals of improving safety and efficiency will be attained sooner and at a
lower cost. The framework can be applied during early (re-)design stages, but also
can be utilized in the context of procedure and software integration over existing
hospital processes and implementations, as well as in hospital IT infrastructures
design.
The chapter also portrayed some of the challenges to breakdown management in
the surgical setting – lack of systematic and multidisciplinary approach to
improvement efforts, focus on tools for improvement and neglect for underlying
systemic factors such as culture, power dynamics in the OR, etc. The challenges and
the knowledge from other domains lead to the conclusion that directions for future
work are further research on macro system level breakdowns and on technology
adoption issues, a multidisciplinary and systems approach to the detection of
breakdowns and to the development of interventional solutions, professional culture
changes, continuing efforts at improvement rather than short-lived projects, etc.
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7
Conclusion
This chapter summarizes the key findings of this research and discusses critical
aspects thereof. In addition, it outlines the theoretical and practical contributions of
the thesis, and discusses some of the limitations of the work. The chapter ends with
a discussion of future prospects.
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Breakdowns in surgical patient care have been investigated by a number of
studies, but the majority confined the scope of analysis to the teamwork frame,
while the rest did not examine the deep features of breakdowns. The goal of this
research was to analyze breakdowns in the surgical process at a fine level of detail,
to reach beyond the unit of a team, and to discover deep features of breakdowns. In
this thesis, a formal systematic study of breakdowns in two OR suites was reported.
The scope was set at the perioperative macro-system level, exploring those issues
that fluidly move through the surgical process, addressing inter-team coordination,
communication cost, and repair strategies. The focus was on the types of
breakdowns usually identified as latent factors in adverse events – human errors,
coordination breakdowns (including those triggered by unpredictable dynamic
conditions) and technical failures. This research applied a mixed methods design.
Activity theory, workflow analysis and the systems engineering perspective were
employed for the investigation of breakdown factors in a qualitative manner. The
micro-systems were modeled and analyzed. Thematic coding and statistical
analyses were utilized for quantitative analysis.
In the theoretical domain, the findings were positioned at the intersection of two
theoretical models – one of organizational coordination, and the other of
cooperation triggered upon breakdowns. A conceptual model of breakdowns in
surgical activities was deductively derived. In line with the systems engineering
perspective the conceptual model of system behavior reflects a system state as one
of breakdown or normal. The model provides a description of the relationships
among breakdown properties examined in this study. Future refinements and further
validation of the links are deemed beneficial. Nevertheless, at present the model
facilitates an improved understanding of the dependencies of organizational
mechanisms and their relationship to breakdowns. Additionally, a model of safety
and its relationship to breakdowns was proposed. This model was developed with
respect to the findings as well. The safety model is informative not only in
understanding the safety implications of breakdowns according to pre-existing
communication structures, but also in the design of coordination mechanisms into
the surgical process.
In the practical realm, this thesis offered a breakdown detection method to
facilitate the manual and automated detection of breakdowns. Further, guidelines
for design and a system design framework were proposed for the design of
processes and technologies that prevent existing breakdowns and avoid introducing
new ones at integration. The study results suggested that during early design stages
as well as during infrastructure design or technology integration, the focus of
activity and requirements analysis must be expanded from the user/team unit to the
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macro-system unit. Technology effects at inter-team interfaces are prime targets of
consideration, and barriers should be embedded to prevent breakdowns from
downstream propagation in the system process. Finally, coordination requirements
with respect to themes, repair structures and tangibility of coordination should be
considered in order to provide suitable design solutions.

7.1 Key Findings
The goal of this thesis was to acquire understanding towards three important
questions that will help determine how to improve surgical care coordination
through the informed design of processes and technology.
Breakdowns – what are they, really?
This thesis began the study of breakdowns by deriving breakdown properties and
hypotheses from previous qualitative empirical studies and then setting out to
explore the relationships between those properties and test the hypotheses with data
acquired from real perioperative work in two hospitals. The findings indicated that
intra-team micro-system coordination was smooth, while inter-team macro-system
level coordination suffered perpetual breakdowns. The sources of these breakdowns
were colliding pressures and goals of different teams, maintaining awareness of
macro-level plan changes through the alignment of multiple instances of
coordinating artifacts, and coordination of tightly coupled actions while in
distributed physical spaces.
It was also found that breakdowns originate throughout the surgical macro system
and they usually propagate downstream before they are detected and rectified – this
was the case in 86% of cases at Hospital_1 and 88% of cases in Hospital_2. As a
result, the majority of breakdowns are associated with and affect inter-team
coordination. One of the consequences of propagation is that the length of
propagation determines the amount of increase in communication cost associated
with breakdown repair – the longer the distance from breakdown origin to
breakdown detection and repair, the higher the cost. This is probably due to the fact
that as they propagate, breakdowns affect the work of a greater number of people.
Another reason for this correlation is the increased criticality of process inputs as a
patient approaches surgery. Additionally, 68% of breakdown cost is made up of
interruptions to the ongoing work of clinicians from various teams. Thus,
breakdowns are a major source of interruptions, which has been shown to have
significant implications for patient safety.
The breakdown theme was found to relate to the tangibility of the coordination
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process employed. The breakdown theme predictors were patient information and
patient status. The former related to the tangible coordination mechanisms such as
paper and electronic artifacts. The vast majority of patient status breakdowns were
associated with cultural norms, i.e. the intangible norms and conventions of the
local work practice, which supports the idea that cultural norms are predominant in
all medical settings [59, 112].
The type of repair strategy employed was determined by a combination of the
theme and tangibility associated with a breakdown. Breakdowns related to tangible
coordination mechanisms tend to be repaired with information push, while the
choice is information pull for breakdowns related to the intangible. As far as
breakdown theme is concerned, patient status breakdowns tended to utilize
information pull repairs. In Hospital_1, patient information and patient care
breakdowns exhibited an information push bias. Although not statistically
significant, biases in repair strategy were observed for the other breakdown themes
as well.
The study that examined the adoption of the eWhiteboard tool for patient care
coordination found that the socio-organizational factor of lack of trust between
teams was an enabler of breakdowns and a disabler of successful technology
adoption. Even though the eWhiteboard reflected the status of surgical patients
correctly, oftentimes clinicians opted to use the phone to verify that the status is
indeed accurate. Their comments in-situ revealed that they do not feel confident
clinicians from other teams (than their own) had updated the status of patients on
the eWhiteboard. This mistrust resulted in a number of phone calls that aimed to
verify patient status. Nevertheless, clinicians were highly satisfied with the
introduction of the eWhiteboard and perceived it as very useful in their work. The
latent factor of lack of trust in the work of other teams was not visible before the
introduction of the eWhiteboard as the medium of communication had been the
phone – a synchronous medium that allows teams to verify all issues. It is suggested
that organizational culture factors should receive greater attention in the future
during technology adoption evaluation.
Altogether, the findings reported in this work highlight the need to minimize risk
and reduce process waste by addressing breakdowns on a macro-system process
level with consideration of coordination mechanisms already in place. The
opportunities for breakdown propagation need to be diminished. The implication is
that stricter measures are necessary so all necessary inputs at transition points in
patient care are in place. Instead of breakdowns being disablers of patient care,
breakdown disablers embedded in the system processes are necessary. The
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properties of breakdowns and their respective repairs need to be exploited in
process and system design.
How can breakdowns be detected and measured?
An important insight of this research was that the problem of breakdowns in
surgical work lies at macro-system process-level information exchanges. A review
of breakdown detection work in other domains proved that a focus on information
flow is essential to the detection of problematic information exchanges, i.e.
breakdowns. It was concluded and proven that breakdown detection in surgical
work can be achieved manually or automatically, through a cross-examination of
actual information flow between providers of care and expected information flow
that is previously modeled. The detection allows to assess the severity with which
breakdowns occur, as well as to identify information exchange links that most
commonly produce breakdowns. The ability to detect breakdowns provides a
meaningful way to design solutions and evaluate improvement interventions.
How can processes and technology be designed to prevent breakdown
occurrence?
The relationships found among breakdown and repair properties provide critical
knowledge into the specific requirements of coordination that process and
technology design should address in an effort to prevent breakdowns. The direct
association between properties can be exploited in both technology design and
organizational design. Repair efforts can be facilitated with appropriate means of
communication. More importantly, the patterns of repair work can inform system
design so as to provide clinicians with the types of information that will prevent
breakdowns from occurring. A review of the approaches for breakdown prevention
in other domains, along with the insights from this research resulted in the
following set of design guidelines:
(I) Mind the entire process workflow, not only the problem taskflow.
(II) Consider coordination themes with respect to process. Provide efficient means for repair from
breakdowns.
(III) Embed barriers in the system that prevent breakdown propagation, or consider reengineering the process.
(IV) Mind tangibility – it is important to users.
(V) Consider cultural factors.
(VI) Examine recurrent patterns of coordination.
(VII) Examine recurrent breakdowns, pair them with a solution.
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(VIII) Integrate task model, system model and workflow model into a coherent Cooperative
Surgical Activity Model.
(IX) Focus on joint activity processes – localization of communication and coordination hotspots.
(X) Represent technology in the task model – localization of human-computer interaction and
system-system interaction hotspots.
(XI) Design for safety through breakdowns analysis.
(XII) Either entirely replace a repair/coordination structure, or keep it intact.

