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ABSTRACT
For the past decade, patient safety has become a focus for both governments and
researchers alike due to the 44,000 deaths and 29 billion dollars spent annually on preventable
medical errors. In fact, up to 70 percent of hospitalization that end in extended stays or permanent
disabilities have been attributable to preventable human errors. These human errors are especially
problematic in technology-condensed medical specialties such as vascular-, cardiac-, and
neurosurgeries. Despite over-a-decade of efforts to reduce these human errors, however, patient
safety has not been significantly improved and there has even been backward progress in medical
workforce training. While many people still argue that the best way to prevent human errors is to
monitor performance and better train healthcare providers, there is currently limited understanding
of how to appropriately train these individuals or how to objectively assess their performance in
these areas. Thus, the goal of this dissertation is to reduce medical errors and instill safe and
effective behaviors in healthcare through a three-pronged approached. First, it aims to develop and
test a method for identifying risk-prone medical devices through the creation of a data-mining
algorithm that mines the Food and Drug Administration’s adverse event reports and identifies
problematic medical instrumentation. Next, it aims to develop an objective method for assessing
clinical skills with the identified risk-prone medical devices. Finally, it aims to develop an effective,
objective, training methodology based on behavioral feedback to minimize adverse medical events.
In order to achieve this, a series of observational and experimental investigations were completed
with cooperation from the Simulation Center at the Pennsylvania State University Hershey Medical
Center. The results of this dissertation contribute new insights into how to identify preventable
medical errors and improve them through a data-centric, objective interventions.
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Chapter 1 : Introduction and Motivation
For the past decade, patient safety has become a mantra for both governments (Health,
2013) and researchers alike (Amalberti & Hourlier, 2006), triggered by a report that estimated that
at least 44,000 deaths and up to 29 billion dollars was spent annually as a result of preventable
medical errors (Kohn, Corrigan, & Donaldson, 2000). While most research in this space has
focused on risk analysis and management at an organizational level (ISO, 2003, 2009), little is
known about how physicians and staffs perform in the surgical suites, or the risk factors that can
impact human errors (Alberti, 2001). In order to combat this problem, the current dissertation was
developed to help identify, understand and mitigate human error through an analysis of a federally
mandated healthcare reporting systems and observations and measurements of resident surgeon
surgical performance. The remainder of this chapter focuses on identifying the current state of the
art of medical interventions that support the framework for this dissertation. Finally, the research
questions, purpose, significance and contributions of the conducted research are identified and
discussed.

1.1 Preemptive Interventions for Behavioral Changes
Patient safety holds the utmost importance in a healthcare environment. All types of
interventions—medical, technological, administrative, human resource, educational, and others—
can be selected to improve patient safety. Healthcare professionals are bound to examine, select,
and implement an optimal intervention that maximizes a benefit-cost ratio. In particular, a
preemptive intervention focuses on preventing future injuries and adverse outcomes in a proactive
manner (Dankelman, van den Dobbelsteen, & Breedveld, 2011). Using administrative incentives
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or penalties to induce physicians’ hand-washing is a typical example of preemptive intervention to
mitigate nosocomial infection (Anderson, Gosbee, Bessesen, & Williams, 2010). Hand-washing is
obviously superior in its benefit-cost ratio to other retrospective interventions. Even though
preemptive interventions may not always ensure the intended outcome, and some may even incur
wasteful investment, they are usually the first gateway to improve patient safety (Shojania, Duncan,
McDonald, Wachter, & Markowitz, 2001).
From early on, the Human Factors disciplines have demonstrated the utility of preemptive
interventions in healthcare through personnel training (Nelson et al., 2006; Videman et al., 1989),
safety guidelines for medical device (Weinger, Wiklund, & Gardner-Bonneau, 2010), and
improvements in manufacturing process of medical device (Sawyer et al., 1996; J. Ward &
Clarkson, 2006). Human Factors researchers have also continuously developed new innovative,
medical devices using user-centered strategies (Story, 2013; Wilcox, 2012). However, these efforts
can be seen as an indirect approach to improving patient safety in a sense that it does not directly
track behavioral changes.

The indirect approach is limited to establishing cause-and-effect

relationships–linking certain behaviors to negative outcomes—in a scientific way. Because, the
rare occurrences of adverse outcomes do not ensure repeatability in an experimental setting.
Although empirically shown, the specificity of results in one condition may not be generalizable to
the other conditions. A difficulty to show causal relationship renders the indirect intervention a less
attractive option (Merrill, 2012).
Nevertheless, a preemptive intervention is still a promising choice to lead behavioral
changes in healthcare providers effectively and efficiently. For preemptive interventions to
successfully lead behavioral changes in healthcare, a performance standard should be developed
specifically for high-risk medical procedures and environments (Kohn et al., 2000). The standard
needs to focus on behaviors rather than clinical outcomes, to reshape current behaviors explicitly.
An intraoperative assessment of a surgical procedure is a good example of behavior-based
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performance evaluation (Grober, Roberts, Shin, Mahdi, & Bacal, 2010). So far, our understanding
of human performance at behavioral level remains in its infancy despite technological progress in
encoding human behaviors (Moeslund, Hilton, & Krüger, 2006). Ever increasing capacity to
process and analyze information does not necessarily make it to improve safety in healthcare
processes (Clarkson et al., 2004). Limited research to date has focused on the impact of
interventions on physicians’ behaviors during medical procedures (KR Catchpole et al., 2006;
Wagner, Stylopoulos, & Howe, 2002). In the meantime, the medical community, practitioners and
educators alike, agree that a well-defined, competency-based performance standard must be
established in the face of new clinical procedures, new devices, and over-specialization of medical
expertise (Bass, 2012; Creager et al., 2004).
Together with the performance standard, its objective assessment and training should also
be discussed for a feasible intervention. In general, it is a challenging responsibility for healthcare
communities and licensing bodies to regulate a process of training and examination for
credentialing (Schulte, 2012). In the current credentialing system, performance tends to be gauged
on the basis of procedure volume, i.e. number of cases, or time, e.g. duration of training, often
without much evidence of its correlation (Bass, 2012). Once a behavior-based performance
standard is well defined and validated with respect to patient safety, its assessment becomes much
more transparent, hence becoming more objective.
Finally, an effective training methodology completes a preemptive intervention by helping
trainees acquire error-free behaviors. During the past decade, there have been active research and
discussions on the validity and effectiveness of simulation-based training methodologies for open,
minimally-invasive and micro-surgical procedures as well as for computer-assisted surgeries
(Buchs, Pugin, Volonté, & Morel, 2013). Now, a more timely question might be “how can we
maximize learning effects using a simulator”, instead of asking “is simulated learning comparable
to traditional methods of learning?” Only recently has the former question begun to draw attention,
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with respect to feedback information (Hatala, Cook, Zendejas, Hamstra, & Brydges, 2013; Porte,
Xeroulis, Reznick, & Dubrowski, 2007), focused training (Vine, Masters, McGrath, Bright, &
Wilson, 2012), or pre-training (Stefanidis, Hope, Korndorffer Jr, Markley, & Scott, 2010). Yet,
further research is needed in relation to effective training methodologies that take full advantage of
a simulator.
In sum, preemptive intervention can be a simple, cost-efficient alternative for healthcare
professionals to implement behaviors that improve patient safety. The limitations of risk
management at the organizational level, can be complemented by interventions at the behavioral
level, focused on proactively preventing errors and patient injuries. To actualize preemptive
interventions leading to behavioral changes of healthcare professionals, three conditions should be
satisfied: first, a performance standard is defined at the behavioral level, dedicated to the specific
medical procedure; second, an objective assessment method for the performance should be
established; and third, an effective training methodology is provided to shape behaviors. The next
section specifies the research questions that revolve around satisfying these conditions.

1.2 Research Questions
Setting up an intervention for behavioral change requires several research questions to be
answered along the way. This section specifies the three research questions that are fundamental to
directing the research purpose. In the last chapter of this dissertation, these questions will be
discussed again to identify how they were addressed through the conducted research. The questions
are related in a series, so that one question leads to another. Specifically, the three foundational
research questions of this dissertation are as follows:
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Research Question 1: What are the main problems leading to human error in the surgical
suite? How can we identify what problems should be addressed
through behavioral interventions?
Research Question 2: What are the problematic components underlying medical errors at
the behavioral level? How can we observe and represent the
behaviors of performing complex psycho-physical tasks for
medical procedures?
Research Question 3: How can we develop an effective medical training system that
minimizes human error by creating behavioral changes through
a simulated environment?

The first question addressed in this dissertation is aimed at identifying medical problems
in the clinical setting using a data-driven approach. At a glance, it may be thought that healthcare
providers can easily identify problems that require interventions. For example, surgeons may be
considered the best candidates for revealing chronic errors during a surgical procedure. However,
the deeply-seeded “blame-culture” of the healthcare industry (Alberti, 2001) and the barriers
among clinical units, departments, and hospitals have made it difficult to uncover the complex
causes of adverse events. In addition, the increasing complexity of medical technology and
specialization of medical expertise make it more difficult to find problems that requires urgent
interventions. Even among professionals in the same medical expertise, there are discrepancies in
their opinions about the severity and frequency of a problem, its association with behavioral aspects,
as well as its solution. Therefore, expert opinions can hardly be a sole source to direct interventions.
Therefore, to identify a problem in the clinical setting, the first research question employs
a data-driven approach in order to navigate various cases of adverse events and recognize recurring
patterns. Analyzing a large volume of data allows for a more holistic perspective of medical errors
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that expert opinion could overlook. This benefit of this data-driven approach is more evident in
new medical procedures where behavioral patterns and their consequences are not well known.
Eventually, combining a data-driven approach with expert interviews can make problem finding
more definite. Once a problem is defined, next question concerns how to approach it to enhance
understanding.
The second research question is a precondition for an effective intervention because human
behavior is so complicated that it is almost impossible to grasp the entirety of it. For example, a
surgeon’s behavior in the surgical suites can be viewed at multiple dimensions including the
physical efforts of planning, motion control, and feedback mechanisms. In this example, human
error may be attributed to a gap between intention and motion execution, or in a broader perspective,
it may be due to perceptual and cognitive components too. Beyond human functions, there are other
aspects of problematic behaviors, including task goals and constraints, environmental conditions
and clinical outcomes to the patient. Just as human behaviors are multi-faceted, so too are the
methods to represent and evaluate them. Through a literature reviews, it will be shown that the
current systems of performance measurement are not enough to cover complex behaviors in the
clinical context and a multi-dimensional hierarchy of performance is needed to appropriately gauge
performance levels. This dissertation applies a variety of methods to answer the research question,
including observation and survey, task analysis, motion analysis, and image processing. Those
methods altogether pursue a better understanding human behavior in the context of specific medical
procedure. They are geared towards answering the final research question to solve a problem.
The final research question presupposes simulated training as a preemptive intervention to
change behaviors. It does not imply a simulated-training is the best form of intervention. Rather, it
offers an opportunity to explore design parameters for simulation development, dedicated to the
behavioral training. Then, the training simulation is validated by using a set of performance criteria
that were established through in-depth understanding per the previous research question.
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The three research questions drive the research purposes in the next section. In line with
the three research questions that correspond to problem finding, knowledge acquisition, and
solution development, the research purposes are stated in the area, respectively.

1.3 Research Purpose
In moving toward the ultimate goal of instilling safe and effective behaviors into the
healthcare environment, the purpose of this dissertation is three-fold. First, it aims to develop and
test a method for identifying risk-prone medical devices by developing a data mining algorithm
that mines the Food and Drug Administration (FDA)’s adverse event reports. Next, it aims to
develop an objective method for assessing clinical skills that use the medical device identified with
exceptionally high risk. The assessment method includes a set of performance criteria as well as
the method of measurements that can be applied to the specific medical procedure. Finally, it aims
to develop an effective and efficient training methodology to minimize adverse medical events.
Since evaluative feedback is the core of effective training (J. Adams, 1985; Newell, Sparrow, &
Quinn, 1985), a method of performance assessment should be incorporated into the training
methodology. At the same time, the training methodology should implement realistic variability
that derives from patient variability or task scenarios.
The three purposes are mutually related, rather than isolated. Fulfilling the first purpose
prepares for the second by defining a target procedure and supporting the definition with clinical
cases. Likewise, the second purpose of objective assessment methods comes in close relation with
a new training method, to provide for its learning feedback as well as for validation of the new
method. The research purposes are further elaborated by supporting their significance within a
healthcare sector internally and outside the sector, in the next section.
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1.4 Research Significance
There are several conditions within and outside the healthcare sector that make the current
research inevitable. Internal pressure among hospitals continues to create stronger business cases
for patient safety and to pursue a higher quality of care (Kuske, Maass, Weingärter, Pöhlmann, &
Schrappe, 2013; Wachter, 2010), while external pressure from emerging paradigms of healthcare
2.0 (Van De Belt, Engelen, Berben, & Schoonhoven, 2010), or patient-centered care (Oates,
Weston, & Jordan, 2000), increases public awareness of safety. Some behavioral changes for
patient safety can be made quickly only by healthcare providers’ awareness and determined actions,
but some changes take much longer despite the efforts. A good example is the efforts to acquire
expert skills, which is an ultimate way for the surgeons to accomplish high quality of care without
cost hike (McGinnis, 2010). Unlike knowledge accumulation, complicated technical skills that
engage anatomical knowledge and psychomotor capabilities tend to take over years of experiences.
Under the learning paradigm of see-one-do-one, patients are likely to be exposed to under-skilled
staffs at some point on their learning curve. Creating a short-cut to reaching an expert plateau can
benefit patient safety, and save time and efforts, which in turn reduce cost of training and services.
At the same time, there is another urgency of needs to identify, detect, and prevent lifethreatening events ahead of their occurrence (Work, 2011). The first step to addressing the needs
is to understand what is happening and what is likely to happen in healthcare settings. At times,
statistical summary in macro perspective is not sufficient to come up with effective solutions.
Further steps may be required to understand what happens in the surgical suite, when a surgical
team is communicating with each other, when a surgeon manipulates multitude of medical devices
and equipment, and when the medical device is interacting with patient lesion. Methodologically,
it is important to establish and validate ways to gain knowledge at multiple levels of healthcare
interaction with patient. In this regard, this dissertation will provide a case of preemptive
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intervention that combines data-driven information search at the macro level, observation and
motion analysis at the task level, and force measurement at the tissue level. Only through a
successful concatenation of findings at multiple levels can we address the multifaceted nature of
the problem. The significance of this dissertation is further backed up by expected contributions in
the next section. .

1.5 Expected Contributions
Major contributions of this dissertation can apply to the healthcare sector, for healthcare
information, for performance evaluation, and for the training of medical professionals. Specifically,
using multitude of healthcare information, text archives have been mined to identify and prioritize
medical hazards and reduce medical errors. This dissertation also contributes by establishing
objective measures of medical performance, such as planning effective training programs and
designing appropriate feedback information for medical simulators. The proposed training
methodology can be applied to medical training programs and can also be used to design training
simulators by implementing a behavior-based feedback into the system’s component. This is
important because medical skills in coronary/peripheral endovascular procedures are so rapidly
developing that establishing performance standards is a part of a much needed agenda of
qualification for healthcare professionals (Bass, 2012; Creager et al., 2004). A behavioral approach
to assessing the performance, instead of attending to visible outcomes in retrospect, may
supplement the current evaluation system.
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1.6 Document Outline
This dissertation is organized such that it flows from problem discovery (macro level) to a
solution at task level (micro level). Specifically, at a macro level, Chapter 2 explores medical
procedures and device use associated with human errors and patient injury. Following the literature
review, Chapter 3 outlines an automated document search and analysis methods used to navigate
adverse outcomes. The findings from Chapter 3 lead to a narrower problem space, focusing on a
catheter placement procedure. At the task level, Chapter 4 reviews related literatures and then
Chapter 5 outlines a task analysis study that was based on the observation of medical residents’
skill training and expert interviews. The knowledge is then used to develop a list of desired
performance criteria and a method for objectively analyzing resident performance in these skills
using a motion analysis method in Chapter 6. Chapter 7 focuses on developing a training method
based on haptic simulation and the key skills identified in the early chapters. After defining design
goals and principles, it explores various aspects of the task and performance to reflect them into
the simulation system. Finally, Chapter 8 outlines experiments geared at identifying the utility of
the haptic trainer developed through this process, and Chapter 9 ends with summary of this
dissertation.
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Chapter 2 : Data-Driven Problem Discovery at Macro Level
Discovering an urgent and significant problem ensures the subsequent efforts to solve it
are meaningful. In fact, a sense of urgency and significance is relative to the eyes of stakeholders,
in which case the priorities should be placed on the patients in healthcare service. Unfortunately,
in the current healthcare culture dominated by professionalism, the patients are not the primary
source to discover problems. Instead, we can let the adverse events fend for themselves. It is a
motivation for a data-driven approach advocated in this Chapter. There are few activities in
healthcare services that do not involve the patient’s direct interaction with care-givers and medical
devices. Therefore, by looking at adverse events that occur during certain device use, we can detect
common errors attributed to care-givers, let alone prioritizing these errors by the gravity of the
outcome to the patients. This Chapter uniquely serves this purpose of problem discovery.
Also from a standpoint of hazard identification, the methods proposed in this chapter are
important. An ultimate goal of risk management in healthcare is to improve patient safety and
maintain risk below acceptable level at all stages of care process. Unfortunately, there is not a
ready-made method to identify potential sources of patient injury. It usually takes extensive inputs
from multiple stakeholders, throughout all levels of the care service. Data-driven approach to
collecting and processing data can be an efficient supplement to it. While observation-oriented
methods rely on expert opinions for hazard identification, data-driven methods rely on the system
capability to gather, parse and interpret the information. Rapid progress in smart computation and
sensor technology appears to make it a more viable option. In addition, ever increasing scale and
complexity of the modern healthcare system are turning to data-driven methods for efficiency. In
order to better understand these factors, the current chapter was developed to address the following
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topics: a literature reviews on data-driven hazard identification, methods of data analysis, and
results of data-driven problem discovery.