Further, detailed breakdowns analysis guidelines were presented. Finally, the
guidelines were incorporated into a process/technology design framework that
instructs as to the appropriate design activities that each guideline can inform. It is
believed that the system design guidelines and framework will have significant
impact on the prevention of breakdowns through informing the design of processes
and technology of the specific requirements of the perioperative domain.
Through answering the above questions, this thesis provides a thorough
understanding of the main research question posed: How can we improve surgical
care coordination through the informed design of processes and technology that
addresses the specific requirements of perioperative work and consequently
prevents or mitigates the occurrence of breakdowns?

7.2 Key contributions
7.2.1 Theoretical relevance
In the theoretical realm, this thesis makes four contributions that advance the
knowledge on breakdowns as latent factors in perioperative work, and consequently
in patient safety and operations research.
Mixed methods research design
One of the strengths of this research is the use of both quantitative and qualitative
data to gain insight into the problem of breakdowns in surgical care work . This area
had previously been studied only with a qualitative approach (Chapter 3). The
mixed research design produced a richer understanding of breakdowns than was
possible with the qualitative studies in the past. The combination of both methods
through exploratory analysis, data coding based on theoretically derived categories,
hypothesis testing through statistical means, and survey administration, provided a
rich data that allowed for a more thorough exploration of the mechanisms
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underlying breakdowns, as well as for the identification of the most problematic
source of breakdowns – inter-team coordination – through clear numerical
evidence.
Understanding of breakdowns
Past research identified the significance of communication and coordination
breakdowns to patient safety and technology adoption. In particular, previous work
originating from various surgical settings and countries described the occurrence of
breakdowns and qualitatively established their relationship to safety. The research
presented in this thesis brought the current understanding of breakdowns to a new
level. Breakdowns are now more than a high-level concept, they can be defined
formally and systematically according to their properties, lifetime, the associated
coordination mechanisms, and the impact they will produce on surgical work
(Chapter 4). Specifically, this thesis found clear evidence that: breakdowns
originate throughout the surgical process; the majority of breakdowns propagate
downstream, which determines the amount of increase in communication,
interruptions and safety cost associated with their repair; the tangibility of the
coordination process relates to the breakdown theme, and both relate to the repair
strategy.
This thesis contributes to the knowledge on breakdowns also with quantitative
evidence of the implications of breakdowns in the perioperative process at the
macro-system level. In particular, this research demonstrated that the majority of
breakdowns, 86% for Hospital_1 and 88% for Hospital_2, propagate through the
various micro-systems in the process. In addition, it was found that a minority of
breakdowns affects intra-team work, but rather the vast majority of breakdowns –
97% in Hospital_1 and 89% in Hospital_2 – affect macro-system level inter-team
work. In the area of technology adoption, this thesis identified mistrust between
teams, i.e. at micro-system interfaces, as a disabler to successful technology
adoption and perpetrator for continued breakdown occurrence.
The novel and detailed understanding of the deep features of breakdowns and their
impact on surgical patient care is an initial step towards the management of
breakdowns. It sheds light on the question of why previous efforts at
communication and coordination improvement in the OR have not yet eliminated
the frequent occurrence of breakdowns – because their focus has been on
communication at the micro-system level. This research highlights the need for
further work on improving communication and coordination, from a processoriented perspective.
The findings described above, as well as in Chapter 4, and their implications have
been published in scientific conferences and journals [269, 270, 272].
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Conceptual model of breakdowns in the surgical process
This thesis contributes to the existing theory in coordination and organizational
research, as well as in patient safety, with a theoretical model that conceptualizes
the relationship of coordination properties during normal surgical process
operations and breakdown properties under breakdown state operations (Chapter 4
and [270]). Previous research had conceptualized dealing with uncertainties and
their impact on coordination in non-clinical organizations. This thesis investigated
the occurrence and impact of breakdowns in surgical operations and developed a
model, inspired by previous work, describing the coordination mechanisms and
dependencies found particularly in perioperative work. The conceptual model can
be useful in the process of detection and analysis of breakdowns, as well as in
procedure and technology design.
Conceptual model of safety and breakdowns
In the area of patient safety and design thereof, this thesis offers a model of safety
with respect to the occurrence of breakdowns (Chapter 4). The model
conceptualizes the finding that, upon a breakdown, the existence of formal recurrent
communication structures for re-coordination influences the potential for safety to
be affected, regardless of other organizational factors. The model is informative in
the design of both processes and technology for the surgical setting, with the goal of
breakdown minimization at integration time.
7.2.2 Practical relevance
The novel and detailed knowledge of breakdowns acquired through the empirical
studies was used to lay the foundation for the practical problem of breakdown
management through process or technology design. Two major contributions were
offered in this domain.
Breakdown detection method
The first step towards the management of breakdowns is the ability to reliably and
correctly detect them. Given that the problem of breakdowns in surgical work has
not been extensively studied, no formal methods for breakdown detection are
available. This thesis reviewed the breakdown detection approaches from other
computational and social sciences concerned with this problem and subsequently
developed a breakdown detection method for the perioperative domain (Chapter 5
and [274]). At the core of the method is the modeling of information flow at the
macro-system level and matching actual information exchanges to the model. The
method integrates the findings of the empirical studies of this research with the
approaches from other domains. The model can be used for both manual and
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automated breakdown detection. Validation was carried out with ROC analysis
evaluation over the data collected through the empirical studies in both hospitals.
The method exhibited excellent detection performance.
Framework for process/technology design
The second step in the management of breakdowns is the ability to design
informed improvement interventions through the (re-)design of processes and
technologies. So far, such improvements in surgical patient care were informed
solely from efforts in other industries. This thesis reviewed the relevant approaches
to breakdown management in other domains and integrated their wisdom with the
newly acquired understanding of breakdowns through this research. The result is a
set of guidelines and a design framework, specifically tailored to the requirements
of the surgical environment (Chapter 6 and [270, 271, 273]). The guidelines specify
how designers of processes and technology should analyze task flows and
workflows with an eye on macro-system process level breakdowns. Technology
effects at inter-team interfaces are prime targets of consideration. Barriers should be
implemented to prevent breakdown propagation but flexibility should be embedded
in the process as well. Coordination requirements with respect to themes, repair
structures and tangibility of coordination should be considered in order to provide
suitable design solutions. The design framework positions the guidelines in the
context of the system development lifecycle.