2.1 Hazard Identification for Intervention
Current methods to identify potential hazards can be categorized into two categories:
observation-oriented and data-driven methods. This section reviews articles on potential hazards
related to human errors in medical procedures, a need for system perspective, and major methods
of identifying such hazards.

2.1.1 System Perspective on Human Errors
Concepts of risk have been developed to analyze, evaluate and control hazards in large
engineering systems of nuclear power, weapons, transportation, and other high-risk sectors. Often,
risk is a probabilistic representation of potential harm in combination of the probability of
occurrence and of the severity of the occurrence. Harm refers to “physical injury or damage to the
health of people, or damage to property or the environment” (Israelski & Muto, 2006). While harm
relates to the occurrences of negative outcome, hazard relates to “potential” sources of harm.
Therefore, risk identification is synonym for hazard analysis.
Among myriads of potential hazards, human error has been studied great deal in Cognitive
Psychology (Norman, 1981), Safety and Reliability Engineering (Reason, 1990), and Human
Factors (Rasmussen, 1982), because human errors account for the vast majority of harms in many
cases. Human error is defined as unintentional human action that fails to meet an implicit or explicit
standard, or fails to achieve desired outcome (Senders & Moray, 1991). Several theoretical models
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have been developed to account for a hierarchy of human errors (Norman, 1981; Rasmussen, 1982),
and for the mechanism of the errors to incur hazardous outcomes (Reason, 1990).
In the medical context, a huge body of theoretical frameworks has been developed to
analyze risk. Especially, a concept of Adverse Event(AE) has been widely adopted, referring to
“an injury that was caused by medical treatment and prolonged hospitalization, rather than by
underlying disease.” (Brennan et al., 1991). Depending on the reports, over 50% to 70% of AEs in
hospital are considered preventable (Kohn et al., 2000). A high incident rate of AEs in healthcare
have been attended by different accounts: heterogeneity on inherent degree of risk across
departments; sustained pressures from insurance company; that authoritative physicians have
developed a culture of denial and hiding against adverse events; that expected level of safety is not
standardized; excess level of fatigue, overtime and work load among healthcare workers; chronic
staff shortage (Amalberti & Hourlier, 2006). Different accounts about the problem in healthcare
system have yielded myriads of approaches at micro level and at macro level of the system. Microlevel approaches direct remedial efforts at people at the sharp end of care, focusing on interaction
with device, patient and environment, while macro-level approaches are directed towards
improving the process and organizational structure on the basis of institutional commitment to
enhance safety culture (Amalberti & Hourlier, 2006). There has not been a consensus on how to
reconcile both micro- and macro-level approaches to AEs. Some authors advocate dynamic
adaptation of both approaches strategically depending on the current safety level of the system
(Amalberti & Hourlier, 2006). Another emphasize understanding of actual interactions at the level
of individual operators with specific medical procedures (Clarkson et al., 2004).
The bottom line in risk identification is a system perspective, because it is essentially an
interaction of failures in human behavior, process and technology (Battles & Keyes, 2002). A
system perspective helps to redefine the scope of medical error and adverse event. Figure 1
illustrates a system perspective to link medical errors, negative outcomes, and the standard methods
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to counteract such outcomes. Medical errors refer to the failure of planned actions to be completed
as intended, potentially causing negative outcomes by medical interventions rather than the
underlying patient condition (Rasmussen, 1986). Medical errors are broke down to device errors,
human errors, and system errors. In the system perspective, Device error does not stop at device
malfunction, but potentially extends to the sequence of failures through interaction with user,
system, and environmental factors. Towards an ultimate goal of improving patient safety, medical
errors should be viewed in the system of contributing factors, potential outcomes including nearmiss events, and the preventive actions.

Figure 1 System Perspective of Medical Errors

Despite unusually high occurrences of adverse events in healthcare sector, the effect of risk
management remains limited due to the lack of knowledge base on “what is actually happening
during the specific medical procedures in operating room, emergency unit, or general wards.
Fundamentally, without thorough knowledge user’s behavior and cognitive capabilities in the
specific medical procedures, risks are difficult to identify, hence adverse events are not likely to be
reduced significantly. In the next section, the literature on medical risk identification is reviewed
under system perspective.

15
2.1.2 Current Methods to Identify Hazards
Although accepting system perspective, a list of hazard are still difficult to identify
thoroughly. Formal risk management tools, e.g. Failure Modes and Effects Analysis (FMEA) and
Fault Tree Analysis (FTA), provide a template for hazard identification, and are packaged into the
process of risk management. However, correct identification of hazards is much needed to properly
manage intrinsic risks below acceptable level. As for device-related errors, an ISO 14971 standard
requires manufactures “to identify all known and foreseeable hazards and to evaluate their severity
quantitatively” using all information related to Corrective Action or Protective Action, CAPA
(Lincoln, 2009). CAPA-related information include, not limited to, customer complaints, Failure
Investigation Reports (FIRs), Non-Conforming Material Reports (NCMRs), Out-of-specifications
(OOSs), and database from regulatory body, e.g. the Food and Drug Administration (FDA).In
contrast to the data-driven risk identification methods, observation-driven, empirical methods have
also been suggested. The Center for Devices and Radiological Health: CDRH provides guidance,
to identify use-related hazards, on empirical Human-Factors/Engineering methods including
cognitive walk through and formative usability testing (Kaye & Crowley, 2000).

2.1.3 Observation-Driven Methods
Observation-driven methods (Kaye & Crowley, 2000) seek to identify potential source of
injury to patient safety on the basis of healthcare provider’s interaction with care environment.
Different emphases on physical, behavioral, and cognitive aspects of medical tasks gave birth to
tools and methods in Human Factors/Ergonomics, Ethnographic-type User Research and Cognitive
Engineering, respectively. In the next section, empirically-driven research is outlined under the
categories of HFE, (Ethnographic-type) User Research, and Cognitive Engineering.
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2.1.3.1 Human Factors/Ergonomic Engineering
Early guidance by CDRH on Human Factors/Ergonomics (HFE) methods provided
empirically-driven principles to identify hazards (Sawyer et al., 1996). A set of HFE principles can
contribute to identifying and preventing risks associated with hospital-induced infection, e.g.
feedback system to encourage hand hygiene, or, mitigating catheter-related infection by realistic
training simulation. In addition, design features and alarms can draw attention and nudge healthcare
workers into correct behaviors, while checklist helps stay focused by reducing mental load. Finally,
interview and observation-based workflow analysis may help design the facilities layout (Anderson
et al., 2010).
Some research places more emphasis on physical aspects of user interaction for risk
identification and diagnosis. Ergonomic/Biomechanical models are useful to estimate risk
associated with body posture, weight load, muscular strength and endurance, e.g. by quantifying
deviation from neutral posture, setting up minimum weight, tracking the position of critical body
parts during task; as for the risk. Especially, assessment-tools help ensure poses of the body parts
devoid of injury risk using Strain Index, or Static Strength Prediction. Biomechanical methods may
also apply to generating recommended range of force or torque under specific medical tasks
(Allread & Israelski, 2009).
Further, hybrid approaches can be deployed, integrating Biomechanical model, Cognitive
assessment and Ethnographic-type research, to analyze the physical, emotional and intellectual
abilities of healthcare workers in the system. Methodologically, the hybrid approach helps test the
most representative users and tasks encompassing both physical and cognitive interactions
(Andreoni et al., 2012).
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2.1.3.2 Ethnographic-Type User Research
More recently, an extension of HFE methodology has been developed, called
(Ethnographic-type) User Research. The user research is more task-oriented observation, suitable
to explore potential hazards in real healthcare setting using multiple tools. Methodologically,
Contextual Inquiry (CI) is a pragmatic ethnographic-type tool to divulge users’ implicit
workarounds by shadowing them during task completion, asking questions at the necessary
moment. Heuristic Evaluation lets a small group of experts evaluate the research object on the basis
of underlying principles to identify potential problems. Focus group Interview consists of facilitated
discussion of certain topic and collected opinions on it. Delphi technique is intended to prioritize
list of requirements among various stakeholders, obtaining a consensus (J. L. Martin, Norris,
Murphy, & Crowe, 2008).Increasing needs to understand users in the specific clinical context have
encouraged a wide application of User Research to identification of hazards for new medical
procedures and products. A consultancy Design Science (Wilcox, 2012), advocates CI against
traditional reliance on interviews and voice-of-customers by awareness that customers’ statements
are often wrong. Technically, cameras with different angles together with physiological sensors
(GSR, HR, etc.) provide multiple-point measurements to enhance perspective of the task at hand.
In another case study of developing a pediatric heart pump, extensive interviews with all
stakeholders about the obstacles of current designs, and observation of children currently carrying
the heart pumps has created a new concept to support more freedom-of-activities with reduced
burdens of carriage (Johson, 2013). While User Research is useful at the front end of a concept
development, User Testing (UT) contributes to finding errors throughout the cycle of product
development (J. Ward & Clarkson, 2006). Recently, UT has been used to conduct research in more
realistic settings to redesign minimally invasive surgical environments (McCrory et al., 2013). It
has also been used to help compare human performance across different designs alternatives in the
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realistic context (Pinkney et al., 2013). While User research and UT helps explore user behaviors
and performance in more realistic context, its findings are not easily transferred to heterogeneous
healthcare settings. Besides, these methods are not suitable for identifying hazards for new design
(Wilcox, 2012), where there are not observable cases to build on.

2.1.3.3 Cognitive Engineering
In terms of transferability, a pursuit of internal mechanisms can reveal much about human
errors during medical procedures. Cognitive Psychology and Engineering is promising to providing
scientific accounts to human psycho-motor system. For this reason, tasks and procedures are often
analyzed to translate into potential human errors and mental constraints. In Human Factors
disciplines, cognitive analytic tools like Cognitive Task Analysis (CTA) and Cognitive
Walkthrough (CW) have been applied to risk identification in great deal. CTA investigates mental
process underlying behaviors to identify cognitive requirements, critical decision points and
strategies associated with specific task, while CWT lets a small group of experts to evaluate a
prototype by learning through exploration to achieve a task.
For applications, a cognitive analysis of large scale Laparoscopic bile duct surgeries, based
on radiograph, clinical records and video tapes, categorized four classes of errors with respect to
injury-mechanism–97% of errors were attributed to visual illusion and misperception of target
organs/tissues, 61% to the loss of haptic perception. The results has implications for mitigating
errors in surgical procedures (Wagner et al., 2002). Applying CTA to observing users’ interaction
with commercial medical simulation systems pointed out that poor representation of psychomotor
task causes use error (Prytz, Montano, Scerbo, & Parodi, 2013). In another study, Cognitive
engineering was combined with HCI models to create an abstract model of user-device interaction
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with respect to patient outcomes. The model was successfully validated using medical procedures,
e.g. ultrasound imaging, blood glucose measurement (Sharples et al., 2012).
Despite these rich foundations of cognitive theories, the methods of cognitive analysis are
difficult to validate and are often limited by inaccurate input. Particularly, when errors occur in the
healthcare fields, the use of retrospective analysis to identify the cause of a medical errors can be
limited by false or incomplete human memory. Above all, the empirical analysis of observations
are critically obstructed in a bottle-neck, in the face of rapid emergence of new technology and
medical specialization. Data-driven methods are practical alternative to discover new problems at
early phase of technology in a large scope of user interaction.

2.2 Essential Components of Data-Driven Hazard Identification
Data-Driven methods rely on Electronic Health Records (EHRs) to navigate risk factors,
recognize relationships, and discover general knowledge. Contrary to the observation-driven
methods focusing on the specific situation, the data-driven methods usually adopt more general
perspective at a broad standpoint, making them suitable for analysis in Etiology and Epidemiology
(Merrill, 2012). More recently, they are applied to surveillance tool for early detection of safety
issues in medical devices (Samore et al., 2004), comparative studies at the international or interinstitutional levels (Pot & de Vries, 2008). In the upcoming review sections, critical components
surrounding the data-driven approach will be described, spanning reliability of the data sources,
methods of information extraction, knowledge representation, and visualization.
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2.2.1 Reliability of Adverse Event Data
Reporting human errors in healthcare is the first step needed to understand and identify
hazards. Ultimately, these reports can serve as an invaluable learning experience by correcting the
past errors. However, in many studies to follow, it was pointed out that the current use of adverse
information is tainted by missing information to associate cause and effect of an error (Elder &
Dovey, 2002; Morris Jr et al., 2003), the lack of active intention to improve (Amoore & Ingram,
2003), and the chronic under-reporting due to the culture of blame. Above all, the analysis of these
reports is severely hindered because the data reporting has not been standardized. The lack of
consistency in reporting protocols, formats, terminologies, classification method, and display,
make merging one finding from one set of data with another extremely difficult. Indeed, it reflects
the nature of adverse events that often occur at the junction of different clinical systems, hospitals,
institutions, and disciplines (Morris Jr et al., 2003). Such difficulty in standardization, combined
with increasing complexity of the healthcare system has limited data-driven risk identification, due
to limited perspectives (Johnson, 2003), or limited accessibility (McKnight, Stetson, Bakken,
Curran, & Cimino, 2001).
The questionable reliability of data has been recognized more recently (Magrabi, Ong,
Runciman, & Coiera, 2011; Ricci et al., 2004; Swayze & Rich, 2011). For instance, a survey of
2,919 healthcare providers on the Vaccine Adverse Event Reporting System revealed that many
factors incurred uncontrollable variances on the data itself. Besides, subjective familiarity with the
system affects the likelihood of reporting (McNeil et al., 2013). Uncontrolled bias in the data
weakens the reliability and validity of identified hazards, and sets a limit to its use as sentinel (Chen
et al., 1994). Prior to applying data-driven method, it is important to assess the reliability of data.
The next subsection explains another critical topic of data-driven method for problem discovery,
linguistic processing.
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2.2.2 Automated Text Analysis
Current datasets in Electronic Medical Records (EMRs) and healthcare-related databases
contain descriptive elements waiting to be pre-processed linguistically. Although technological
advances are progressing towards a futuristic vision of numerical analysis, a large body of
information lies in a chunk of linguistic representations. Instead of numerical coding for the sake
of statistical analysis, a text mining technique can help extract information. In practice, many stateof-the-art medical information system identifies key information nugget from the text corpora to
supply with structured or visualized summary of the information and to respond to the users’
questions with contextually appropriate information (Sun, Rumshisky, & Uzuner, 2013; Zhou &
Hripcsak, 2007).