7.3 Limitations
The fact that the two hospitals observed were both situated in the same country
and city may have had an impact on the reported results through the effects of
professional and organizational culture. However, it should be noted that the
surgical process in both hospitals is representative of many North American
hospital operations – the same operations are described in Mid-Atlantic [200, 243],
North Eastern [246], and other U.S. hospitals [206]. In addition, the findings of this
research support those reported by others [243] who also found that in the two
hospitals they studied, most breakdowns occurred at group boundaries, i.e. at the
inter-team level. Therefore, it is concluded that the settings under consideration in
this thesis are representative of at least North American OR units.
Another limitation is that the distribution of breakdowns in the data by type –
among human errors, technical and coordination breakdowns – should only be seen
as a good estimate. The figures in this thesis most probably under-report the actual
frequencies of occurrence. This is due to the fact that there was one observer for this
study who captured breakdowns one location at a time. However, the number of
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hours and their distribution across several days was uniform for all point of care
locations. Another contributing factor to the under-reported figures is that the
human errors breakdown type in particular is not always salient and detectable from
an observer’s point of reference. This could explain the lack of association found
between breakdown type and repair strategy.
Despite the shortcomings, the study reported in this thesis takes a solid step in the
quest to address latent safety risks and organizational efficiency issues through
system design. The study achieved an initial understanding of the deep features of
breakdowns from a process-oriented systems perspective. This understanding laid
the groundwork for a theoretical model of breakdowns in surgical activities, as well
as a model of safety and breakdowns, and for the development of a system design
approach tailored to perioperative work.

7.4 Future work
This thesis is one of the first to formally address the problem of breakdowns in the
perioperative process at the macro-system process level. As a result, the outcomes
of this research provide an understanding of breakdowns that is not complete or
mature. Future research should build on the acquired knowledge of this work by
further expansion of the breakdown properties set and validation of the relationships
among properties of breakdowns and repairs. This will not only enhance the
understanding of breakdowns as latent system factors in surgical work, but will also
allow for the refinement and strengthening of the proposed design guidelines and
system design framework.
A call for future work is also made towards the management of breakdowns, as
described in Chapter 6 – through an investment in multi-disciplinary approaches to
improvement efforts, a systems approach with focus on the process level and microsystem interfaces, a culture change, continuous efforts at improvement rather than
rapid improvement projects, a balance between flexibility and compliance, a focus
on breakdown and propagation prevention, and an informed technology design.
Most importantly, current efforts at improving communication and information flow
in the surgical system need to be re-focused so they include not only a humancentered systems perspective, but also a process-oriented systems view. This
research has demonstrated that only when the focus is expanded to the macrosystem level, where competing interests and complex interactions among microsystems and teams are considered, will improvement efforts address the majority of
breakdowns occurring in everyday surgical care work and affecting patient safety.
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Appendix A
A.1 Workflow models
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Figure 30: Holding team’s workflow.
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Figure 31: Block/Anesthesia team’s workflow.
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Figure 32: Admission team’s workflow.
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A.2 Task analysis models

Figure 33: Admission nurse’s task model.
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Figure 34: Block/Anesthesia nurse’s task model.
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Figure 35: Anesthetist’s task model within the block room.
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A.3 In-vivo coding scheme

Figure 36: In-vivo coding scheme.
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A.4 Questionnaire
1. How would you rate the pros (advantages) of introducing the whiteboard to your work
process?
(no advantage) 1

2

3

4

5

(improves my work)

2. Can you list some of the advantages
3. How would you rate the cons (DISadvantages) of introducing the whiteboard to your work
process?
(no disadvantage) 1

2

3

4

5

(many disadvantages)

4. Can you list some of the DISadvantages
5. How do you feel when you get a call for a patient whose status on the whiteboard had been
accurately updated? (check one)
__ upset

__ curious

__ doesn’t bother me

__ angry

6. Why do you think you get such calls? (check all that apply)
__ They don’t trust my work, they’re checking on me
__ They don’t know how to use the whiteboard
__ They are making sure everything is ok
__ Lack of confidence in the whiteboard
__ Other (specify): ________________________________________________
_________________________________________________
7. How do you feel when you get a call for a patient whose status on the whiteboard is
INACCURATE? (check one)
__ guilty

__ upset

__ curious how it happened

__ doesn’t bother me

8. Overall, how satisfied are you with the introduction of the whiteboard as a communication
tool?
(not at all) 1

2

3

4

5

(very much)

9. How many years have you worked for the hospital?
__ 0-5

__ 5-10

__ 10-15

__ 15-20

__ more than 20
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Appendix B
B.1 Safety Attitudes Questionnaire (SAQ) and results
Although the SAQ was administered in its entirety, the working conditions
dimension has been removed from the table below as it is not relevant to the
findings of this research.
The percentage rates for each item represent the means of all positive responses.
The percentage rates for each group of items (e.g. Teamwork Climate) represent the
weighted mean for all respondents’ scores within the group of items. The
percentage calculation was automatically provided by the SAQ administration tool
at http://survey.opensafety.org
The z-score and respective P-value were derived through the two-sample z-test test
for proportions.
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Table 29. The SAQ and results. N(Hospital_1)=17 and N(Hospital_2)=21.
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B.2 Coded breakdowns data
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185

186

187

188

189
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B.3 Recorded breakdowns
Table 30 . Number of breakdowns recorded in Hospital_1 and Hospital_2.

Breakdowns total
Avg breakdowns per hour
Avg at Admissions
Avg at OR desk
Avg at Holding

Hospital_1,
Phase 1
68.00
1.45
1.51
1.27
0.83

Hospital_1,
Phase 2
166.00
3.20
3.32
3.67
1.62

Hospital_2
162.00
2.89
3.34
2.44
2.86
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B.4 Comparison of breakdowns according to their occurrence in each
hospital
Table 31. Breakdowns distribution for each parameter in the coding scheme.
Hospital_1 breakdowns are cumulative of Phase 1 and Phase 2.
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B.5 Comparison of breakdowns in Phase 1 & Phase 2
Table 32. Breakdowns distribution in Phase 1 & Phase 2.
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B.6 Top 10% highest cost breakdowns
Table 33. Data subset of the top 10% highest cost breakdowns. The field
‘safety’ indicates if the breakdown had the potential to threaten patient safety
(0=no threat, 1=threat to safety)
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B.7 Highest cost breakdowns and safety
Table 34. Comparison of top 10% highest cost breakdowns between Hospital_1
and Hospital_2 in terms of potential for safety threat. 0=no threat and 1 =
threat to safety.
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Appendix C
C.1 Information flow diagrams

Figure 37: Day of surgery information flow model for Hospital_1,
Phase_2. Solid arrows represent allowable phone communication
between teams on any type of information exchange (e.g. patient status,
schedule, OR readiness etc.). Dashed arrows represent allowable phone
communication between teams on the theme of patient status only. The
direction of the arrow indicates the receiving end of the phone
communication.

Figure 38: Day of surgery information flow model for Hospital_2.
Dashed arrows represent allowable phone communication between
teams on a particular theme only (e.g. patient status, schedule, staffing
coordination, OR status, INpt status, OUTpt status). The theme for each
arrow in the figure is defined in Table 26. The direction of the arrow
indicates the receiving end of the phone communication.
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Appendix D
D.1 Breakdown management in non-healthcare industries
For the purpose of defining a direction for future work in addressing large-scale
coordination breakdowns in surgical patient care, a review of the successful
approaches adopted in other industries is necessary. The literature discussing the
management of breakdowns is dispersed. To identify a broad range of approaches,
the following briefly summarizes work from the domains of aviation, reliability
engineering, production and manufacturing, software and systems engineering. The
focus of the methodologies review is on the systemic level, beyond cognitivelybased human error analyses. Further, the aim is to review prospective, or predictive,
approaches to breakdown management rather than accident-triggered retrospective
methodologies.

Safety-critical domains
Two major strands of research span the approaches to breakdown management in
safety-critical domains – work from the aviation industry and work from the
reliability engineering domain.
Aviation
Breakdowns in group dynamics and in communication have been recognized as a
major reason for aviation disasters [295]. In fact, one study found that over 70% of
accidents occurred due to coordination and communication problems [167].
Massive research has been devoted to the management of breakdowns in aviation.
The major outcome of this work is the development and evolution of the Crew
Resource Management (CRM) programs, which build on the human error
management framework and on previous work concerning the design of procedures
that ensure safety operations. Research on accident cause factors established that
deviation from basic operational procedures was the principal contributing factor
behind a large number of aircraft accidents [167]. On the other hand, procedure
application as rule-following has been shown to affect actual in-situ practice by
encouraging procedure modifications due to the inability of procedures to cope with
all types of unexpected situations [76, 111]. Thus, the core concept in aviation
behind both procedure design and CRM is strict adherence to established standards
of operation, while allowing flexibility of action in their execution. Most
importantly, procedure design and CRM standards are to be based on an inside-out
understanding of the context in-use, i.e. on the end-user’s needs.
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Design of procedures
Procedures in aviation are defined as specifications prescribing progression of subtasks and actions to ensure that the primary task will be carried out efficiently,
logically, and without error. A procedure should also promote coordination between
agents in the system - cockpit crew, cabin crew, ground crew, and others [75].
Procedures specify unambiguously what the task is, when it is conducted and in
what sequence, by whom, how it is executed and what type of feedback is provided.
Thus, procedures support teamwork, communication, and division of labor.
Procedures are standardized in order to establish common ground among
individual crew members who are not familiar with each other’s experience and
technical skills – a standard creates a common mental model of everyone’s roles
and thus coordinates the cooperative activity. The belief is that through Standard
Operating Procedures (SOPs) the replacement of a crew member in-flight with
another qualified member will be a seamless and safe process.
A procedure establishes boundaries of allowable behavior. Flexibility in executing
procedures is important and thus personal practices that express individualism and
creativity without violating procedural constraints are considered conforming
behaviors. Further, formal open feedback channels are established so that front-line
crew can provide input on procedure adequacy and propose modifications. The
NASA guidelines on the design of fligh-deck procedures fall in five broad
categories: flexibility within boundaries, continuous procedure improvement
“inside-out”, systems approach, context-specific design, and clarity [75]. The list of
relevant guidelines in each of these categories from the NASA document can be
found in Appendix D.2.
In aviation, compliance with procedures is considered paramount. At the same
time, appreciation for the dynamic nature of the work and environment has resulted
in integrating flexibility through allowing individualism and creativeness in the
execution of procedures within boundaries. Procedures provide a baseline [75], they
are a resource for action [76]. The role of flight management is to provide the best
possible baseline for the flight crews.
The majority of guidelines resound the necessity for procedure design with a
systems approach and focus on contextual factors in the end user’s environment.
The notion of continuous improvement of operating procedures is also significant.
Formal channels of communication are established in order to allow front-line
workers to effect improvement of practice.
Crew resource management
Extending the scope of safety-oriented procedure design, CRM training programs
adopted in aviation, as well as in other industries, focus on optimizing
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communication and coordination by capitalizing on knowledge of human error
factors. Error management, or CRM, is based on understanding the nature and
extent of error, changing the conditions that induce error, determining behaviors
that prevent or mitigate error, and training personnel in their use [132]. Specific
CRM techniques are discovered beyond the training programs – they are developed
by trial and error, as well as by observations of others [75]. Similar to procedures,
the CRM techniques serve as a resource for action and adherence is expected. Some
techniques are standardized as SOPs.
The core stance of CRM training is that errors in work environments are
imminent. There are three lines of defense to manage errors: avoid them, trap them
before they are committed, and mitigate their consequences [130]. The three
countermeasures to errors, including breakdowns, clearly reflect the idea that no
errors should be allowed to propagate through the system.
Avoid errors. Although all errors cannot be avoided, their incidence can be
reduced through utilization of communication tools that ensure standardized
communication with the goal to maintain situational awareness among all agents.
The key tools to achieve error avoidance are: briefings, checklists, call-outs, doublechecks, procedures, and phraseology.
Trap errors. Techniques of communication facilitate the correction of an error that
has occurred. Such techniques are checking and then verifying information,
confirming communications (i.e. closing the information flow loop), clarifying
communications to resolve ambiguities, questioning and communication of
suspicious conditions.
Mitigate error consequences. A culture with high value on teamwork and
leadership creates an environment that mitigates the consequences of errors by
promoting all individuals to contribute to problem identification and resolution, and
by reducing the effects of power dynamics. All crew members carry responsibility
to voice concerns and contribute to solutions. Procedures are established to promote
communication between pilots and co-pilots and to facilitate leadership assignment
in situations of conflicting views on flight plan.
The CRM error management approach is premised on the idea that organizations
will communicate their formal understanding of errors and the fact that errors will
occur, and they will adopt a non-punitive approach to errors [129, 132]. Errors and
breakdowns are treated as resources for improvement and culture – national,
professional and organizational – promotes norms of compliance with SOPs [129].
Trust regarding a shared commitment to safety between management and crew
members is required. Even though a causal relationship between safety and CRM
has not been established, the implementation of CRM programs in aviation has been
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shown to promote desirable behavioral changes [249] and has been associated with
safety improvements [131].
CRM and procedures
One of the objectives of any procedure is to promote better coordination among
crews. System procedures, accordingly, are shared and conducted by all agents. To
benefit from the knowledge of CRM, procedure design takes into account human
factors issues in order to promote crew coordination. For example, reducing
variance allows crews to effectively and efficiently execute important operational
tasks with minimal need for formal co-coordination and superfluous communication
[115, 150]. Reducing variance in functional tasks allows other agents a better
chance at monitoring the task during critical phases of work. Flexible techniques
can be positively introduced during non-critical phases. In defining a procedure, the
crew coordination requirements for the respective context must be defined [75].
Reliability engineering
The term reliability is founded on the concept of failure. Reliability engineering is
commonly understood as the application of methodologies that ensure the
engineering of a system void of failures. Reliability engineering is a scientific
approach to the analysis of expected or actual reliability of a complex system, and
the identification of actions to reduce failures or mitigate their effect. Typically,
engineers utilize predictive reliability tools, monitor and analyze field failures, and
suggest design changes. The overall goal of reliability engineering is to make
processes more reliable in order to reduce repairs and lower costs. The reliability
engineering practice spans various domains, including aviation, train operations,
automotive industry, software engineering, etc.