Figure 2 General Process of Text Mining

Figure 2 illustrates a general process of text mining application to discover knowledge or
classify text corpora. All text mining essentially goes through linguistic pre-processing. Through
parsing text corpora, it extracts terms, phrases or concepts and tallies their frequencies. Based on
the statistical analysis of the frequencies, combined with machine learning or human supervision,
a taxonomy can be constructed to facilitate text classification or knowledge discovery. More will
be discussed on this taxonomy in the next section.
A good deal of applications are found in the areas with a strong need to process textformatted data, e.g. bio-informatics (Spasic, Ananiadou, McNaught, & Kumar, 2005) or patent
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search (Tseng, Lin, & Lin, 2007). However, the hurdles to automated text analysis lie in
discrepancy and lack of standard among adverse event reports. Despite the potential value of
adverse events (Vincent, 2003), discrepancy among databases prevents from inter-database
analysis (Magrabi et al., 2011). Added to it, the perceived quality of the processed outcome does
not always live up to the computed performance index (Xinghua Lu, Zheng, Velivelli, & Zhai,
2006). Also, domain knowledge still plays a critical role in the feature selection and learning,
although text mining can greatly reduce the burden of manual interpretation. Finally, automated
text analysis requires a pre-defined system of conceptual categories, or taxonomy. Constructing a
well-defined taxonomy impact the performance of linguistic processing. The details are explained
in the next section.

2.2.3 Taxonomy of Errors
A taxonomy refers to the theory and practice of constructing a classificatory system in
which organisms are ordered into groups on the basis of their relationships (Mayr & Ashlock,
1969). In essence, a taxonomy creates a hierarchical classification of objects along different
dimensions of abstraction, leading to the identification of relationships based on the identified
properties (Dunn & Everitt, 2004; Mayr & Ashlock, 1969). Since the early days of the theoretical
development of taxonomies, researchers have taken the view that a taxonomy is not a theory of
substantial validity, but rather an instrument to serve information needs by organizing individual
objects (Dunn & Everitt, 2004; Gilmour, 1940). Just as biological taxonomy aids in memorizing
and predicting underlying properties of an organism by its membership and sheds lights on the
evolutionary pathway (Dunn & Everitt, 2004), medical taxonomies can be used to help organize
adverse events by identifying important properties (B. Thomadsen, 2007).
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For the past decade, a wealth of medical error taxonomies have been developed to provide
a holistic understanding about the kind and the properties of human errors in healthcare (B
Thomadsen, 2007). Early on, medical taxonomy was constructed by physicians and domain experts
(S. Dovey, Phillips, Green, & Fryer, 2003). Since human opinions are inevitable to biases, expertdriven medical taxonomy needs constant updates (S. M. Dovey et al., 2002). With progress of text
mining process and computational algorithms, automated taxonomy construction or ontology has
been also attended (Kim, Ohta, Tateisi, & Tsujii, 2003). Automated text processing cannot benefit
greatly without automated taxonomy construction (Spasic et al., 2005). It also applies to the
analysis of medical errors. Although the automation is intervened by human supervision and
domain knowledge to the certain degree, it is important to outline its boundary prior to analysis.
The last component of analysis relates to presenting its outcome. Since the outcomes are likely to
be multi-dimensional reflecting on multi-faceted nature of adverse events, proper methods of
visualizing are necessary.

2.2.4 Data Visualization
Data visualizations are essential for taking large amounts of data and putting them in a
format people can understand and process. However, as information becomes more complex, it
becomes more difficult to deliver effective visualizations. However, creating effective visual
displays are important not only for better communication, but also for accelerated pattern
navigation. Integrating computational methods, e.g. statistical inference, data mining algorithms,
with information visualization have been strongly advocated to discover hidden patterns, where
users can explore the data by supplying domain knowledge (Shneiderman, 2001). A principle to
guide a visual information-seeking behavior is to let users overview first, zoom and filter, then
details on demand (Shneiderman, 1997). Use of spatial navigation metaphors in the virtual
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environment is probably the most intuitive and direct application of the interactive visualization.
Depending on the classes of metaphors to control the view-point in the virtual space, each carries
different set of affordances in navigation (Ware, 2000).
The agenda of multidimensional visualization and advanced browsing was implemented to
navigate through large text corpora more efficiently. SPIRETM (Wise et al., 1995) was probably the
first system intended to navigate through documents using spatial metaphors of star field and
topographical map. It noted the value of user interaction, by which one browses multidimensional
space of information, and directs oneself to further investigation. Jigsaw (Stasko, Görg, & Liu,
2008) further developed the notion of interactive visualization into visual analytic system to support
investigative process. Built on the conceptual model of intelligence-analysis- process, it aimed to
help finding a pattern that makes sense, by reducing each document down to a few nuggets of
information, establishing the connection among them, and visualizing the connections in diverse
views. Unfortunately, the progress in interactive visualization has not been sufficiently permeated
into the healthcare information system. In Table 1, current applications to visualization of
healthcare information are reviewed, especially the adverse healthcare events.
Identifying hazards is the first step to improve patient safety in healthcare. So far, diverse
methods of risk identification have been developed at the multidisciplinary junction of engineering,
science and medicine. This section categorized the methods into observation-driven methods and
data-driven methods. By reviewing the literature under each category, it becomes obvious that the
two methods can complimentarily support each other. Data-driven methods can extract general
information about risky areas and underlying factors at macro level, while observation-based
methods can provide specific knowledge about human interaction and its context.
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Table 1. Examples in Healthcare Visualization Since 2000
Information Contents
Electronic Records of patient’s medical
history, medication, lab test, radiology
images, personal information

Related Works
Web-based graphical interface to support cardiology unit
(Masseroli, Bonacina, & Pinciroli, 2004)
Patient records incorporated with Semantic tree map in
pediatrics (Zillner et al., 2008)
Web-based records readily accessible to diabetic patients
(Andry et al., 2009)
Web-based iconized images down to molecular and cellular
level by 3D-slicing (Poh, Kitney, & Shrestha, 2007)
Comparative view and temporal summary to support
visualization of multiple patients(T. D. Wang et al., 2008; T.
D. Wang et al., 2009)
Visualization to support information sharing and cooperated
work for distributed multidisciplinary team (Frykholm,
Lantz, Groth, & Walldius, 2010)

Vital sign
Time-oriented physiological data
Geographical Information
Geographically-distributed public health
information
with/without
temporal
filtering
Social Network
Health-related information shared among
social media, online communities
Visual Analytics
Discovering patterns, identifying causal
relationships from the data related to
disease, symptoms, and treatment

Timeline visualization, Information Mural, Box-Plot for
Intensive Care Unit (Bade, Schlechtweg, & Miksch, 2004)
Web-based maps with statistical graphics(AvRuskin et al.,
2004; Xiaolin Lu, 2005; Sopan et al., 2012)

Network-graphs to visualize drug regimens from social
networking community (Chee, Berlin, & Schatz, 2009)
Navigating patient symptoms through distinct level of details
(An, Wu, Chen, Lu, & Duan, 2010)
Multidimensional clustering and visualization of symptoms
(Gotz, Sun, & Cao, 2012)

2.3 Chapter Summary and Discussion
Identifying hazards before an adverse event occurs has been a key mission statement for
risk management. This dissertation also pursues identification of hazards in the surgical suites, in
order to develop and implement interventions preemptively. The current chapter reviewed
fundamental concepts of hazard, risk, and error in light of medical context, then outlined the current
methods of identifying hazards. Overall, they were summarized into the two broad categories of
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observation-based and data-driven methods. The observation-based methods include Human
Factors/Ergonomics engineering, Ethnographic-type User Research, and Cognitive engineering.
These methods are built on analysis of the specific cases of hazardous outcomes, thus,
advantageous to gaining in-depth insight about the adverse events, e.g. their precursors,
development, and consequences. However, the observation-based methods are not likely to ensure
hazard prediction in different situations. Limited generalize-ability is the critical drawback of the
empirical approach. On the other hand, data-driven approach can better address this issue by
analyzing a large cases of data at macro perspective, across different clinical units, institutions, and
cultural regions. The latter parts of this chapter reviewed essential topics to enable data-driven
hazard identification, including data source reliability, automated text analysis, system of
hazardous event classification, and output display. The reviews in this chapter serves as a
knowledge foundation for establishing a method in the next chapter.
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Chapter 3 : Problem Discovery by Analyzing Adverse Events

Following on the review of the current methods for analyzing medical errors, the current
chapter was developed to establish a novel analytic method for identifying hazard through the
automated searching of adverse medical events. Specifically, this chapter addresses the first
research question of this dissertation; what are the main problems leading to human error in the
surgical suite? How can we identify what problems should be addressed through behavioral
interventions? In order to achieve this, the current chapter outlines the analyses of adverse medical
events through text mining of the Food and Drug Administration (FDA) reporting system.
Analyzing adverse events helps build knowledge of risky behaviors and situations and
guides decision makings towards the most effective intervention. Despite the limited data reliability,
adverse event reports have potential to help researchers explore highly error-prone devices and
procedures, because of the large number of reports in the archives. For instance, a device- or
facility-related adverse event database from the Food and Drug Administration (FDA) has been
accumulating well over a hundred thousand reports every year. By definition, medical risk is
subject to both the frequency of occurrences and the severity of outcome. Therefore, the devices
and procedures associated with either aspect can be designated to be a “high risk” area, calling for
further investigation.
This chapter begins by appraising the format, structures, reliability and other limitations of
the adverse event reports (AER) database maintained by FDA. It then outlines a Web-based method
created through this dissertation work used to access multiple databases using a text-mining
algorithm to analyze event description, and a visualization method to display the outcome. The data
mining approach is then used to identify high-risk areas and behaviors that can be addressed
through medical interventions.
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3.1 Methodology

Millions of reports on medical device malfunction, patient injury and death are collected
every year in the FDA’s Manufacturer and User-Facility Device Experience (MAUDE) database.
During the reporting process, an adverse event is manually classified according to a hierarchical
coding system. This coding system uses an arbitrary event codes which causes redundant, too
general, or too specific categories. Therefore, in order to analyze these reports to help identify
problematic areas, we first must examine the reliability of the data source through the automated
extraction of the online databases. Once this occurs, a text-mining algorithms and numerical
analysis can be deployed to identify outstanding hazards in terms of occurrence frequencies and
patient outcomes. This section outlines the range of querying and analytic methods created in this
dissertation for data-driven medical hazards identification.

3.1.1 Preparation: Appraisal of Data Source
In this section, a large archive of adverse event database is examined, prior to further
analysis, with respect to its data collection process and reliability. The Manufacturer and User
Facility Device Experience (MAUDE) database allows public access to the reports of adverse
events surrounding user experience, facility and device malfunction, which could end up to serious
patient injury and death. It has collected voluntary reports since 1993, user facility reports since
1991, distributor reports since 1993, and manufacturer reports since 1996. This database has
allowed investigators and researchers to track the longitudinal or transverse trend of certain devices
or problems (Magrabi et al., 2011; Williams et al., 2012) and detect safety signals for post-market
surveillance (Duggirala et al., 2012).
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The database has some weaknesses as a true representation of hazards in the healthcare
environment. There is chronic underreporting and faulty reports (Johnson, 2006). Duplicate or
multiple follow-up reports on the same event may impugn the reliability of report frequency. As is
noted on the front page of the MAUDE database, analysis based solely on report frequencies can
mislead a statistical analysis. MAUDE is a kind of Event Reporting System (ERS) that is designed
to encode, categorize, analyze, and retrieve real events, as depicted in the Figure 3. ERS is heavily
dependent on human intelligence throughout input, process and output. Event instance is a real,
finite-timed event. Interested aspects of an event instance, i.e. event attributes, are perceived and
encoded by a reporter into a report form.
In advance, event- and attribute-category are formed by group of experts. Categorization
scheme performs manifold functions within the system. To reporters, it predisposes them to pay
attention to specific aspects of event instance and guides them to categorize event attributes or
event instances on their own. To analytic component, category is an efficient scheme to reduce and
summarize multi-attributes of plural reports. To retrieval component, category functions as
prompter for proper query terms.

Figure 3. Process of Adverse Event Reporting
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A submitted report is registered and retrieved according to a categorization scheme. It is a
hierarchy of pre-defined event codes, which characterize the nature of problem. The current system
of event codes is structured into four large categories at its root level–physical property issue,
facilities issue, device-operational issue, and human factors issue. Each category branches down
as low as the 5th levels, and expands horizontally as wide as with 15 neighboring categories. As of
September 2012, there are 587 event categories in the hierarchy.

Figure 4 Subcategories of ‘Mechanical Issues’ with Event Frequencies

The categorization scheme for this database lacks construct validity and consistency. This
issue can be illustrated by two examples. “Mechanical issue” is a category with typically wide
horizontal spread among its subordinate categories, see Figure 4. Counting the number of reports
since 2000 under each sub-category reveals severe imbalance between each other, suggesting a
structural fault. Relatively large number of reports at the top level (4581) indicates that reporters
could not find appropriate categories with sufficient details that match their own experience. Also,
extraordinarily large numbers at the lowest level (>5000) indicate a need for sophistication into
more specifics.
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Figure 5 Subcategories of ‘Computer Software Issues’ with Event Frequencies

As another example in Figure 5, “Computer Software Issue”, a category with the deepest
vertical branching in Figure above confirms organizational problem. Not to mention imbalance
among neighboring sub-categories, a sub-category with 0 observations suggests that it is not based
on empirical evidence, but on over-specified predefinition. To get a glimpse of organizational issue
at greater scale, adverse events are queried by 243 classes of “manually-operated medical devices”,
which come in close interaction with healthcare providers and homecare patients, e.g. syringe.
For

automated

report extraction,

programmatic

web

browsing

module

(e.g.

WWW::Mechanize) in Perl language is utilized. As a result, 110,332 reports are retrieved since
1993. Among them, approximately 10% of reports fails to be properly categorized–with “cannot
be categorized otherwise (3.2%)”, “do not know proper category (2.4%)”, “problem is unknown”
(2.2%), “no applicable category exists (0.9%), and “no information given (0.3%). The reports
without proper categories are much likely to be omitted in analysis and retrieval process. It
undermines the representativeness of reports to real events, and increases a risk of type II error in
event surveillance. Despite such weaknesses, the large volume of database at National scale has
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informative utility for identifying hazards associated with medical device use. The next section
outlines the method of analysis by using the retrieved reports.

3.1.2 Analysis of Adverse Event Reports
For efficient analysis of large volume of adverse events, a series of techniques are
necessary to access databases, and parse descriptive reports. Specifically, one of the main issues
with parsing event reports is that the MAUDE database does not necessarily contain all aspects of
an event in sufficient detail, missing out critical information such as device class and patient
outcomes. For instance, when coming across an adverse event of “accidental needle puncture” in
MAUDE, a natural question of related device types that comes with the event, or associated patient
outcomes are not revealed. In this regard, automated access to multiple online databases is useful
for cross-referencing one event over another. In this dissertation, five databases altogether can
complement information about an event by cross-referencing the related device class, the patient
outcome, and the date of occurrence. Table 2 describes the contents of each database.
As illustrated in Figure 6, an adverse event can make a cross-reference to the other
databases by related query types as indicated in the dashed line. Each database is linked by key
variables, by which it can be accessed, although not as exclusive as a unique key in database
administration. The solid lines indicate such links. For example, “Product Code” is an identifiable
serial code, uniquely assigned to device class. “Event Type” is another key variable, although not
as much exclusive as “Product Code”.
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Table 2 Description of Input Database
Database Name
510(k) Premarket Notification

MAUDE (Manufacturer and User
Facility Device Experience
Database)
Product Classification

TPLC (Total Product Life Cycle)

MEDSUN (Medical Product Safety
Network)

Description
It houses premarket submissions made to FDA to demonstrate that
the device to be marketed is at least as safe and effective,
substantially equivalent to a legally marketed device.
It houses device-related adverse reports submitted to the FDA by
mandatory reporters (manufacturers, importers and device user
facilities) and voluntary reporters such as health care
professionals, patients and consumers.
It has medical device names, categories and associated
information developed by the FDA Center for Devices and
Radiological Health (CDRH).
It combines data from various CDRH databases and recall reports
to present an integrated record of premarket and post-market
activity for medical devices.
It is an adverse event reporting program launched in 2002 by the
FDA CDRH, to work collaboratively with the clinical community
to identify, understand, and solve problems with the use of
medical devices. Hospitals, nursing homes, and outpatient
treatment and diagnostic centers are required to report medical
device problems that result in serious illness, injury, or death.