One of the most important initial design stages in reliability engineering is failure
analysis This analysis aims at the understanding and prediction of all potential
failure conditions of the system and their consequences. The focus during failure
analysis is on prevention of failure during design – not on the correction of failure
during operations. Techniques, some predictive and others retrospective in nature,
are employed in order to assess the probability and severity of potential failures and
to develop barriers early in the design cycle.
Predictive failure analysis
Failure Mode and Effects Analysis (FMEA) is one of the first steps in a system
reliability approach [141]. FMEA examines potential failures of a system in a
formalized fashion, identifying their causes, assessing their effects on the system
and probabilities of occurrence. Process FMEA involves reviewing an exhaustive
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number of the process components to identify any process failures that may occur.
Questions addressed are: how can each component fail, what mechanisms can
produce the failures, what will the effects of the failure be, does the failure threaten
safety, how is the failure detected, what provisions does the design provide to
compensate for the failure. The severity of each failure is then categorized as one
of: catastrophic, critical, marginal, and negligible. Design of countermeasures is
considered. The probability of occurrence is similarly determined as frequent,
probable, occasional, remote, and extremely unlikely. A criticality index is
computed which, along with the severity classification, determines the priority for
failure prevention. Following FMEA, design activities are centered around failure
cause removal, thus decreasing the probability of occurrence and reducing the
severity of failure. One of the major goals of an FMEA analysis, besides reliability,
is the early identification of system problems that prevents costly changes at later
stages of the design process [278]. FMEA is a popular tool for reliability analysis
and is a recommended practice by several engineering standards: MIL-STD-1629,
IEC 812, SAE ARP 926, IEEE std. 352.
Fault Tree Analysis (FTA) is another predictive method of failure analysis that
uses deduction to quantify the probability of occurrence of an accident through fault
tree and failure data [141]. The system reliability is determined through known
probabilities of each potential failure. Since FTA is a top-down approach where
failure modes are the starting point of analysis, the output produced from an FMEA
analysis can serve as input to the FTA efforts [278]. Given a failure mode, all
system factors that could potentially contribute to the failure are identified. All
combinations of latent and proximal factors are considered, reflecting a holistic
systemic approach. Both qualitative and quantitative analysis of the fault tree are
performed. Simulations are utilized in the probabilistic analysis and the importance
factor for each contributing event is estimated. The main contributing factors to
failure are identified based on occurrence rates and estimation, and design for
failure prevention is implemented.
A variety of derivative techniques from the FMEA and FTA exist and are
commonly applied in the analysis of reliability of systems – with each approach
expanding the scope of analysis in a direction of interest. For example, the
Advanced Cause Consequence Analysis (ACCA) looks at potential breakdowns and
failures similarly to the FMEA, quantifies the probability of their occurrence as the
FTA, and examines the existing and potential types of barriers in the system that
affect the probability of breakdowns [135]. Another instance of the predictive
analysis approach is the Hazard and Operability Studies (HAZOP). This approach
implements a set of guide-words to more formally systematize the analysis of
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potential breakdowns and their consequences.
Design of barriers
With the goal to control breakdowns and failures and maximize reliability, system
designers provide the socio-technical system with a set of barriers. A barrier is a
technical or human support that protects the socio-technical system from the
occurrence or consequences of undesirable events [283]. It is an obstacle that may
either prevent an action from being carried out or an event from taking place, or
prevent or lessen the impact of the consequences [139]. In this sense, the notion of a
barrier reflects the prevention and avoidance approach utilized in aviation. Barriers
protect the system with respect to criteria such as safety, workload, quality [283].
Similarly to the three-tier approach of CRM in aviation, the design of barriers falls
into three equivalent levels of failure management: prevention, correction and
containment [283]. Prevention barriers support the anticipation of failure.
Correction barriers support the recovery from, interruption and stopping of failure.
Containment barriers aim to mitigate consequences.
Barriers can be classified according to their function into four broad categories
[139]:
• Material barriers – such as walls, doors, or equipment use – physically prevent an
event from occurring or limit its negative consequences (some approaches refer to
such barriers as physical barriers [135]).
• Functional barriers – such as a door key or a password – establish logical and
temporal links between an action and an operation by setting a pre-condition to the
operation.
• Symbolic barriers – such as warning signs – indicate a limitation on actions and
require interpretation. As they do not establish a pre-condition, these barriers can
be disregarded by the agents of the system.
• Immaterial barriers – such as norms, procedures and organizational restrictions –
are the formal and informal rules for action that are not physically present during
an operation but are expected to be known by the system agents. (Immaterial
barriers are also referred to as procedural barriers [135]).
An additional class of barriers, used in accident analyses is circumstantial
barriers. These are the unintended/unplanned favorable circumstances that prevent
a breakdown from occurring [135].
Barrier identification to particular system design is usually carried out in an
informal fashion – by looking at known barriers implemented in other systems’
processes [139]. Re-analysis through the predictive techniques (i.e. FMEA), or
simulations, evaluate the effectiveness of the implemented barriers. The barrier
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validation may identify the need for modification or additional barrier design.
Barrier failures are also considered. Some of the essential requirements for barrier
effectiveness are a valid design specification, verified implementation, reliable
functioning and high compliance by users.
Safety: flexibility and standardization
Rules, or standards of practice, are essential to coordinate processes and integrate
the functions of an organization. Rules reduce the amount of variance, uncertainty,
and complexity in everyday work. However, rules restrict individual autonomy and
are sometimes inadequate, which leads to their modification in the work practice. A
central problem in the management of safety and coordination in organizations is to
establish the proper balance between flexibility and standardization [111]. In safetycritical domains, the presence of both is crucial in order to avoid over-reliance on
standards or the lack of explicit coordination in unexpected situations. A lack of
degree of liberty can also encourage agents to modify procedures in order to make
them more flexible and applicable.
Rules fall into three categories [116]: goal rules that prescribe the goals to be
achieved without specifying actions, procedural process rules that define high-level
procedures to reach decisions about a course of action, and action rules that
prescribe a specific course of actions to be taken. These categories showcase the
property of rules to vary in the degree of flexibility they allow. It has been
suggested that different types of rules are needed for different processes within an
organization, thus optimizing flexibility and autonomy, while maintaining safety
within the critical processes [111].
One way to work towards establishing the balance between flexibility and
standards is for rules to clearly specify system boundaries of safe operation and
suggest ways of handling system states close to those boundaries [235]. Rules are
defined in terms of the specific constraints of the work practice. In this way, the
flexibility introduced to the system would not undermine safety. This concept is
reflected in the guidelines for procedure design in aviation where a procedure is
mostly regarded as a resource for action – allowing flexibility and individualism in
its execution and setting a window of opportunity for the timing of the enactment
[75]. As such, procedures fall within the procedural rules category – they provide
guidance and opportunity for flexible action. Procedural rules have indeed been
recommended for the safety-critical domains [116]. Goal rules are also advocated as
facilitators of flexibility within boundaries [235].
A complementary approach to striking a balance between flexibility, standards and
safety is to promote the role of good adaptive skills of front-line agents. Adaptation
is considered a critical cognitive skill in the face of unexpected situations – one has
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to balance the risks, current conditions, potential outcomes, larger goals and
constraints that operate on the situation [76]. Investing in developing people’s skill
at adaptation at system boundaries is considered beneficial to safety. It is
recommended that the type of work and environment be considered when
determining the level of the organization where rules should be defined [116]. For
predictable systems, action rules are best made at high levels of the organization. In
innovative work environments, rules are best made at operative levels. When there
are interactions among multiple organizational units, the rules and standards should
be established at high levels.