Figure 6 Input Field Relations among Databases
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The process of information extraction is automated by programming with Perl 5 version
18.0. A database is first accessed by getting URL of it. Relevant query-terms are submitted, and
returned page is scraped appropriately to extract necessary nugget of information, which in turn
becomes a new query-term for the next database. Followings are the list of external Perl modules
that has been installed and deployed to access, scrape, organize and display information, see Table
3.
Table 3 List of Perl Modules Used in the Programming
Perl Module

Description

WWW::Mechanize

Perl module for programmatic web browsing, used for automating interaction
with websites
Perl module for extracting the content contained in tables within an HTML
document either as text of encoded element trees
Perl module for line wrapping of text data to form single paragraphs
Perl module to compare elements of two or more lists
Perl module to supply object methods for Input/output handles
Perl module to handle Common Gateway Interface requests and responses

HTML::TableExtract
Text::Wrap
List::Compare
IO::Handle
CGI

3.1.3 Text Analysis of Event Description
Once an extensive set of data is collected from online databases, a proper algorithm and
techniques are needed to analyze the text uniformly. The next section describes a method of text
mining to encode text documents into numerical data, and further analyze it to find meaningful
patterns. For example, the large text data may contain implicit nugget of information about the
potential risk of an event. However, the current coding schemes adopted by MAUDE database do
not allow for the easy extraction of information given reports. Instead, it was developed to
categorize an event. By taking full advantage of a text archive, text mining technique can benefit
making better sense. It is expected to help automate parsing text corpora word-for-word. Figure 7
illustrates the overall process of analysis. A use case in real-world is encoded into a text via an
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adverse event report. Once significant amount of reports are accrued in the database, then the goal
is to identify the set of hazards based on database.

Figure 7 Process of Text Analysis for Event Categorization

As a first step, preprocessing prepares text corpora suitable for analysis. Text corpora
generally lack a formal structure to enable automated parsing. Fortunately, event descriptions in
MAUDE are not completely devoid of structure, which makes preprocessing a bit easier. Texts
structured according to particular rhetoric such as IMRAD (Introduction, Method, Result and
Discussion) can benefit many text mining tasks (Agarwal et al., 2009). As illustrated in Figure 8,
it contains a bit of information about patient condition before and/or after the event, main
procedures, tasks, primary user in the context. In addition, information is arranged in a logical
sequence from general statement to the specific, and in a temporal sequence of treatments. Often,
manufacturer’s narratives on further evaluation, lab analysis are attached to it.
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Figure 8 Event Description of ‘Balloon Rupture’

In the text mining term, an event description text in MAUDE has relatively limited
numbers of types in a bag-of-words. A type refers to a distinct word in a text, and bag-of-words
approach is a technique to count the types of words in random order, ignoring the ordered context
in the original text (Bilisoly, 2008). In general, text corpora with explicit expressions, relying on
small number of templates, in which a bit of core information is locally concentrated, have higher
chance for successful text mining (Ben-Dov and Feldman, 2010).
For the next step, once the whole texts are broken down to bag-of-words, these words can
be regrouped to make up conceptual elements. Text-mining algorithm enables to breakdown a text
into a set of words, and the set of words are restructured into a set of concepts. In particular, the
concepts related to user-device interaction are the major information in hazard identification. This
process is supervised by an analyst. There are 5 major categories of concepts that may be related
the hazard identification–concepts about User, Use Environment, Device, Interaction and
Preventive Actions (Story, 2011). These concepts are comparable with 4W1H–Who (Reed, Sessler,
Glauser, & Phelan), What (Health), Where (Environment), How (Interaction), and Why (Post-
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action). As an outcome of running the algorithm, the whole term space, or Term Set in Figure 9
can generate subsets of conceptual elements under User, Environment, Interaction, Device and Post
Action.

Figure 9 Set of Terms and Set of Concepts

Building a set of concept relies on analyst’s categorical decision based on interpretation
with reference to original text. Classification error, therefore, can occur at any time so that a word
falsely belongs to an irrelevant category. To reduce the classification error by maintaining
consistent rules, and to relieve the mental load of processing large sets of text, algorithmic approach
together with a simple customized software is devised. The basic idea of algorithm is iteratively
partitioning a collection of texts into ones with a concept and without a concept. A concept can be
a term, or a set of terms, say, about User. Through the first round of iteration, a report from which
User concept is already found is disregarded. In the next round of iteration we have a smaller size
of reports to explore and classify repeatedly until all reports are reviewed. This idea of iterative
partitioning works best when a report strictly contains one User in its description. To handle
exceptions, the exploration and review may need to become more careful. Key-Word-In-Context:
KWIC enables to review a key term in the contexts. Once a concept is presented according to KWIC
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format, and it is reviewed and relevant concept is extracted, it is completely removed from the
report lists.
A pseudo algorithm for constructing concept sets is as follows. Suppose that the total
numbers of adverse reports are ß, and equal numbers of text corpora are generated from
preprocessing, stored into a set B. A set of terms within a report is denoted by Tb (b= {1, ⋯, ß}).
An algebra can defined by collection of Tb, { T1 , T2 , ⋯, Tß }. Note that the whole term space

𝐓𝐓𝛀𝛀 = {t1 , t 2 , ⋯ } is generated by 𝐓𝐓𝟏𝟏 ∪ 𝐓𝐓𝟐𝟐 ∪ ⋯ ∪ 𝐓𝐓𝛃𝛃 . The program is implemented using Perl 5
version 14.1.



Step1. Calculate fk, a binary-occurrence index for term tk across Tb, s.t. 1 ≤ fk ≤ ß



Step2. Letting Ts  argmax fk (Hwang et al.)(Hwang et al.)(Hwang et al.)(Hwang et al.)(Hwang et
al.)(Hwang et al.)(Hwang et al.), Ts ⊂ TΩ and fmaxmax fk



Step3.1. If it is the case, classify Ts into a concept set Sc. SC Sc ∪ TS .



and update it. TS Tc






Step3.2. If it is not obviously classified, refer to the original text, find the smallest citation set TC , TC ⊃ Ts
Step4.1. Keep track of TS along all Tb so that if Tb ⊃ TS then b’b.

Step4.2. Reduce the text space to⋃b−b′ Tb
Step5. Go to step2.

3.2 Results: Problem Discovery from Adverse Event Reports
As a result of applying the analytic methods in previous sections, problematic device
groups and associated behavioral patterns have been identified. Numerically, “high-risk” events are
identified in terms of frequency of occurrences and the degree of prevalence among devices.
Learning from this result, an outstandingly risky device and procedure, a catheter-related procedure,
are selected for further investigation. Then, the text descriptions of adverse event reports with the
use of catheter are retrieved from MAUDE and analyzed using the proposed algorithm. It results
in detailed behavioral information associated with the use of catheter. This key findings are later
validated using medical literature as to the nature of error.
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3.2.1 Catheter-Related Device Problems in Cardiovascular Procedures
A search for device-related adverse events in the MAUDE database retrieved 111,347 documents
under 243 classes of “manual devices”, since 1993. The event frequencies for pair of device and
event with over 500 are listed in Table 4. At a glance, blood lancet has a single adverse event with
the highest number of reports, while catheter-related products share a wide range of events.
However, to sum up variations of catheter devices and related accessories, including PTCA catheter,
PTA catheter, catheter guide-wire, diagnostic intravascular catheter, percutaneous catheter,
diagnostic biliary catheter, intravascular subcutaneous implanted port & catheters, the frequencies
of events easily outweigh the top on the list.
Table 4 (Device, Event) Pairs with High Frequencies
Device Types
Blood Lancet
PTCA Catheter

Surgical Stapler
PTA catheter

Orthopedic Surgical Instrument
Catheter Guide-wire

Diagnostic Intravascular catheter
Percutaneous catheter
Diagnostic Biliary catheter
Intravascular Subcutaneous
Implanted Port & Catheters
Tracheostomy tube & tube cuff

Adverse Event
Retraction problem
Balloon rupture
Material rupture
Breakage
Device issue
Failure to form staple
Balloon rupture
Balloon burst
Material rupture
Difficult to remove
Breakage
Detachment
Breakage
Difficult to remove
Breakage
Removal of implant
Breakage
Material rupture
Premature deployment
Failure to deploy
Fracture
Air leak

Number of Reports
5572
2297
1351
604
2035
742
1621
995
775
692
1553
1105
647
627
545
1061
994
593
567
558
523
504
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To extend the findings beyond “manual devices”, other types of medical devices are
queried following the same method. On top of manual non-powered devices (Lefrant et al.),
defibrillator (DEFIB), pacemaker (PACE), endoscope (ENDO), blood glucose monitoring device
(BGM), medical imaging device (IMG), infusion pump (INFUPUMP) were also reported to have
usability issues (Campoe, 2013). As depicted in Figure 10, defibrillator, pacemaker and their
components show dominant frequencies of adverse events, while manual non-powered devices
show that relatively smaller numbers of adverse events dispersed among them.

Figure 10 Report Frequencies of Adverse Events by Device Categories
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Figure 11 Measure of Occurrence over Measure of Prevalence

Considering all types of devices, adverse events can be indexed by a measure of
occurrences and a measure of prevalence. Figure 11 plots maximum measure of occurrence over a
measure of prevalence for each event. It reveals that “Breakage” is prevalent across almost all
device types with moderate level of occurrences, while “High impedance” and “Over sensing” are
device-specific. Further, Figure 12 depicts event frequency for “Breakage” and other related
categories, e.g. “Fracture” or “Crack”, along a column of medical specialty and a row of device
type. Obviously non-powered manual devices in cardiovascular count as the largest source of
adverse event, followed by those used in gastroenterology & urology and in orthopedic. A common
non-powered manual device that keeps occurring in the three medical specialties is a catheterrelated devices listed in Table 5.
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Figure 12 'Breakage' by Medical Expertise and Device Type

For further breakdown into catheter-related devices, dimension-reduction technique can be
applied. In MDS (Multi-Dimensional Scaling), distance matrix is defined using cosine angles of
event vectors for a device type. An event vector for a device type refers to the frequency distribution
of adverse event along the event categories. Then, the dimension for event is reduced to retain as
much information as possible as the distance matrix. MDS performance shows acceptable level of
information loss and reasonable fit with Normalized Stress: 0.11004, Tucker’s Coefficient of
Congruence: 0.94338.
Each dot on the plane corresponds to specific type of catheter, see Figure 13. The dot size
indicates event frequency. The position on the plane indicates relationships to other devices and
relationship with respect to the axes. Neighboring positions indicate the devices are similar in the
pattern of event distribution. It is worth noting that four catheters –intravascular diagnostic, catheter
guide-wire, percutaneous catheter, and catheter-introducer–are similar in event distribution. It is no
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surprising because they point to the similar catheter-related procedure. The two dots in the opposite
direction, PTA and PTCA, are both related to an angioplasty procedure. Their distance indicates
distinctiveness across vertical dimension, which may need further examination.

Figure 13 Visualization of Catheter-Related Issues by MDS

Table 5 lists catheter-related devices with summarizes associated medical procedures. The
generic names are defined in FDA’s device classification database, whose names indicate the
procedures and the characteristics of them. Not only catheter itself, its auxiliary devices associated
with the procedure is listed as well, since they usually come together in a catheter procedure kit.
The variations of catheter types and accessories are considered a same group, for the analysis of
catheter-related hazards in the sections to come unless otherwise specified.
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Table 5 Variations of Catheter Types and Accessories
Generic Name

Intended Medical Procedures

catheter, angioplasty,
peripheral, transluminal
(PTA)

PTA intends to dilate blood vessels in the treatment of peripheral artery
disease. Under fluoroscopic guidance a balloon-tipped catheter is inserted
into a stenotic artery and the balloon is inflated. The inflated balloon may
dilate the artery by stretching its elastic fibers or by flattening accumulation
of plaque.
PTCA intends to open blocked coronary arteries caused by coronary artery
disease and to restore arterial blood flow to the heart tissue without openheart surgery. This catheter has a tiny balloon at its tip, inflated once the
catheter has been placed into the narrowed area of the coronary artery. The
inflation of the balloon compresses the fatty tissue in the artery and makes a
larger opening inside the artery for improved blood flow.

catheters, transluminal
coronary angioplasty,
percutaneous (PTCA)

catheter, intravascular,
diagnostic

An intravascular diagnostic catheter intends to record intra-cardiac pressures,
to sample blood, and to introduce substances into the heart and vessels.
Included in this generic device are right-heart catheters, left-heart catheters,
and angiographic catheters, among others.

wire, guide, catheter

A catheter guide wire is a coiled wire that is designed to fit inside a
percutaneous catheter for the purpose of directing the catheter through a
blood vessel.
A percutaneous catheter is a device that is introduced into a vein or artery
through the skin using a dilator and a sheath (introducer) or guide wire.
A catheter introducer is a sheath used to facilitate placing a catheter through
the skin into a vein or artery.

catheter, percutaneous
introducer, catheter

3.2.2 Catheter-Related Problems to Patient Outcomes
Continuing on navigation of risk for catheter-related devices and procedures, this section
evaluates the severity of device-related problems with reference to patient injuries. Considering a
broad definition of “Breakage” in FDA’s event category that “Issue associated with undesired
damage or breakage of those materials used in device construction”, sub-categories–
“Component(s), broken”, “Fracture”, “Crack”, “Tip breakage”, “Tears, rips, and holes in device,
device material” – and other potentially related categories– “Device fragments remain in patient”,
“Leak”, “Detachment of device component”, “Difficult to remove”, “Dislodged”, “Bent”– may
also be counted in analysis, see Figure 14. Counting in all subcategories and related categories, we
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can safely conclude that “Breakage problem” is the most frequent and widely spread problem in
the use of medical devices.

Figure 14 “Device Breakage” and Associated Event Categories

Looking into an important aspect of risk, the severity of patient outcomes, Figure 15
illustrates patient injuries since 2002 for all related events to “Breakage” in descending order.
Death, serious injuries and minor injuries are color-coded. As a result, “Breakage” and its direct
subcategories, e.g. “Fracture”, “Crack”, account for total 270 actual injuries with 12 deaths, 81
serious injuries, and 177 minor injuries. Later in the Chapter, the validity of this finding will be
compared to medical literatures. Later in this chapter, the patient outcomes associated with catheterrelated procedures will be reviewed from clinical standpoint.

Figure 15 Patient Outcomes for ‘Device Breakage’ over Time
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3.2.3. Catheter-Related Problems Attributed to Behaviors
As is strongly indicated from analysis of event frequencies and patient outcomes, a
percutaneous procedure is highly risk-prone in terms of device breakage and other related adverse
events. For further looking into the nature of the event, 781 cases of adverse events associated with
the “Breakage” issue while using intravascular diagnostic catheter are retrieved and analyzed. Out
of the retrieved, 410 reports are involved in actual outcomes, e.g. patient injuries, additional surgery
or extended hospitalization. All events were reported from Jan 2000 to April 2013. By applying a
text mining algorithm, it generated elements under the set of user, device or component, patient
condition, and user interaction. The relative frequency of elements in each set is counted in the
series of tables, from Table 6 to Table 10.
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Table 6 Event Frequency of User Set
Users
Surgeon/physician/doctor
Nurse/ registered nurse
Staff
Patient/family
Not specified
Total

Frequency
97
147
7
8
143
402

Percentage
24.1
36.6
1.7
2.0
35.6
100

Table 7 Event Frequency of Device Set: Broken Catheter Types/ Parts
Broken Catheter Types
PICC (Peripherally-Inserted Central Catheter)
Intravenous diagnostic catheter, ultrasonic-guided
Intravenous diagnostic catheter
Guide-wire
Introducer
Groshong Catheter
Broviac Catheter
Midline Catheter
PTCA
Hemodialysis catheter
Chemotherapy catheter
Total parenteral nutrition catheter
Hub
Port
Catheters not specified otherwise
Broken Catheter Parts
Tip break apart/detached
Tube, distal part
Connector/hub
Small segments remain in the body
Disassembled
Near Radiopaque marker
Not specified
Total

Frequency
104
25
17
37
12
5
9
8
5
4
14
1
51
66
44
Frequency
99
73
70
29
15
15
101
402

Percentage
25.9
6.2
4.2
9.2
3.0
1.2
2.2
2.0
1.2
1.0
3.5
0.2
12.7
16.4
10.9
Percentage
24.6
18.2
17.4
7.2
3.7
3.7
25.1
100.0
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Table 8 Event Frequency of Patient Set by Symptoms
Patient Condition
Complications
Leak, swelling
Calcified lesion
Tortuous lesion
Vascular Stenosis
Express pain/discomfort
Infant/baby/neonate
Extravasation
Vascular Occlusion
Thrombosis
Infection
Not specified
Total

Frequency
42
32
26
23
22
17
14
6
4
3
4
209
402

Percentage
10.4
8.0
6.5
5.7
5.5
4.2
3.5
1.5
1.0
0.7
1.0
52.0
100.0

Table 9 Event Frequency of Interaction Set by User Behaviors
User’s Behaviors before the Breakage occurs
User attempts to withdraw catheter without noting any anomalies
(Accidentally) pulled out by patient’s movement, etc.
User attempts to withdraw catheter with difficulties
User attempts repeated insertions and removals
User attempts to withdraw catheter with excess force/torque
User attempts to withdraw catheter against resistance
User attempts to insert
User attempts to position a tip to the target location
Other procedures, or no procedure was being done
Total

Frequency
179
47
36
31
27
26
22
8
26
402

Percentage
44.5
11.7
9.0
7.7
6.7
6.5
5.5
2.0
6.5
100.0

Table 10 Frequency Analysis of Detection Methods
Detection Method: How user came to recognize breakage
Angiography (X-ray, fluoroscopy)
Other imaging techniques (CT, MR)
Visual inspection (catheter itself and insertion site)
Patient complaint (pain, discomfort, etc)
Not specified
Total

Frequency
93
202
30
45
32
402

Percentage
23.1
50.2
7.5
11.2
8.0
100.0
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The analysis results from the above tables reveal contextual information about the catheter
breakage. Most importantly, about the risk-prone user behaviors– breakage is likely to occur while
user attempts to insert, advance, reposition, or withdraw the catheter. In many cases, user perceives
unusual resistance or difficulties during insertion, then it breaks while attempt to remove it. Also,
the ability to perceive a sign of breakage is largely variable across users, since 44.5% of breakage
occurs without self-awareness.
Additional information can also be helpful for understanding risk-factors underlying an
adverse event. The followings are key findings about variations related to patient condition,
procedural method, care environment and device breakage.
(1) Effect of patient condition: tortuous anatomical characteristic, malignant lesions, e.g.
stenosis or occluded coronary vessels, calcified lesion, may increase the risk of breakage.
(2) The method of detection: although medical imaging is a suggested method of breakage
detection, physicians and nurses primarily rely on perceptual input for successful insertion
and immediate detection–tactile resistance, visual inspection of device for size, kink,
elongation, unusual bend, and auditory cue when inserting catheter over guide-wire.
Observing patient during dressing and flushing, and listening to the patient’s appeal is
another source of detection.
(3) Care environment: in home care, it takes longer to discover breakage and the patient
can be in increased risk.
(4) Vulnerable area of catheter: distal tip (2~20cm), near markers, near connectors, near
bifurcation, hub, and migration of catheter fragments (e.g. pulmonary artery)
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3.3 Chapter Summary and Discussion
This chapter aims to discover a problem for concentrating intervention to change behaviors
of healthcare providers. In particular, it analyzed adverse event reports to identify high-risk device
and procedure, as well as to explore behavioral aspects of the risk. Eventually, the methods and the
findings in Chapter 3 helps address the first research question in this dissertation by pointing out
problematic medical devices and medical procedures in the surgical suites, and by associating them
with problematic behavioral patterns of the operators through text analysis.
Prior to analysis of adverse events, it is necessary to evaluate the reliability of data source
to have reliable analytic outcomes. The main data source for analysis is the Food and Drug
Administration’s online databases. Aside from inherent problems of event reporting system, the
database is found to have a significant flaw in its event encoding system. Therefore, in the analysis
process, the reliance on the system’s event category was avoided as much as possible. Instead, a
text-mining-based algorithm was developed to encode text descriptions of events. Further, to
complement event information, automatic cross-referencing relevant databases were implemented
by using Perl programming. A series of methods were adopted for access to multiple databases,
analysis of text corpora, and collection of concept elements. Finally, analytic outputs were
visualized using a Multi-Dimensional Scaling method.
The results have several findings regarding problem discovery. First, the analysis identified
the most prevalent and frequently occurring adverse event of device breakage inside patient body.
Its severity was also confirmed. Next, devices and procedures highly related to the breakage were
searched. Catheter-based procedures were obviously one of them. By text mining of the catheterrelated adverse event reports, risk-prone behaviors and other related factors were extracted, too.
The findings from data analysis need further support from related medical studies.
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According to clinical studies on catheter breakage or fracture, its outcomes are not typically
regarded a life-threatening event if treated on time. To the least, it interferes with the delivery of
therapy and requires additional procedures to remove segments and repair or replace the catheter.
Minor damage of the external tube can be treated with repair kits in no longer than 15 minutes
without degraded performance. But the frequently of incidence is high, reported 3%-%33
depending on the catheter type and design (Hwang et al., 2008). In fact, catheter-related
complications are major headaches for modern healthcare environment.
When it comes to the clinical complications of catheters, a great number of studies have
centered on infectious complications, because catheter-related infection is associated with 10-20%
of mortality rates, increased morbidity, prolonged hospitalization, and considerable increase of cost
(Arnow, Quimosing, & Beach, 1993; M. A. Martin, Pfaller, & Wenzel, 1989; Pittet, Tarara, &
Wenzel, 1994; Reed et al., 1995; Smith, Meixler, & Simberkoff, 1991).
As for the cost of venous access procedures, although limited studies, it is estimated to be
$1,155 for use of tunneled catheter, $1,020 for an implanted port, and $265 for PICCs (PeripherallyInserted Central Catheter), assuming 3 to 51 days’ dwelling time and including overhead cost
except surgeon fees (Kyle & Myers, 1990). Therefore, cost increase is not negligible considering
its frequent use in healthcare.
However, infection addresses only a part of catheter-related complications. In general,
catheter-related complications include catheter-induced thrombus formation, gradual occlusions
due to fibrin and platelet deposition, abrupt occlusions due to precipitation of incompatible
medication, leakage of fluid from vein into tissue (extravasation), pinch-off syndrome, and catheter
embolism. Particularly, insertion through jugular vein or subclavian vein can cause pneumothorax,
air embolism, perforating the vessel wall, accidental bleeding, or blockage of a vessel. Insertion
through femoral vein can cause subclinical vein thrombosis, retroperitoneal bleeding (Polderman
& Girbes, 2002).
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The death reports associated with catheter use also confirms the gravity of the mechanical
complications. Total 20 deaths are reported in relation to the catheter use from 2007 to 2013, with
catheters of various types (PTCA, Biliary, Implanted, Hemodialysis, PICC, Ventricular, etc), see
Table 11 Why ‘perforation’ stands out from journal reviews and report analysis, while ‘break’ used
to be the single most frequent catheter-related problem in the database search? Reasonable
explanation for the inconsistency is incomplete taxonomy of the database. In a nutshell, there are
no items corresponding to accidental perforation of vessel wall. It seems to be regarded as a human
error, rather than a device-related problem.

Table 11 Deaths Attributable to Mechanical Complications of Catheter
Mechanical Complication

Number of Cases

Perforation

6

Break

4

Disconnected (detached)

3

Air emboli

3

Thrombosis

2

Burst

1

Dislodgment

1

There are several contexts, also known as performance shaping factors that increase the
risk. The level of experience yields different performance significantly. Physicians with less than
50 insertion experiences are twice as much likely to incur mechanical complications as those with
more than 50 (Sznajder, Zveibil, Bitterman, Weiner, & Bursztein, 1986). Repeated insertion
obviously increases the risk of complication. Replacing new catheters with old catheters just to
prevent infection is likely to cause more mechanical complication during insertion (Cook et al.,
1997). Repeated attempts at the time of insertion also raise risk. Incident rate of mechanical
complication soars up three times or more after three consecutive trials (Mansfield, Hohn, Fornage,
Gregurich, & Ota, 1994). To prevent catheter-related bloodstream infection, maximal protection is
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recommended including a mask, a cap, a sterile gown, sterile gloves, and large sterile drape (I. I.
Raad et al., 1994). In turn, these protections numb the tactile sensitivity of hand to insert, advance,
and position the catheter. Overall, data-driven analysis of adverse events points to the excess risk
of catheter-related procedures and their association with under-skilled human performance.
Therefore, it is reasonable to focus on the problem of catheter use, particularly during catheter
placement into the patient vessel. Next Chapter will first begin to investigate the procedure at task
level.
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Chapter 4 : Review of Catheter Placement Skill, Performance and Training
Methods
Following on the results of problems discovered in Chapter 3, catheter-related procedures
stand out across various class of medical devices, especially in cardiovascular field. However, there
are only limited knowledge about operators’ behaviors in the surgical suite regarding these
procedures (Grober et al., 2010). It is necessary to address the second research question, to deepen
our understanding of what are the problems at the behavioral level for catheter-related procedures.
Before we can discuss ways to minimize these errors, we must understand the current procedures
used to perform and train surgeons in CVC procedures. Therefore, the goal of this chapter is to
identify the procedures and trainings used for Central Venous Catheter (CVC) placement. Then,
Chapters 5 and 6 use these insights to introduce and test novel training methodologies to minimize
errors in CVC procedures.

4.1 Introduction to CVC procedures
A Central Venous Catheter (CVC) is a hallow tube inserted into the central vein to draw
blood samples or administer drugs. CVC placement is a basic surgical procedure for diagnosis and
treatment in cardiovascular medical expertise. The procedure is also commonly performed in
general hospital. While abundant body of literatures are concentrated on clinical efficacy
surrounding the procedure (Hamilton & Bodenham, 2009; Osborne, 2005), not much is known
about human factors and appropriate training for this task (Creager et al., 2004). Still, there is not
a standard set of performance criteria for the task (Graham, Ozment, Tegtmeyer, & Braner, 2013),
let alone fully developed training methodology. The first part of the literature explores general
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aspects of CVC placement, including clinical importance, well-known risks, and difficulties
associated with the task.

4.2 Why CVC Placement Matters for Safety and Performance?
Central Venous Catheter (CVC) insertion is a complex psycho-motor task, which requires
close coordination of perceptual feedback, ambidextrous movement and adaptive cognitive
decision responsive to the patient history and anatomical variation (Evans et al., 2010; McGee &
Gould, 2003; Polderman & Girbes, 2002; Willschke et al., 2006). The annual number of the CVC
insertion is estimated to go well above five million annually in the United States alone (McGee &
Gould, 2003; Shojania et al., 2001). CVC are used to provide vascular access for medication,
diagnosis and monitoring primarily in the intensive care, high dependency care and coronary care
units, as well as in the general ward (Polderman & Girbes, 2002). Outpatient placing of CVCs is
also commonplace in hemodialysis and oncology centers for chemotherapy (Shojania et al., 2001).
On the negative side, the risk associated with CVC insertion is high in the probability of
complications- of mechanical causes during insertion, as well as long-term issues of infection and
thrombosis. In particular, mechanical complication during CVC insertion occurs in 5-19% of
patients (McGee & Gould, 2003) and up to 40% in adults and up to 34% in children (Maecken &
Grau, 2007), not to mention patient discomfort and extra costs associated with these complications
(Shojania et al., 2001). Accidental arterial puncture, hematoma, pneumothorax are the most
common causes of mechanical complication (Maecken & Grau, 2007; McGee & Gould, 2003;
Shojania et al., 2001) while breakage, fracture and subsequent leakage in CVC are the most
common cause of medical device-related adverse outcomes (FDA database, 1993-2013).
Attaining a sufficient level of expertise in CVC insertion is critical for reducing the risk of
complication and adverse outcomes. Surgeons who have inserted CVCs less than fifty times are
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significantly more likely to incur complications (Polderman & Girbes, 2002). Besides, the number
of attempted insertions, which is an important measure of performance, exponentially increases the
risk of mechanical complications (Barsuk, McGaghie, Cohen, Balachandran, & Wayne, 2009;
Evans et al., 2010; Wigmore, Smythe, Hacking, Raobaikady, & MacCallum, 2007). Despite the
need to attain substantial level of expertise in the catheter insertion, there have not been established
standard training methods, which are generally agreed upon by the medical society. As is often the
case of manual skill program for undergraduates, manual skill training for pre-registered doctors
has also been neglected (Toogood, Stableforth, & O'Brien, 1996). In the meantime, intravenous
cannulation, venipuncture, and urinary catheterization remain the most valued skill among the
medical trainees (B. Ward, Moody, & Mayberry, 1997).
CVC insertion is often difficult to learn because it is a bimanual task which requires the
insertion of a CVC needle (dominant hand) with the guidance of an ultrasound image (nondominant hand)

(Wigmore et al., 2007). Real-time ultrasound guidance using a transverse

approach, or short-axis approach, requires the ultrasound transducer to be placed perpendicular to
the longitudinal direction of the vein. This approach is the most widely used method and is favored
among novices because it easily shows the needle position as a dot in the cross-section of vein.
However, only a part of needle cross-section is visualized during this procedure, and special care
should be paid for the needle tip not to penetrate deeper structures while out of sight.
In a study of Blaivas and Adhikari (2009), twenty-five medical residents, who had
undergone a short training session in ultrasound-guided vascular access, performed the catheter
placement in internal jugular vein of life-sized torso model with realistic Internal Jugular veins,
carotid, clavicle, and subclavian vein and artery. Stunning result is that sixteen residents (64%)
accidentally penetrated the posterior wall during catheterization, and the year of training is strongly
correlated with the number of penetration (Blaivas & Adhikari, 2009).
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The benefit of ultrasound-guided intravascular access in pediatric has been studied in
Doniger et al. (2009). It randomly assigned traditional insertion technique and ultrasound-guided
technique to each group of 25 patients younger than 10 years old, both of whom has experienced
difficulties of insertion. The result shows that ultrasound-guided group experienced statistically
significant shorter times of procedure, fewer attempts of insertion and fewer needle redirections.
But the overall success rate was not significantly higher compared to the traditional techniques
(Doniger, Ishimine, Fox, & Kanegaye, 2009).
Also, the simulated training for the CVC insertion skill was paid much attention due to
heavy requirement of eye-hand coordination and ambidextrous maneuvers. Besides, simulation
allows repeated practice for the trainees without actual risk to the patients. As the number of
insertion attempts is highly correlated with the odds of mechanical complication, ample
opportunities of trial and error given in advance are expected to decrease insertion attempts later
(Evans et al., 2010). Admitting that CVC placement skill is important due to its high volume of
performance and relatively high risk of failure, more elaborations are needed about the cause and
effects of the inaccurate placement. Next subsection reviews the clinical consequences of wrong
placement. Review of Negative Consequences for CVC Placement
From a clinical standpoint, the negative consequences of underperforming during CVC
placement are grave. Figure 16 summarizes catheter-related complications and risk factors for CVC
placement. According to the review article in the English Journal of Medicine (McGee & Gould,
2003), catheter-related complications are classified into mechanical, infectious and thrombotic
types. Mechanical complications are best suited for the second criterion, while other complications
should always be attended to as well. Mechanical complications occur in 5%-19% of the catheter
use (Mansfield et al., 1994; Merrer et al., 2001; Sznajder et al., 1986). Considering that more than
five million central venous catheters were inserted in the U.S. per year (I. Raad, 1998), at least
250,000 mechanical complications are estimated to occur every year.
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The four most frequent mechanical complications are arterial perforation, hematoma,
hemothorax, and pneumothorax, and arterial perforation sits in the vast majority among them.
Percentage of frequency by insertion sites is femoral access (9.0%-15.0%) followed by internal
jugular (6.3%-9.4%), and subclavian access (3.1%-4.9%) (McGee & Gould, 2003). Another review
article in the Journal of Intensive Care Medicine (Polderman & Girbes, 2002) identifies other
mechanical complications such as breakage, pinch-off syndrome, catheter embolism, air embolism,
extravasation, and bleeding as well. A review article for diagnostic radiologist (Funaki, 2002) adds
a procedural complication due to the malposition of catheter tip.

Figure 16 Complication and Risk Factors for Catheter Use

Although catheter-related complications from published data are rather vaguely defined
(Funaki, 2002), the severity of its consequences is largely determined by the patients’ condition,
skills and experience of the physicians, and catheter’s indwelling time (Polderman & Girbes,
2002).Fully disclosing the cause-and-effects of mechanical complications does not immediately
solve the problems. Mechanical complications and associated patient injury may occur
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inadvertently, or due to lack of adequate level of performance. Therefore, proper ways to assess
performance is needed to prevent hazards. Next subsection elaborates on the notion of skilled
performance with an aid of theoretical development in behavioral studies and human factors. 4.3
Review of Performance and Competency
Traditionally, knowledge has occupied the first place in clinical competency. Thus,
medical education has mainly focused on delivering and testing the procedural knowledge. Still,
procedural checklist is a primary source of learning and evaluation. Medical skill, its components
and basic traits, has not drawn much attention until a competency-based assessment and training
was introduced. After an emergence of minimally invasive surgery and micro surgery, manual
dexterity became a critical quality for effective treatment and patient safety.