Other domains
The problems of breakdown management have also been addressed in industries
that are not concerned with safety, such as operations management, software
engineering, and systems engineering.
Operations management
Zero-defects processes
In the context of organizational operations, one company is known as the epitome
of both efficiency and reliability – Toyota. The Toyota Production System (TPS) is
based on several principles to produce an integrated socio-technical system. At the
core of the TPS approach lies the idea of eliminating inconsistency and waste from
the production process by rigidly scripting production flows. This tightly scripted
production process is coupled with a high level of flexibility that allows continuous
improvement in the processes. The main wastes addressed by the TPS are
transportation of products or motion of agents, overproduction, waiting of operator
or machine, over-processing, inventory, defects and re-work. The goal is to produce
perfect first-time quality and to minimize waste. When an error occurs, the
production line is stopped, the error is analyzed and a solution is sought so that no
error propagation would result in a final imperfect product. Strategies such as load
leveling, production flow and visual control contribute to the accomplishment of
smooth efficient operations. However, the success of Toyota has been attributed not
to the tools and methodologies, which have been replicated elsewhere without the
same success, but to the unique cultural perspective of continuous learning and
improvement, which is implicitly regulating the work at Toyota [263, 264].
Behind a rigidly specified activity in terms of content, sequence, timing and
outcome is the notion that the execution of the activity is a test for the validity of
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the prescribed procedure. If the outcome is not as expected, one has to determine
whether the procedure is inadequate to produce the outcome or the person
performing the procedure is not able to perform it correctly. Because each task has a
prescribed measurement for success, the task can be tested like a hypothesis, giving
rise to the use of the scientific method. In this sense, the view of highly specified
procedures is one of scientific experimentation where a procedure is the outcome of
a rigorous problem-solving process that requires a detailed assessment of the
current state of affairs and a well-substantiated plan for improvement and expected
outcome. And like a hypothesis, these improved procedures will be subjected to the
test of practice [263]. To distance the approach from casual speculation about
outcomes, the anticipated results of the solution are quantified and performance is
tested against the expectation [264].
To minimize waste and optimize efficiency, every employee-employee connection
and every product or information flow at Toyota follows a simple and direct path
(while each path is not dedicated to a single product) that is standardized and
unambiguous. When an employee makes a request, there is a specific way to state
the need and a specific person designated to take responsibility of further processing
of the need. Thus, variance and miscommunication are prevented and requests are
handled smoothly [263]. This is in contrast to other companies where needs for
assistance are expected to be met based on who is available at the moment of the
request, which often results in no person taking responsibility. At Toyota, the
number of workers per team is determined by the types of problems expected to
occur and the level of assistance the team members need. The determination of team
size and labor allocation is also subject to the scientific method – if assistance is not
delivered within an allotted time criterion, then the procedure specification
hypothesis is false and the system needs to be improved. Also, if work in practice
reveals that workers contact people other than those in the designated direct links,
then it will be concluded that the actual demand or capacity does not match
expectations. Thus, the system will be evaluated and improved.
Employees at Toyota are not explicitly trained to apply the scientific approach to
their work. They discover the implicit rules through problem solving, led by their
supervisors. Supervisors promote the scientific thinking by encouraging employees
to critically evaluate the work they are performing and the processes that are used.
With this approach, Toyota encourages and expects improvement ideas to originate
from front-line workers, with the assistance and coaching of managers
[263]. Toyota managers act as coaches, enablers and teachers because lower-level
workers are better able to observe and experiment with the actual production. This
approach contrasts with many other companies where only managers solve
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problems. Further, higher levels of management can propose adequate problem
solutions only following direct observation of the work practice [264] and having
included front-line workers in the change process [263].
In summary, the TPS thrives on strict compliance with unambiguously specified
procedures of work as much as it also promotes continuous procedure improvement
that stems from the lowest organizational level. A scientific approach to problem
definition, change and outcome planning, and change testing in practice underlies
the continuous improvement culture that aims to accomplish the goals of minimum
waste, optimal efficiency and zero failures.
Process design
A common approach to process (re-)design is to identify redundant and non-value
added steps, or areas where tasks spend long idle periods before they are worked on,
and to modify the process to address these problems [118, 120]. A very popular
method, applied in a variety of domains, reflecting this approach is a derivation of
the Toyota Production System - Lean Management. Similar to the TPS, the
fundamental concept is to identify waste and inefficiencies in a process and to
create solutions that improve operations to a value-optimal workflow. Each process
step is analyzed with respect to the criteria for value towards the final product, and
non-value steps are eliminated. The optimization of product flow and elimination of
waste is through standardization of processes and the involvement of all employees
in process improvement. The implementation of Lean programs is preceded by a
culture change as the existing paradigms of meaningful work necessarily change
through the Lean framework. Lean culture emphasizes interdisciplinary teams,
managers as enablers, rewards group sharing and information sharing, and is
process driven. These values are in contrast to traditional organizational culture
where managers direct, rewards are to individuals, information is guarded and
experts drive the organization.
Coordination theory adopts a different focus in that it recommends replacing
coordination mechanisms with alternative ones. Coordination problems arise from
dependencies that constrain the performance of tasks. Once the specific problematic
dependencies and associated coordination mechanisms are identified, alternative
coordination mechanisms can be considered [68]. Dependencies relate to the tasks
performed and the resources associated with tasks. Therefore there are three types
of dependencies that can be established in a process: task-task, task-resource, and
resource-resource. To identify process dependencies and coordination mechanisms,
one can examine the current coordination mechanisms and determine the
dependencies they manage. Another method is to list the activities and resources in
the process, identify the dependencies and then determine how they are managed. A
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third approach is to look for problematic areas in the process and then identify the
underlying dependencies.
Variance analysis is another well-established method for socio-technical process
(re-)design. Variance is defined as an unexpected or unwanted deviation from
standard operating conditions or specifications [222]. Hence, the construct of
variance is reflective of the breakdown concept. Variance analysis starts with the
identification of key variances, i.e. those that can have serious consequences. A
table of key variance control is generated that shows the manner, the location, and
the functional role associated with possible detection, correction, and prevention of
each key variance [72, 220]. Having identified those mechanisms that need to be
changed, variance analysis recommends redesigning the work system in a way that
increases control and autonomy at the sources of variance. The (re-)design is
determined based on analysis of the skills, knowledge, information and authority
need to the effective control of variances.
Regardless of the approach, when dramatic levels of improvement are required, reengineering the entire work process is recommended as it allows to break away
from current conventions of practice and the constraints of organizational
boundaries [117]. In process re-design, issues of re-focusing the work must be
addressed so that task management overhead is prevented by removing liaisons,
interfaces and some mechanisms of coordination. Ideally, those who use the output
of a process will be the ones performing the process. In addition, parallel activities
must be linked, rather than their results integrated – thus, creating stronger
dependency between the activities. Finally, process re-engineering principles advise
the continuous learning paradigm where front-line workers should be empowered
with decision-making in regards to their work. In addition, formal channels of
communication with management are established to facilitate the improvement
efforts.
Software engineering
The later in the software development lifecycle an error is discovered, the more
expensive it is to fix it [71, 180, 216]. This is due to the fact that at later stages, not
only the error necessitates repair, but also the designs and implementations that
followed as a result of the latent error. Detecting and repairing an error at the
requirements stage costs five to ten times less than fixing it at the coding stage, and
20 times less than fixing it at the maintenance stage [172]. The cost of repair would
usually entail redesign, re-coding, rewriting documentation and replacing software
in the field [70, 172]. On average 40% of total project budget could be spent on
rework [236]. As a result, the focus in error management within software
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engineering is on prevention and early detection [196], rather than mitigation of
consequences. Prevention and early detection of software-related errors are enabled
by efforts targeted at the requirements stage [70], one of the very early development
stages in the software lifecycle. Development process related errors are addressed
by promoting communication between development teams [180].
Requirements management is a systematic approach to eliciting, organizing,
documenting and managing the initial and the changing requirements of a system
[172]. The primary output of these efforts is the development of requirements
specifications that define the complete external behavior of the system to be built.
Rigorous requirements management is recommended as one method of reducing
error costs – the core idea being that identifying and fixing errors as early in the
process as possible reduces cost associated with repair and with multiplier effects.
The goal of requirements specifications is to be accurate, complete and
unambiguous. To accomplish this, the process of requirements management must
follow extensive analysis of the end-user environment and population. The first step
is the elicitation of requirements through a systematic approach of data collection –
expert and end-user interviews, facilitator-managed workshops, and in-situ
observations. Next, the requirements are defined through an iterative process of redefinition until the requirements set is clear, complete, consistent and provides
traceable information. Predictive failure/breakdown analysis is conducted at this
point to produce a further set of requirements, specifically addressing potential
problematic situations. The requirements are then organized in various categories
that facilitate the division of labor among engineering teams – e.g. hardware and
software categories. Design, implementation and testing decisions are made and
added to resulting documents. The resulting hierarchy of requirements and
implementation documents – the requirements specification – includes a complete
description of functional and non-functional requirements.
The software development process itself has been shown to facilitate the
occurrence of errors, specifically in safety-critical aspects. Safety-related software
errors in complex distributed systems have been found to result from lack of
communication between development teams and misunderstandings related to the
interactions of various software-software and software-hardware interfaces [180,
216] (i.e. interoperability issues). To prevent such breakdowns and errors, it has
been recommended that [180]:
For communication among engineering teams
 Informal communication among teams should be promoted


Changes in requirements should be communicated clearly and in a timely fashion to all teams
that may be affected
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For safety-critical software concerns
 Focus should be on the interfaces between the software and the system in analyzing the
problem domain
 Safety-critical hazards should be identified early in the requirements analysis
 Include requirements for defensive design (i.e. barriers)

It has also been suggested that communication issues among development teams
resulting in safety-critical software errors can be addressed by means of performing
a large-scale FMEA that spans all safety-critical software components, i.e. on each
side of software/hardware interfaces [216]. Thus, the FMEA analysis will examine
the information themes that are usually the subject of inter-team breakdown.
Systems engineering
Systems engineering is a holistic and interdisciplinary approach to the design and
management of systems that is concerned with large and complex socio-technical
systems. When dealing with large systems, the issues of logistics and coordination
of different micro-systems can become difficult and systems engineering addresses
those by the employment of technical, process and human-centered approaches. The
scope of systems engineering is the processes of design, development, production
and operation of complex systems. Systems engineering is driven by the recognition
that in large-scale engineered systems accident mechanisms go beyond proximate
events and pure engineering activities [174]. Hence, system safety engineering
should account for the social system – structure, management, procedures, and
culture, in addition to the technology being designed.
As was the case with software engineering, efforts at discovering and validating
the system requirements are essential. Methods that allow early detection of
possible failures are integrated into the design process as well. In fact, safety
concerns are addressed even before system architecture and requirements are
elicited [174]. However, what really distinguishes the design of large complex
systems is the multidisciplinary approach to a large design problem, which results
in methods that more thoroughly investigate system requirements from multiple
perspectives, thus providing a more holistic view of the problems of design.
In regards to factors contributing to accidents, systems engineering looks at
dysfunctional interactions among the micro-systems of a socio-technical system and
at lack of appropriate safety constraints [174]. Constrains must enforce safety as
related to the physical, social, and organizational aspects of the system domain. One
of the primary factors of consideration is the coordination among multiple agents
and micro-systems, especially when there is an overlap area or boundary area where
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two or more agents control the same process [173]. It has been suggested that such
dysfunction can be related to the amount of distance between the levels separating
workers in the departments from a common manager – the greater the distance, the
more difficult the communication, thus the greater the risk [174]. Hence, the goals
for addressing safety from a systems engineering perspective should account for
such latent factors that are not usually covered by other error/accident analysis
models and the goals of analysis should be to [174]:
 Expand accident analysis by forcing consideration of factors other than component failures and
human errors
 Include system design errors and dysfunctional micro-system interactions in analysis
 Shift the focus from the role of human error in accidents to the mechanisms and factors that
shape human behavior (i.e. the context)
 Shift the focus from causes of accidents to reasons for accidents
 Examine the processes involved in accidents, not just the events and conditions

To address these goals from the initial stages of design, standards have been
established. The comprehensive exploration of requirements-related issues is
covered by the stakeholder concern-oriented approach to architectural system
descriptions (e.g. std. IEEE 1471 and ISO/IEC 42010, and [151]). It has been
suggested that the application of architecting concepts facilitates the attainment of
increased quality, usability, flexibility, reliability, interoperability, etc. A system
architecture is the structure of components, their interrelationships, and the
principles and guidelines governing their design and evolution. Architecting
contributes to the development, operation, and maintenance of a system from its
initial concept until its retirement from use. System architecture potentially impacts
all processes within the system life cycle. The stakeholder concerns approach to
system architecting addresses the early conceptualization of system (re-)design.
Every system is considered in the context of its environment – developmental,
technological, business, operational, organizational, political, regulatory, social and
any other influences upon the setting and circumstances surrounding the system
development and integration are accounted for [183]. The environment is modeled
through the lens of the stakeholders of the system and the architectural concerns
they hold for that system. Identifying the stakeholders helps the architect to get a
detailed understanding of the context in which the system must be developed, used
and operated. Stakeholders include the client for the system, its users, operators,
maintainers, system developers, suppliers, regulators, etc. The focus on stakeholders
reflects the reality that a multitude of functional roles are involved in complex
systems, with each person having a different concern with respect to the system.
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Concerns represent the interests and values of stakeholders with respect to their
involvement with the system. Concerns may be requirements-oriented or designoriented [182] – e.g. safety, performance, reliability, security, information sharing,
etc. Concerns are the root of the process of decomposition into requirements [197].
Once the stakeholders are identified, their concerns are examined, incorporated in
the architecture, and systematically addressed through the system design. The
rationale for key decisions made is also documented. The resulting architectural
description is considered complete when it has covered the system through all the
stakeholder concerns [182].
Human-centered approaches to systems design, such as ISO/TR 18529 and others,
reflect equivalent ideas to those described above (i.e. IEEE 1471 and ISO/IEC
42010). The latter were chosen for discussion since they are more comprehensive in
the recommended analysis by adding the concern dimension and providing specific
guidelines for materializing the concerns (which are beyond the scope of this
review). What is important to note is that both the human-centered and the concernoriented methods focus on addressing the interests of all stakeholders early in the
design of a system, thereby minimizing potential inter-team issues in system
development and in system integration.

Summary of breakdown management approaches
A common trend in breakdown management amongst the industries reviewed is
the focus on active prevention rather than reactive treatment. The breakdowns and
error management philosophy for all of the domains reviewed is underpinned by the
idea to remove the causes of problems as early as they can possibly be anticipated.
Given that aviation workers deal with higher levels of uncertainty in their daily
operations compared to engineers from the other domains, the recognition that
breakdowns will occur has resulted in formalized methodologies for their reactive
management as well. Especially important for the mitigation and avoidance of
breakdowns in aviation is the idea of minimization of power dynamics through
formalized communication procedures. While most industries emphasize the
significance of strict compliance with established procedures, they also appreciate
the need for flexibility and autonomy in people’s work. Thus, process designers aim
to embed flexibility in various ways within procedural work – e.g. through time
boundaries, system boundaries, or a continuous improvement philosophy with the
aim to achieve a problem-free optimal process. Although the tools used to address
breakdowns differ among the industries, a common tendency is to provide a nonpunitive environment with formal channels of communication between workers and
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management in order to facilitate improvements initiated by front-line staff. As far
as design of procedures or systems is concerned, a common strategy is the
investment in comprehensive analysis during initial planning and requirements
gathering, so as not to allow breakdowns and errors to propagate to later stages of
design.
All of the industries reviewed adopt a systemic approach to the management of
breakdowns. However, the most elaborate and specific is the systems engineering
method of eliciting requirements from all system stakeholders by identifying and
addressing each stakeholder’s concerns. Systems and software engineering also
provide for special attention to interactions among micro-systems, at system
interfaces – whether they are human-computer, software-software, or softwarehardware interfaces.
Table 35 summarizes the important features of the breakdown management
approaches of the industries reviewed in this chapter.
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Table 35. Breakdown management in selected industries.
Industry
Aviation
Value
main focus
• prevention
• avoidance
• mitigation
time boundaries
flexibility
through
compliance SOPs
through
tools

context
specific
design
systems
approach

• SOPs
• formal channels of
communication
• non punitive culture
• mitigation of errors
through culture change
• CRM

compatibility of procedure
and end-user environment
• all agents involved in
design
• document design logic
• no error propagation