4.3.1 General Framework of Performance and Competency
In general, a skill refers to trained quality in a goal-oriented task, essentially involving
effective and efficient motion control. In functions of a skill, a motor system is closely connected
to the cognitive processing, thus called a psycho-motor system. Increasing level of skill has to do
with increasing portion of automated processing within the psycho-motor system. Skillful
performance can generally be described as an optimally-coordinated status among corporeal
movement, perceptual and cognitive capabilities, dedicated to specific tasks, modified in Figure 17
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Figure 17 Sensory-Motor Process, Modified from (Freivalds, 2011)

Even though there are not universally-accepted elements of skillful performance, early
studies in physiology and psychology have left some insightful artifacts on this topic. According
to Bernstein (1967), dexterity was a defining characteristic of skilled movement by offering an
optimal motor coordination for excess degrees-of-freedom. Despite debatable hypotheses about
optimization mechanisms, one thing is maintained about dexterity, that it is learned through active
exploration of natural dynamics of hand-object system under specific task (Latash and Turvey,
1995); natural dynamics are up to several factors such as the task context, point of contact, gravity,
robustness against different objects, physical property of finger-tip. Until recently, hand dexterity
has been thoroughly studied in robotics (Arimoto, S., 2008) to mimic superior mechanism of human
hand motion, and in anthropology (Marzke, M.W., 1998) to find distinguished features of human
hand compared to other species. Finally, dexterity, across disciplines, seems to agree on the
following: dexterity refers to dynamic states, rather than static condition, dexterity is not separable
from task and context, seemingly physical performance, but heavily intertwined with cognitive
process, potential enhancement when coupled with sensory inputs.
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In the areas of design, it aims at achieving high level of dexterity by designing object that
interacts with user. Especially, this approach is expected to work the best when abrupt innovative
technologies are introduced. An emergence of bio-MEMS technology, as yet, has not brought about
significant progress in healthcare, because limited human capability gets in the way of the humanin-the-loop system. Design for skillful performance aims at optimizing the performance of user in
the system as a whole.
In theory, Polanyi (1966) proposes eminent theory of tacit knowledge to explain skilled
learning. It is knowledge a skillful user is well-aware of, yet not being able to be stated explicitly.
In his example of a novice with some kind of probe, s/he may first focus on the impact of probe
against fingers and palm, would eventually transform an awareness of its sophisticated senses into
interpreting the meaning of such senses to probe an object at the tip of the probe. Tacit knowledge,
although qualitatively, can explain the cognitive difference between professional cyclist and the
one who learnt to cycle by the book.
Another aspect related to dexterity is sensory feedback. The relationship between human
motor control and sensory feedback is probably one of the most frequently studies area in
psychology; about anticipatory effect (Claxton, 2003); visual feedback and offset (Kaufman, 1984;
Held, 1965); haptic senses (Gibson, 1993); hand-eye coordination (Gauthier et al., 1988); corrective
feedback (Gordon & Ghez, 1994); about motion trajectory (Jagacinski et al., 1980; Langolf et al.,
1976).
A hypothetical model to describe psycho-motor task is that perceptual-motor system forms
a feedback loop to align the motor outcome with intended goal (J. A. Adams, 1971), while cognitive
processing sets and modifies the goal and imposes constraints. Theoretically, the goal and
constraints can be either knowledge of the results (Edward L Thorndike, 1927), knowledge of the
sequences (J. Adams, 1985; Newell et al., 1985), or representation of the task procedures (Bandura,
2006).
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4.3.2 Expert Performance for Surgical Skills
The studies of skillful performance outside healthcare cannot be directly applied to surgical
competency, due to the unique characteristics of surgical tasks that are comprehensive in nature.
For example, motor skill is not the sole determinant of the quality of care. In General Surgery, only
25% of important events are related to motor skills, while 75% are about cognitive decision making
(Spencer, 1978). Cognitive processing plays great roles through a procedure–recall of standard
procedures, devising strategies to mitigate the risk of complication, recall of anatomical knowledge
and information about the patient (Creager et al., 2004).
Therefore, an expert surgical skill (Hamdorf & Hall, 2000) requires high level of perceptual
motor abilities, combined with cognitive processing. A perceptual motor ability translates sensory
inputs to the intended kinematic or kinetic outcome in coordination with naked eye or medical
imaging system. Usually, perceptual motor performances can be evaluated by speed and accuracy
(Schmidt & Lee, 2011), or derived measures such as error (J. A. Adams, 1971), efficiency (Joice,
Hanna, & Cuschieri, 1998).
A learning curve of medical skills has been investigated in the medical researches to
determine proper level of experiences that reaches at maturity, i.e. length of the learning curve.
Arranging, in chronological order, the outcome of 280 laparoscopic performances undertaken by
11 surgeons during a 46-month, revealed that the rates of complication, the rate of reoperation, the
rate of conversion-to-open-surgery and the median operation time were all higher in the first 50
cases overall, and in the first 20 cases performed by each individual surgeon (Watson, Baigrie, &
Jamieson, 1996). Based on ample evidence of learning effects, an emergent goal comes to establish
objective performance index of surgery (Clevin et al., 2008). The next subsection reviews currently
used metrics to gauge performance of CVC placement skill.

63
4.3.3 Performance Measurements for CVC placement Skill
Since the advent of minimally-invasive surgery, competency-based training methods have
triggered development of many schemes to measure surgeon’s performance (Rosen, Sinanan, &
Hannaford, 2011). New technologies such as micro-surgery will continue to change the landscape
of surgical skill training by introducing novel assessment and training methods (Bass, 2012).
Unfortunately, the multitudes of assessment criteria available imply that surgical skills are difficult
to fit into a uniform window for evaluation because they require both cognitive and behavioral
abilities, which is usually outside the scope of testing. Core competencies of users associated with
critical tasks must be identified for further assessment. The list of competency criteria suggests the
list of critical tasks to be completed for successful use. A more detailed checklist is provided by
Barsuk et al. (2009) to evaluate the CVC insertion skills also identifies the tasks step-by-step to
complete cannulation. It has shown high inter-rater reliability (Kappa coefficient = 0.94).
A performance indicator of CVC insertion is either explicitly or implicitly suggested in
many studies. Barsuk et al. (2009) suggested three indicators, number of needle passes during the
procedure involving skin punctures, presence of complications including pneumothorax and
arterial puncture, and need for CVC adjustment after chest x-ray (Barsuk, McGaghie, Cohen,
Balachandran, et al., 2009). Needle passes have been used by other investigators as a surrogate
measure for reduced CVC-associated complications because mechanical complications rise
exponentially with more than two insertion attempts.
Table 12 summarizes a list of performance indicators from previous studies. They intend
to measure the performance when placing CVC on the actual patients.
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Table 12 Performance Measures for CVC placement in the Clinical Setting
Performance Measures
CVC insertion success (overall success, success per insertion attempt)
Technical errors and Mechanical complications
Number of needle passes required during the procedure, i.e. skin
punctures
Presence of complications including pneumothorax and arterial puncture
Need for CVC adjustment after chest x-ray
Self-confidence in CVC insertion
Rates of Catheter-Related Blood Stream Infection per 1000 catheter-days

(epidural catheter placement for children)
time interval from initial skin puncture to catheter fixation, and numbers
of epidural failures, punctures, bone contact, or occurrences of blood
aspiration
Number of attempts (Insertion deemed a failure if unable to cannulate the
first site attempted or to change technique)
Complications (arterial puncture, pneumothorax, haematoma, and others)
Primary outcomes: overall success rates, number of attempts, procedure
times
Secondary outcomes: number of needle redirections, the necessity for
alternative methods of vascular access
Overall success: defined as placement of an adequately functioning IV
catheter within 4 attempts
Failure: defined as use of alternative forms of vascular access,
consultation with non-ED clinicians for vascular access, practitioner’s
decision to abort further attempts, or parental refusal of further attempts
Attempt: defined as percutaneous puncture made with the intention to
cannulate the vessel
Redirection: defined as the partial withdrawal of the catheter with
subsequent advancement to change the direction of catheter placement

Reference Sources
Evans et al., 2010
Barsuk, Cohen, et al.,
2009

National Healthcare
Safety Network
(NSHN)
Willschke et al., 2006

Wigmore et al., 2007

Doniger et al., 2009

Performance measures are not entirely objective, often calling for subjective opinions and
interventions for measurements. With increasing roles of computer-based monitoring, objective
methods of performance tracking add to values (Grober et al., 2010). The next subsection
investigates known methods to monitor objective performance.
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4.3.4 Objective Performance Monitoring
Applying motion tracking to objective assessment of surgical tasks have established hand
motion as a valid measure of performance in open, minimally-invasive, or micro-surgical
procedures (Datta, Chang, Mackay, & Darzi, 2002; Grober et al., 2010). An asymptotic property
for novice surgeons to approach expert level in number of hand movements and total moving
distance during vasectomy procedure confirms an existence of learning curve in hand motion
(Grober, 2010 #2).
Motion analysis is becoming more prominent in this area due to the increased skill handeye coordination required to perform robotic surgeries (Jun et al., 2012) and simulated surgeries
(Spruit, Band, Hamming, & Ridderinkhof, 2013). Recent studies have shown that motion tracking
of eye-hand coordination can reveal differences in surgical skill levels. For example, a study of
gaze analysis in laparoscopic surgery showed that experts spend more time fixating on the target,
while novices split time between the target and the tool (Wilson et al., 2010). While motion analysis
shows promise as an evaluation too for hand-eye coordination skill, however, automated analysis
of hand-eye coordination is still considered unreliable and most people still rely on direct
observation and task analysis for evaluation (Gallagher, Satava, & Shorten, 2013).
So far, there has been a wide-variety of motion analysis methods that have been developed
and tested in other domains. Motion tracking systems were first developed for biometric and
animation development. In these early systems, multiple LED sources were attached to the user’s
body and were recorded through video analysis. For instance, Cartesian Opotoelectronic Dynamic
Anthropometer system (CODA) or ReActor system captured sequences of movements using LEDs
and video footage (Aggarwal & Park, 2004). Some early motion analysis systems employed
magnetic fields or spread-spectrum audio in lieu of LED lights in order to improve tracking
performance and avoid errors from body occlusions or ambient lighting (Welch & Foxlin, 2002).
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While these methods provide a means to capture motion, even the most up-to-date motion analysis
system does not guarantee complete tracking performance. In addition, for tracking fine hand-eye
coordination skills, like those needed for surgical instrument manipulations, high precision
demands costly sensors and higher level of procedural control.. therefore, Researchers typically
rely on video-based tracking system like OptoTrak system (Welch & Foxlin, 2002). Video-based
motion analysis requires people to be video-recorded, however, no markers or any userinterruptions are required and data is automatically monitored, diagnosed and evaluated (Moeslund
et al., 2006). The main benefit of this automated analysis is the non-invasiveness of the approach.
Once video is captured through either system, the general process of motion analysis
involves three major tasks: motion detection, motion tracking and behavior understanding (L.
Wang, Hu, & Tan, 2003). Motion detection involves segmenting regions of the human body from
the rest of the image based on colors or edges in the video. For more precise motion detection of
movements within the region, moving objects can be further classified according to their shapes or
motion patterns. Next, motion tracking aims to match identical objects in consecutive image
sequences. It selects a salient and enduring “feature” in a form of point, line, or blobs, and matches
them between image sequences based on relative position, velocity, shape, texture, or color.
Mathematical algorithms for tracking may vary depending on the requirements. Typical examples
are Kalman filter (Welch & Bishop, 1995), or Dynamic Bayesian Network (Pavlovic, Garg, Rehg,
& Huang, 2000). Finally, behavioral understanding is used to recognize and analyze human motion
to obtain high-level description and interpretation. This process uses mathematical theories to
associate the tracked motion trajectories with uncertain recognition, such as Hidden Markov Model
(Elmezain, Al-Hamadi, Appenrodt, & Michaelis, 2008), or Dynamic Time Warping model (Padoy
et al., 2012). Training these mathematical models using high volume of motion tracking data
imposes expensive computational burden, not to mention computing iterative algorithms. While
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video-based motion analysis systems are almost fully automated, they rely heavily on
computational capacity.
Surface Electromyography in the forearm and hand muscle groups can effectively detect
muscular activities during laparoscopic handle manipulation across different posture and grip
forces (Berguer, Forkey, & Smith, 1999; Berguer, Gerber, Kilpatrick, & Beckley, 1998). By
measuring the surface EMG over the skill acquisition, we can track the relative change in force
exertion as a proxy of accuracy, stability and economy of motion. Finally, subjective survey intends
to measure self-confidence of the skill level.
The study of performance is usually linked to a purpose of validating certain training
method. Therefore, reviews on training methods for CVC placement can bring as much findings as
much on performance criteria itself. The next section of literature reviews is dedicated to
summarizing the status quo training methodologies and their measurements.

4.4 Review of Training Methodologies
In this review section, theoretical development of motor skill is reviewed first. For the past
hundred year, a large of group of scholars have debated on how to view skill learning either on the
side of cognitive or perceptual-motor emphasis, see Figure 18. The first subsection reviews various
topics under the umbrella of learning, by chronological overviews of major theories. Then, the
current methods and technological trends of medical training are outlined, particularly for the CVC
placement skill.
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4.4.1 Theory of Skill Learning
Learning motor skills, or motor skill acquisition, has its origin as a branch of experimental
psychology, while motor control initiated its development from neurophysiology of the motor
system. There is no prevailing view of motor skill acquisition, partly because it tends to be taskspecific and context-specific (Newell, 1991). A basic study of skill learning begins with empirical
learning curves.
The shape and determinants of the learning curve for skills have been attended from the
earliest stage of theoretical development in psychology. Bryan and Harter (1898) are some of the
early investigators to attend to learning curve. They studied the skill of sending and receiving
telegraphic language, with performance measure as letters per minute. Passing through ascents and
plateaus, it takes over 10 years to completely master receiving the telegraph, when the master’s
mind wanders completely free of the stream of incoming words. Unlike the receiving, the sending
task goes through the first ascent and the first plateau, because mechanical limit is reached after
learning of motor letter habits (Bryan & Harter, 1899).