Reliability Engineering

Operations Management

Software Engineering

Systems Engineering

prevention

prevention
(zero failures)

prevention

prevention

system boundaries

continuous improvement

N/A

N/A

barriers

N/A
• highly specified
procedures
• standardized work
• scientific approach to in- • inter-team
situ problem solving and
communication
testing
• rigorous requirements
• formal channels of
through in-situ work
communication
• barriers
• eliminate non-value
• IEEE830
activities
• replace problematic
coordination
mechanisms
• LEAN, Six Sigma,
Variance analysis
driven by front-line workers N/A

• barriers
• flexible rules
• FMEA, FTA, ACCA,
etc.

N/A
• all agents and system
components considered
• no error propagation
• balance between
flexibility and standards

• any change effects
through the system are
considered
• no error propagation

• no error propagation
• focus on interfaces

safety constraints

• comprehensive
descriptions of
stakeholder concerns
• dysfunctional
component interactions
• continuous attention to
evolving concerns
• stakeholder
requirements
• early evaluation
• IEEE1471, STAMP, etc.
consider all stakeholders
and system context
influences
• all stakeholders
• all system components
interactions
• environmental
influences
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Table 35. (Cont’d).
Industry
Aviation
Value
error
• avoid, trap, mitigate
management • reduce effect of power
philosophy
dynamics

scope

• management
• end user feedback
• crew coordination
requirements

Reliability Engineering
remove causes of errors

early requirements and
specifications

Operations Management

Software Engineering

Systems Engineering

• shorten distance between prevent error by investing in avoid breakdowns through
initial requirements efforts common language about the
process output and
system with all stakeholders
execution
• control breakdowns at
their source
• re-engineer work to
avoid errors
• end-user driving
• early requirements and
• early system design
continuous improvement
specifications
• dysfunctional
• process driven (not
• inter-team
component interactions
expert)
communication
• focus on context
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D.2 NASA guidelines on the design of fligh-deck procedures [75]
Flexibility within boundaries
 For every task on the flight deck, there is a time boundary. This period is sometimes referred to
as the window of opportunity, indicating the time period in which a task can take place. A well
managed crew schedules the required tasks within a window of opportunity in a way that it will
not be done too early or too late.
 Over-proceduralization will have an adverse effect on the practices and outcomes. Having too
many procedures creates a false sense of security, leads to an inflexible system, and results in
procedure violations.
Continuous procedure improvement “inside-out”
 Management, though the feedback loop should be watchful of techniques that are used on the
line. Techniques that conform to procedures should not be interfered with. Techniques that have
a potential for procedure deviation should be addressed. Techniques that yield better and safer
ways of doing a task may be considered for SOP.
Systems approach
 When introducing new technology into the cockpit, the procedure designer should reevaluate all
of the existing procedures and policies in light of the new technology and support the new
technology via new procedures.
 System procedures involve cockpit and aircraft crew, ground crew, management and air traffic
control. Such system procedures must be developed using a systems approach – developing a
common definition of the task and involving all the components of the system in the design of
the procedure. If the piecemeal approach is taken, the foundations of a potential breakdown are
laid.
 Not only the principal participants of a system, but also others that are affected should be
involved and informed in the design and modifications of a system procedure.
 The entire documentation supplied to the cockpit (and elsewhere) should be regarded as a
system, and designed accordingly as a system, not a collection of independent documents. A
clear and logical (from the user’s view) structure for this system and a criterion for the location of
different procedures is important. An effective index in each manual would go a long way toward
aiding pilots in finding materials they seek, especially when it is an unfamiliar, obscure, or
seldom accessed procedure.
 The SOP documentation should not only explain the mechanics of the procedure, but also state
the logic behind it. A detailed account of the operational logic, and system constraints should be
part of the documentation.
Context-specific design
 Procedures must be tailored to the particularities of the type of operation. Ignoring these
particularities can foster low compliance with procedures on the line.
 Paperwork should be designed carefully to be compatible with the device for which it is
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intended. Particular care should be exercised in preparing materials for computer based
systems. It may be necessary to provide differently formatted documents for different cockpit
configurations.
 Particular attention should be paid in order to safeguard information transfer during critical and
high workload phases of flight. Callouts should be economical, unambiguous, and should
convey only the information needed by the other crew member(s). They should not distract the
crew member from his primary task(s).
 Procedure designers should always bear in mind the contribution which any procedure makes to
total workload of the crew at any given time. They should be especially sensitive to procedures
that may require crew attention in times of high workload, and should strive to “manage”
workload by moving tasks that are not time-critical to periods of low workload.
Clarity
 If the same procedure can yield significantly different outcomes, then the procedure must be
modified in order to eliminate its embedded ambiguity. A procedure should lead to a totally
predictable outcome.
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Appendix E
E.1 Thesis-related publications
Related
Publication
chapters
Taneva, S., Grote, G., Easty, A., Plattner, B., Decoding the perioperative 3, 4, 6
process breakdowns: a theoretical model and implications for system
design. Int J Medical Informatics, 2010. 79(1): p. 14-30.
Taneva, S., Plattner, B., Byer, C., Higgins, J., Easty, A. Towards
3, 5
improving inter-team coordination in the surgical process: a
breakdown detection method. In Proc ACM Int'l Health Informatics
Symposium (IHI). 2010. Arlington, VA.
3, 4
Taneva, D., Higgins, J., Easty, A., Plattner, B. Approaching the hotspot
increases the impact: process breakdowns in a safety-critical systemof-systems. in Proc IEEE Systems. 2009. Vancouver, Canada.
3, 4
Taneva, S., Law, E., Higgins, J. Breaks in Continuity of Surgical Care:
Considerations for eHealth Systems Design. in Proc Intl Conf eHealth
Telemed Soc Med (eTelemed). 2009. Cancun, Mexico: IEEE
Computer.
5
Taneva, S., Law, E. In and out of the hospital: the hidden interface of
high fidelity research via RFID. in Proc Int'l Conf Human-Computer
Interaction (INTERACT). 2007. Rio de Janeiro, Brazil: SpringerVerlag.
2, 6
Taneva, S., Law, E., Interfacing Safety and Communication Breakdowns:
Situated Medical Technology Design, in Proc HCI Int’l (HCII), Jacko,
J.e., Editor. 2007, Springer Verlag. p. 525–534.
6
Taneva S., Palanque P., Basnyat S., Winckler M., Law E., Analysis of
Communication Breakdowns for eHealth Systems Design, in Proc
Nordic Conf eHealth Telemedicine. 2006: Helsinki, Finland.
6
Taneva, S., Palanque, P., Basnyat, S., Winckler, M., Law, E. Clinical
Systems Design: Task Modeling with Failure in Mind. in Proc
MedNet. 2006. Toronto, Canada.
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