Figure 18 Motor Learning Theories in Chronological Order
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Thorndike (1898/1970) originated foundational theories in motor learning- theory of
instrumental learning (Edward Lee Thorndike, 1970), and Law of Effect (Edward L Thorndike,
1927). His idea of motor learning is automatic, unconscious, and direct strengthening of habit that
links a stimulus and a response. No conscious thought process is essential for motor learning. The
Law of Effect puts forward knowledge of the results at the center of the strengthening mechanism
either by invoking motivation or by establishing association to guide the learner into a certain
direction. The positive mechanism of knowledge of the results is experimentally demonstrated.
Among many ways to administer the knowledge of the results in experiments, presenting a score
on each trial does not improve performance due to lack of reference. Presenting the quantified score
in conjunction with the standard, or numerical difference brings out performance increase (J. A.
Adams, 1987).
In contemporary studies, knowledge of sequence (Newell, Quinn Jr, Sparrow, & Walter,
1983) has been attended for motor training in some areas. It is also called kinematic knowledge of
the results, which presents sequence of action of a subject together with ideal ones, or with errors
derived from them. In an experiment of learning isometric task, the intervention group was
presented their own force-time function superimposed upon the ideal one. The group outperformed
the control group presented mere knowledge of the result in terms of peak force and errors (Newell
et al., 1985). Similar benefit was demonstrated for learning rapid arm movement, where velocitytime function was presented (Newell et al., 1983). Adams (1985) suggested that knowledge of the
most highly weighted segments of motion has the greatest impact on performance, thus, needs to
be presented together with the knowledge of the result (J. Adams, 1985).
The theory of instrumental learning, and behaviorism at large, views learning from a
unified framework of behaviors, excluding the role of cognition. A central assumption of equivalent
associability explains this point, “general laws of learning can be discovered that will work with
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any stimulus, response, or organism” (Seligman, 1970). In reaction to the behaviorism, cognitive
psychology has set up cognitive accounts for learning that involve higher mental processes of
attention, memory and judgment (J. A. Adams, 1987). Experimental pschology succeeded to the
behaviorism with interest in mechanism and theories of action. A major omission in the
experimental psychology and the study of motor behavior is scant treatment of high-level
processing, from perceptual input to the governing motor behavior (J. A. Adams, 1987).
Theory of abilities (Woodrow, 1946) introduces a different idea of learning by using factor
analysis. He kept track of scores for diverse tasks over practice, and measured contributing abilities
to the tasks before and after the practice. Factor analysis of the contributing abilities revealed that
factor loadings changed over practice. Based on this observation, he concluded that the learning
process reorganizes the weight of abilities required to conduct a specific task. Rather than
conditioning a single response on a stimulus in instrumental learning, the theory elaborates
underlying factors to achieve a task. The theory also associates learning with restructuring, rather
than strengthening. Fleishman (1954) studied complex motor tasks with underlying factors along
the stages of learning, and distinguished motor-factors from non-motor factors. Factor analysis
revealed 9 significant factors contributing to the variance in the task. Following Woodrow’s theory,
Fleishman asserted variable contribution of independent abilities at each stage of learning. He
concluded that groups of dominant abilities at early stages and at advanced stages were
fundamentally different, and that it explained individual differences of performance in a specific
task (Fleishman & Hempel Jr, 1954). Although his study has been later questioned by ambiguous
definitions of factors and mingled treatment of dependent variable and factors, it is worth noting
that he distinguished abilities from skills. Skill is level of proficiency in a specific task, while ability
is an enduring trait of humans, limited in the reportoire of each person.
Closed-loop theory (J. A. Adams, 1971), inspired by control theory, pursued synthesis of
behaviorism and a cognitive view. According to the theory, motor learning is characterized by the
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growth of the capability to detect and correct errors. A human is regarded as a closed system to
perceive the error between response and reference of correctness, to reduce error by a feedback
mechanism. Compounds of perception, generated by rounds of feedback are called perceptual
trace. It is central to the feedback mechanism. It enables the explanation of gradual learning without
the knowledge of results, a.k.a. subjective reinforcement. Stronger perceptual trace through greater
feedback is known to improve the performance better on trials. Without muscular movement and
knowledge of the results, perceptual experiences with the feedback stimuli alone can develop
perceptual traces, and contribute to learning (Newell, 1976). Much evidence supporting feedback
as a variable for motor behavior has been presented ever since, and every theory should address an
aspect of perceptual feedback in motor learning (Mulder & Hulstyn, 1984).
Schema theory was developed to iron out the kinks of closed-loop theory, which failed to
consider motor learning without feedback and response variability. Originated from the
neurophysiological observation that substantial muscular competence exists in deafferented
animals, it claims inherent motor programs of central origin. A motor program is an abstract
structure in memory, containing the movement parameters to control contraction and relaxation of
muscular-skeletal system to define a movement. Combination of limited numbers of generalized
motor programs comprises a complex motor behavior. Recall schema selects a particular movement
and its movement parameters from among those in the movement category, while responserecognition schema evaluates the correctness of the movement, as point of reference against which
to evaluate perceptual feedback. The theory predicted that motor training under the varied instances
of responses would yield more effective learning due to an extended recall-schema. And
experimental results showed positive transfer of learning in children, possibly because the effect of
training was more directly incarnated than in adults with substantial recall schema prior to the
experiment (Schmidt & Lee, 2011).
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Observational learning was not much credited in the mainstream psychology, but has been
credited in developmental psychology for practical use. Bandura (1971, 1977) conceptualized the
process of learning by looking at others to perform motor tasks. Observation imparts a cognitive
representation of motor task to the observer, which in turn guides the observer when called to
reproduce it and functions as a reference of correctness (Bandura, 2006). However, subsequent
studies demonstrated only slight success in learning motor skills by observing. Adams (J. A.
Adams, 1987) attributes it to the limited representation of non-visible, yet critical dimensions of
motion such as pressures, muscular tensions, segments of motion and their bounds, etc.
In the modern studies, the short-term retention of motor skills has received separate
attention from long-term retention. A traditional view that motor responses were stored in a shortterm memory as a unity of aggregated multi-dimensional features has been refuted by Posner
(1967) and Laabs (1973). Visual stimuli and kinesthetic stimuli are coded separately in the shortterm memory, and even for the kinesthetic retention, the information of distance and location are
separately stored (Laabs, 1973; Posner, 1967).
Individual difference has been investigated with respect to the outcome of training. That is,
whether individual differences at the early phase of training grow bigger over time, or training lets
individual performances converge. Despite contradictory experimental evidence, the subjects tend
to maintain their relative stands over practice. An extensive study by Kincaid (1925) supports
converging performance over practice. The subjects with higher initial stands do not tend to
improve as much as those with lower initial stands. Although the subjects with lower initial stands
make greater progress over practice, they typically never reach the terminal levels of those with
higher stands (Kincaid, 1925). Adams (1953) noted a capability commonly observed in the
advanced stage of training, a time-sharing ability. To him, motor learning is composed of two
phases, acquiring of component responses at an early stage of learning and integrating the
components into the whole movement. Time-sharing ability dominates the latter stage, by which
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individual differences occur. A notion of resource, which originated from the field of attention, has
advocates for explaining behavioral aspects in dual task, and is another theory to explain the
individual differences (Heuer, 1984; Lane, 1982) .
Another topic originated from the theories of perception is controlled versus automated
processing. Controlled processing requires deliberate attention, which is inherently limited, while
automatic processing does not require attention, therefore effortless, fast and unlimited. Focused
training shifts the reliance of perceptual tasks more on the automated processing. However, the
evidence of automated processing in the advanced stage of motor learning has not been presented
yet. How behavioral mechanisms change over practice could accelerate theoretical development of
theory of action (J. A. Adams, 1987).
Transfer of training, in which the learning of a response in one situation applies to the
response in another, is a basic motivation of simulated training. It is expected that the learning of
skills on a simulator is transferred to a job in the actual setting. Identical elements theory argues
that the transfer of training is determined by the identity of stimuli and responses made to them in
the two situations (Edward Lee Thorndike & Woodworth, 1901). It posits the specificity of the
training of motor behavior, denying generality of underlying competence. The impact of variation
in the training task to the result of transfer is a question of many interests. In a task of knocking
down barriers to maximum speed with hand, variation in the task was conceptualized as contextual
inferences. Experimental results showed that training in the high contextual inferences yielded
improved transfer of training and produced higher retention of skills (Shea & Zimny, 1983).
Part-whole transfer has raised a long-standing debate about the most efficient way to
master a motor task, whether it comes from repeated practice of the whole task, or of the subtasks.
According to many experiments, part-training may be less effective than whole-task training, but a
combination of both may be more cost effective than whole-task training alone (J. A. Adams, 1987).
In a review of part-whole transfer studies, the concept of the partial task is divided into
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segmentation, fractionation and simplification; segmentation involves the sequential arrangement
of parts along the temporal or spatial dimension; in fraction, multiple parts are performed at the
same time; simplification makes easy modification of the whole task. And transfer of training turns
out to be in effect when segmentation is allowed (Wightman & Lintern, 1985).
The concept of adaptive training emerged in 1960s with computer-based learning. The
idea is to continually adjust the difficulty levels of a task to the performance level of a subject. It
can facilitate the transfer of skills by exposing learners to varying levels of a task, and is intuitively
attractive. But the implementation failed, because it is hard to objectively control the level of
difficulty, and the subject’s performance may not always correspond to the actual learning (J. A.
Adams, 1987) .

4.4.2 Current Training Methodology for CVC Placement
Traditionally, knowledge has occupied the first place in explaining clinical competency.
Thus, medical education has mainly focused on testing knowledge of procedures, rather than
assessing the skill of performing the procedure. Still, a procedural checklist is the primary source
of learning and evaluation. Medical skill, its components and basic traits, has not drawn much
attention until competency-based assessment and training was introduced. Since the wide
acceptance and institution of minimally invasive surgery and micro surgery, dexterity became a
critical quality not only for effective treatment, but also for patient safety. Evidently, the recent
emergence of simulated training reflects an increasing role of skills in clinical competency.
Traditional education for invasive procedures relies on the apprenticeship model of
learning at the bedside without a deliberate step-by-step standardization or skills assessment (Evans
et al., 2010). The gist of the apprenticeship is well described in the Halstedian model by a
commonly-quoted phrase, “see one, do one, teach one”. According to the formal statement from
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the American College of Cardiology/ American Heart Association/American College of Physicians
Task Force on Clinical Competence, achieving the skill level needed to perform catheter-based
interventions requires cognitive and technical training and experience. Training should include the
a formal, preferably ACGME-approved program, mentoring by experienced, qualified physicians,
hands-on experience under supervision, as secondary and primary operator; and documentation of
the number of procedures, success and failure rates, complication rates, and outcomes (Creager et
al., 2004). The report specifies the required formal training for cardiovascular physicians, for
interventional radiologists, and for vascular surgeons in terms of the time spent in training and
numbers of cases to achieve expertise.
A structured training program adopted by the Yale University Hospital is composed of
three components: didactic lecture, video watching, and hands-on practice with simulation. A
lecture focuses on describing the anatomy, indications, contraindications, and potential
complications of CVC insertion, a review of the physics of ultrasound projection, ultrasound
instrumentation and controls, imaging and use of Ultrasound, and a review of the steps required for
the mastery of CVC insertion including the fundamental landmarks and use of the Seldinger
technique. Videos depict the ultrasound-guided venous cannulation and CVC insertion, as well as
the landmarks of CVC insertion. The hands-on component uses a simulation model (Blue Phantom,
Advanced Medical Technologies, LLC, Redmond, WA) to train Ultrasound-guided needle
cannulation into a simulated vein and CVC-insertion using Seldinger technique. The idea behind
the hands-on component is to deconstruct the critical skills into readily understood steps (Evans et
al., 2010).
In Northwestern University Feinberg School of Medicine, simulation-based mastery
learning has been adopted to improve thoracentesis and advanced cardiac life support (ACLS) skills
of internal medicine residents. Then simulation-based mastery learning for CVC insertion is being
considered for adoption together with ultrasound guidance. The intervention program includes 2-
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hour education sessions featuring a lecture, ultrasound training, practicing with the CVC simulator,
and feedback from expert panels. Twenty two education sessions contain standardized didactic
material on CVC indications and complications, as well as a stepwise demonstration of internal
jugular and subclavian CVC insertions using ultrasound and landmark techniques. In addition, the
authors have developed a checklist of 27 items for baseline skill assessment and for feedback
evaluation (Barsuk, McGaghie, Cohen, Balachandran, et al., 2009). The checklist is not only a
proven source of standardized evaluation, but also brief description of proper procedures.
Many efforts have been put forward to mitigate mechanical complications during CVC
insertion including ultrasound-guidance and simulated training. Studies have consistently affirmed
that real-time ultrasound-guidance can reduce the number of attempts and the time spent during
insertion significantly, and mitigate the mechanical complications moderately (Doniger et al., 2009;
Miller et al., 2002; Randolph, Cook, Gonzales, & Pribble, 1996; Shojania et al., 2001; Wigmore et
al., 2007). However, the benefit of ultrasound-guided insertion tends to shrink after the initial
learning period of the landmark technique has ended. In addition, the benefit has not been fully
justified in the urgent context of use against the set-up time, the cost of equipment and training
(Miller et al., 2002; Shojania et al., 2001). At the same time, simulated training for CVC insertion,
either ultrasound-guided or using landmark technique, has been sought after as a promising method
of climbing up the learning curve without exposing the patients to the risk. Technologically,
simulated models have been developed in Virtual Reality system with, or without force feedback
(Cai, Chui, Ye, Wang, & Anderson, 2003; Chaer et al., 2006; Dayal et al., 2004; Engum, Jeffries,
& Fisher, 2003), or to be mannequins with simulated vasculatures (Andreatta, Chen, Marsh, & Cho,
2011; Barsuk, McGaghie, Cohen, Balachandran, et al., 2009; Blaivas, 2005; Evans et al., 2010;
Woo et al., 2009). The efficacy of the simulated training has been empirically demonstrated by
counting the number of attempts and successful insertions, or by the procedural assessment of
evaluators using checklists, as summarized in Table 13.
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Table 13 Literatures on the Efficacy of Simulated Training
Articles
(Andreatta et al.,
2011)
(Evans et al.,
2010)

Training
Tool/Component

Simulator (Blue Phantom)
with Ultrasound
Video lecture+ Simulator
(Blue Phantom) w/wo
Ultrasound
(Barsuk,
Video lecture+ Simulator
McGaghie, Cohen, (CentralLineMan) +
Balachandran, et Ultrasound
al., 2009)
(Barsuk,
Video lecture+ Simulator
McGaghie, Cohen, (CentralLineMan) +
O’Leary, &
Ultrasound
Wayne, 2009)
(Barsuk, Cohen,
Video lecture +Simulator
Feinglass,
(CentralLineMan) +
McGaghie, &
Ultrasound
Wayne, 2009)
(Woo et al., 2009) Video demonstration+ Web
course+ Simulator (Blue
Phantom) +Ultrasound
(Park et al., 2007) Virtual Reality Simulator
(Accu Touch, Immersion
Medical)
(Xiao et al., 2007) Online video lecture

Procedure

Method

Performance Measurement

Ultrasound-guided
PICC insertion
Ultrasound-guided
Needle insertion &
Seldinger technique
Ultrasound-guided
CVC insertion &
Sterile technique

Randomized Procedural evaluation, Rate of
control study successful insertion
Randomized Rate of successful insertion
control study
Cohort study Procedural evaluation, Number
of attempted insertion, Selfconfidence

Ultrasound-guided
CVC insertion &
Sterile technique

Cohort study Number of needle passes,
arterial punctures, CVC
adjustment, pneumothorax,
Success rate
Evidence-based
Cohort study Number of infections per 1000
guidelines for CRBSI
catheter-days
reduction
Ultrasound-guided
CVC insertion

Randomized Procedural evaluation, Global
control study rating scale, Satisfaction

Colonoscopy

Randomized Global rating scale
control study

Sterile technique
during CVC insertion
(Chaer et al., 2006) Virtual Reality Simulator
Catheter-based
(Procedicus VIST, Mentice Minimally-Invasive
Inc.) +haptic module
intervention
(angioplasty &
stenting)
(Dayal et al., 2004) Virtual Reality Simulator
Catheter-based
(Procedicus VIST, Mentice Minimally-Invasive
Inc.) +haptic module
intervention
(angioplasty &
stenting)
(Engum et al.,
Virtual Reality Simulator
Intravenous Catheter
2003)
(CathSim, Immersion Corp.) placement

Randomized Blind review of video Tape
control study
Randomized Procedural evaluation, Global
control study rating scale

Randomized Procedural evaluation, Time to
control study complete simulation

Randomized Cognitive gain from precontrol study test/post-test, Procedural
evaluation, Satisfaction
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However, the studies listed above did not adequately address human performance in the
course of learning or in the context of use, and its relationship to the mechanical complications.
Descriptive statistics of frequency, duration, or checklists may not be sufficient to reveal internal
mechanism of CVC insertion in full depth. It was appropriately pointed out in the context of
surgical skill acquisition that clinical performance is not reflected fully in objective measures
because it requires additional cognitive skills, abilities and behaviors (Hamdorf & Hall, 2000). An
ultrasound observation of residents’ catheter insertion in a mannequin revealed that accidental
penetration of the vessel wall occurred in the majority of cases, even if the residents were being
guided by real-time ultrasound imaging (Blaivas & Adhikari, 2009). Without keen observation, all
insertions in the above cases would have been regarded a success. In addition, there is little evidence
that current training methods for CVC insertion do effectively prevent mechanical complications.
In a study of Evans et al. (2010), the control group with simulated training did not show significant
mitigation in technical errors or mechanical complications (Evans et al., 2010). In a study of Barsuk
et al. (2009), the number of arterial punctures and pneumothoraces was compared as a measure of
mechanical complications between the groups with and without training (Barsuk, McGaghie,
Cohen, Balachandran, et al., 2009). But the numbers were derived from survey answers, not from
observation, and out of limited samples. Not only the effectiveness of training to prevent
mechanical complications, but also the effectiveness of skill transfer are challenging issues. The
ultimate goal of training lies in transferring skills from the simulator to the busy clinical
environment with variant patients (Akhtar et al., 2009). Understanding how skill transfer occurs in
CVC insertion can contribute to develop reliable methods of measurement and to improve it (Evans
et al., 2009).
Evans et al. (2010) conducted a prospective, randomized control study to prove the benefit
of the structured simulated training program. They tracked and observed the first and the second
year resident physicians for 21 months. The participants rotated through Emergency Department
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(ED) and Intensive Care Unit (ICU) with medical expertise in emergency medicine, internal
medicine, general surgery, anesthesia, and obstetrics-gynecology. The control group (n=95) did not
receive any formal training on CVC (Central Venous Catheter) insertion, while the intervention
group (n=90) received simulation training in Ultrasound-guided CVC insertion two weeks prior to
their rotation. Examiners rated during the rotations for both groups the number of CVA attempts,
success rates at CVC insertion, the rates of technical errors and mechanical complications
determined by the procedural checklist evaluation. As a baseline assessment, all the participants
were asked demographic information, residency program affiliate, postgraduate year, and
questionnaires to assess their previous CVC insertion experience, prior ultrasound training, comfort
with CVC insertion, and their perceived importance of gaining the skills. The questionnaires
revealed that the median number of prior CVC insertions among the residents was five, and prior
CVC insertions translated into fewer cannulation attempts (p=0.02). But increased experiences did
show no significant decrease in attempts on the partial task trainer (p=0.15). It demonstrates that
training under Halstedian model, i.e. see one, do one, teach one, does not offer adequate training to
master CVC insertion. The analysis of 495 CVC insertions conducted by the participants show that
the simulation training yields significant increase of success rate with an odds ratio of 1.7. The
result holds independent of the resident specialties, the patient comorbidities, and the use of
ultrasound-guides. However, the occurrences of technical errors and mechanical complications did
not show significant differences between the two groups (Evans et al., 2010).
Barsuk et al. (2009) conducted a cohort study of CVC insertion by 41 internal medical
residents in the second and the third year. In the baseline assessment using a checklist, no residents
met the minimum requirements of the test. After the simulator training, 89% achieved subclavian
CVC insertion skill mastery and 96% achieved internal jugular skill mastery within the four hours
of education. In addition, traditionally trained and simulator-trained residents independently
inserted 46 CVCs during the study period. Simulator-trained residents required significantly fewer
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needle passes to insert all actual CVCs compared to traditionally trained residents (p=0.04), and
expressed more confidence (p=0.02). But the groups did not differ in the incidence of
pneumothorax, arterial puncture, or mean number of CVC adjustments, possibly due to the small
sample size (Barsuk, McGaghie, Cohen, Balachandran, et al., 2009).
A study to prove the benefit of a simulated haptic system in carotid stenting used a
computer-based simulation system to represent vascular structure in three dimensions, and display
haptic feedback in response to the input force. If too much forward force, or torque, was applied to
a guide wire, the haptic module would make further manipulation increasingly difficult. In addition,
separate devices were attached that simulate the injection of contrast dye, performance of
angioplasty, deployment of stents, and performance of fluoroscopy with digital subtraction
angiography. Twenty one physicians were enrolled, consisting of 16 general surgery residents who
had performed fewer than 5 percutaneous angiographic procedures and 5 vascular surgeons, each
with experience in greater than 300 peripheral interventions, including carotid angioplasty and
stenting (CAS). All participants received introductory didactic instruction on the use of the
simulator and the techniques for carotid stenting. Each participant was then evaluated during
performance of the initial simulated CAS procedure, followed by a minimum of 2 hours of training
on the simulator with the experts. As a result, an endovascular training program using the haptic
simulator resulted in significant improvement in trainee facility with catheter-based techniques in
a simulated clinical setting. Novice participants derived the greatest benefit from simulator training
in a mentored program, whereas experienced users did not seem to derive significant benefit (Dayal
et al., 2004).
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4.4.3 Recent Trends in Simulated Training
To help training surgical skills, two methods of simulated training has evolved in the
market (Sutherland, Hashtrudi-Zaad, Sellens, Abolmaesumi, & Mousavi, 2011)–a mannequinbased training and a Virtual Reality (VR)-based training. The former focuses on physical aspects
of skill performance by mimicking anatomical landmarks, arrangement of vessel structures as well
as tissue characteristics. The latter attends more to improving the eye-hand coordination by letting
an operator interact with visual display in real time. Each method has own pros and cons. Emerging
technology is attempting to converge the two methods, inheriting the benefit of both, towards
improved learning outcome. For example, a mannequin-based training system is combined with
embedded sensors to keep track of needle movements, or more typically, a VR-based training is
implemented with haptic components to give force feedback to operators (Vaughan, Dubey, Wee,
& Isaacs, 2012).
Simulated Training using Virtual Reality (VR) and Haptic feedback has been drawing
attention from the field of engineering and science, especially since the advent of commercialized
haptic devices (Massie & Salisbury, 1994), as well as rapid improvement in graphical rendering
capacities. A few years earlier, there had been an innovation in the medical field–Minimally
Invasive Surgery: MIS–which had begun to demand fast and effective training for physicians
(Soper, Brunt, & Kerbl, 1994). In 2008, a review of 118 publications on VR simulated training for
MIS reported that about half of the existent systems had implemented haptic feedback, although
little was agreed on how to display tactile feedback to users (Westebring-Van Der Putten, Goossens,
Jakimowicz, & Dankelman, 2008).
Commonly, simulated training systems at an early stage of development have attempted to
validate novel applications to medical procedures. For example, haptic devices were applied to
training variety of medical skills, e.g. laparo-endoscopy (Markvicka et al., 2013), endovascular
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intervention (Tuveri & Zorcolo, 2000; Vidal, John, Healey, & Gould, 2008), osteopathic palpation
(Williams, Srivastava, Conaster, & Howell, 2004), sonography (Tahmasebi, Abolmaesumi, &
Hashtrudi-Zaad, 2007), and micro-neurosurgery (Gélinas-Phaneuf et al., 2014). A novel
application has become further sophisticated by a more realistic rendering model to reflect physicsbased behaviors in tool-tissue interaction, together with improvements in system performance
(Tahmasebi, Taati, Mobasser, & Hashtrudi-Zaad, 2005).
More recently, technological achievements in the simulated training systems have shifted
the attention to understanding and measuring a trainee’s performance improvement under specific
task parameters. Obviously, objective and reliable measures of performance are preconditions to
improve it. To this end, various performance measures are being proposed and validated for the
specific task, procedure and device (Judkins, Oleynikov, & Stergiou, 2009; Ritter, McClusky III,
Lederman, Gallagher, & Smith, 2003). Objective performance measures can also enable the makeup of evidence-based training plans based on learning curves, not merely on procedure-based or
time-based criteria (Bass, 2012).
Furthermore, the discrepancy between performance during training and learning effect in
the long term has begun to be recognized. A short-term, trial-to-trial performance, can be improved
using haptic guidance, but the guidance can interfere with learning, thus resulting in reduced
performance in the long run (Heuer & Rapp, 2014). The long term effect of training still remains
unknown in the simulated training for medical skills (Huegel & O’Malley, 2014). Another
important topic with regard to the discrepancy is transfer of skill, a concept introduced in adaptive
learning in 1960s. It refers to the quality of skill learning that can adapt to task variations (J. A.
Adams, 1987). In healthcare, adaptive response to the variability, e.g. due to patient conditions, is
a critical element of expert skill. Somehow, the gap needs to be narrowed by improved transfer of
skills. More importantly, the discrepancy suggests current blindness to the risk. Performance
measures during simulated training do not adequately address risk in the context of actual treatment
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by using a simplified simulation task (Wucherer, Stefan, Weidert, Fallavollita, & Navab, 2014). In
sum, better understanding of the discrepancy can lead to effective training methodology.
In essence, simulated training has been developed on the basis of the similarity between
the simulated task and the medical sub-procedure. Too much departure from the similarity may
nullify training effect (Gélinas-Phaneuf et al., 2014). At the same time, adequate level of deviation
can breed adaptability to uncontrollable variability in actual settings. In fact, the gap between the
simulated task and the actual sub-procedure is inevitable to some degree, because there is no
standard patient–every procedure is unique in terms of patient condition, device use, and task
environment. If the simulated task is not a complete reflection of actual procedure, we need to be
aware of the boundary condition within which the similarity helps to improve certain sets of skills
or abilities. So far, the relationship between specific task and underlying set of abilities is
empirically established without knowing how a set of abilities is acquired through repetitive task
performance. For example, in basic laparoscopic skills, several studies have proposed a series of
standard tasks that would be representative of the skills such as MISTELS: McGill Inanimate
System for Training and Evaluation of Laparoscopic Skills, or even simpler tasks of transferring,
cutting, clip-and-dividing, looping and suturing (Shah & Darzi, 2001).

4.5 Chapter Summary and Discussion
This chapter reviewed both theoretical and practical aspects of medical skills, their
assessment and training methods. In particular, following up on the results of Chapter 3, the Central
Venous Catheter placement skill was focused. How to view a skill determines how to assess its
skill level, as well as how to train for improvement. Therefore, it is necessary to explore decadeslong debates surrounding motor and cognitive skills and their acquisitions. This chapter first
reviewed skills from a general framework of human competency, then focused on the uniqueness
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of medical skills, then finally dedicated to the CVC placement skill. By reviewing variety of
performance assessment schemes across studies, a set of guiding principles could be generated to
be applied to the performance metrics for CVC placement.
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Chapter 5 : CVC Placement Problem Identification
Following on the knowledge foundations surrounding medical skill in general, and CVC
placement skill in particular in Chapter 4, Chapter 5 aims to identify specific problems at the task
level for the CVC placement procedures during resident training on the simulated mannequins. It
intends to address the second research question of identifying the task elements that are potentially
prone to human errors and patient injury. Especially, considering the technology-dense task
environments of cardiovascular expertise for CVC placement, the patient injury is likely to be
caused by deficient human performance, rather than simple negligence. Appropriate interventions
should address both human performance and error for the procedure. To link the task-level problem
with appropriate behavioral interventions in the next chapters, in-depth understanding of the task
must accompany. Not only the task itself, basic human abilities to perform it successfully, and how
to measure them should also be considered in depth. To that end, task analysis is performed on the
basis of an observation study that is conducted on eighteen 1st year medical residents at Hershey
Medical Center. The results help find subtasks that are particularly complex or difficult, for their
further analysis with regards to human performance in Chapter 6.5.1 Research Questions to Identify
Problems in the Task
Through Chapter 4, an extensive body of literatures were reviewed to cover the topics of
the CVC placement skill, its performance measures and methods of training. Now this section turns
to a field trip, to understand better of CVC placement at task level. In particular, the two main
research questions remain to be answered.
Q1: What are the goal and sub-goals of the task?
They are common components of a task. Especially the goal and sub-goals are important
to breakdown a task into Basic Task Elements (BTE) defined as discrete, easily identifiable, and
definable task steps of operation (Harbour, 2013). Analyzing a complex task, however it may
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appear, into basic elements expects to reduce to a list of simple, repetitive building blocks, enabling
graphical representation of operational sequence and eliminating highly repetitive elements
(Toussaint & Gerard, 2010).
Q2: What makes a task particularly complicated and difficult, and what are the tricks and
strategies to get around them?
What matters more from a learning standpoint is why a learner perceives a task difficult
and how one overcomes it, rather than objective constraints of a task. For one of the main purpose
of training is to stimulate overcoming perceived difficulties efficiently. The tricks and strategies
also have implications for user-centered design that facilitates problem solving at individual level.
To address the above research questions, this section applies exploratory study. In
particular, fly-on-the-wall observation combined with think-aloud protocol and survey (B. Martin,
Hanington, & Hanington, 2012). It took four-month’s following through resident training in the
Simulation Center at Hershey Medical Center to complete the exploratory study, and the details of
methods and results are described throughout the section. This section outlines the procedures
followed and the data analysis process.

5.2 Research Method
Fly-on-the-wall observation is a main research method for behavioral study to gather
information by looking and listening without direct participation or interference with the behaviors
being observed (B. Martin et al., 2012). The key characteristic of this method, unobtrusive
observation, is important to analyze behaviors as it is, during learning of the CVC placement skill.
Suppressing participation or interference is beneficial to observe how a participant handles difficult
situation, not to mention the participants can better focus on their task. Also, to understand the
participants’ behaviors better, they were asked to think-aloud at their task. By requiring to verbalize
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what they are doing and thinking as they complete a task, the tacit aspects of a task can be captured,
including intentions, perceived competency and confusions. The observation is video-taped and
verbal expressions are scripted for further analysis.
To supplement observation study, two surveys are conducted before and after the training
session. Pre-training survey intends to survey the degree of prior knowledge and experiences for
the CVC placement procedure. A post-training survey intends to survey strategies that the operator
learned and adopted. The survey questionnaires are built in reference to literature reviews
(Andreatta et al., 2011; Barsuk, McGaghie, Cohen, Balachandran, et al., 2009; Chaer et al., 2006;
Engum et al., 2003).
The outcomes of observation study and survey are used to answer the two research
questions. First, to identify the functional goals of each task element (Romilly, Anglin, Gosine,
Hershler, & Raschke, 1994Harbour, 2013 #133), the video footages are examined to segment an
interval of task performance that have a coherent function goal. Since the task follows standard
steps of procedure, it is relatively easy to identify the functional goals, if the task standard is reliable.
To establish the reliability of task standard, five checklists across from different studies (Andreatta
et al., 2011; Barsuk, McGaghie, Cohen, Balachandran, et al., 2009; Chaer et al., 2006; Engum et
al., 2003) are reviewed before analysis. Second, to identify the difficult task, both survey results
and an analytic approach to task complexity are adopted. To identify difficult tasks more reliably,
a general framework of task complexity is examined. Task complexity can be represented along
multiple analytic dimensions, either in task components, coordinative demands, or dynamic
demands (Wood, 1986). In general, a task is considered difficult when there are multiple
perceptual-motor abilities and information- processing are engaged simultaneously (Fleishman,
1975).
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5.2.1 Participants and Procedure
The participants in the training session are eighteen first-year residents at Hershey Medical
Center, with variety of medical specialties, including general surgery, plastic surgery, vascular,
orthopedic, urology, and otolaryngology. They are balanced in gender, and ages in between twenty
to thirty five. On the first day of training session, they are inexperienced in the CVC placement,
either on the mannequin or on the patient. The observation study is conducted according to the
schedules for the training and testing sessions. It is planned to accommodate eighteen residents for
training session, and the fourteen of them followed up on a test session, as summarized in Table
14.

Table 14 Schedule of Training and Testing Sessions
Training Session

Date of Training

#1
#2
#3
#4
#5

18 July, 2013
8 August, 2013
29 August, 2013
19 September, 2013
3 October, 2013

Test Session
#1
#2
#3
#4

10 October, 2013
17 October, 2013
31 October, 2013
14 November, 2013

Duration of
Training
1hr
1hr 30min
1hr
1hr
1hr 30min
1 hr
1 hr
1 hr
1 hr

Participants
3
7
3
3
2
4
5
3
2

5.2.2. Logistics and Resources
The observation study takes place at the Clinical Simulation Center in the Penn State
Hershey Medical Center. The equipment in the Simulation Lab is prepared to train CVC insertion
for three different sites (subclavian vein, internal jugular vein, femoral vein). Three manikins are
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prepared to serve simulated learning, two with neck-and-torso and one with hip-and-leg, each of
which is embedded with two simulated vessels filled with blue and red liquid, respectively.
Especially, insertion into the internal jugular vein is combined with the ultrasound-guidance, see
Figure 19.

Figure 19 Training Equipment in the Simulation Center

During the testing sessions, a participant stands 22 inches apart from the mannequin that is placed
on the thirty-six-inch-high patient “bed”. The ultrasound monitor is placed collinearly with the
mannequin within approximately forty-eight-inches of reach from the participant. Throughout the
sessions, an internal evaluation form is referred to as the procedure standard set forth by the Center.
It defines thirteen steps and overall measure of performance for the CVC placement. Also used
resource for training and testing is an internal evaluation form that is the current standard of the
Center, which defines 13 sub-procedures and performance metric of the CVC placement, see Table
15.
.
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Table 15 Sub-Procedures and Performance Measure
Sub-procedures

Overall Measure

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o

Selecting appropriate site for venipuncture
Injecting local anesthesia into skin
Needle Insertion
Successful Venipuncture within three attempts
Aspiration of blood to confirm vessel entry
Syringe removal while occluding the needle hub
Introducing guide-wire without resistance
Removing introducer needle
Making a small skin incision with #11 blade
Passing dilator over the wire and removing it
Passing catheter over the wire and removing the wire
Aspirating blood through catheter
Securing the catheter with suture and applying dressing
Economy of Time and Motion
Competence

5.2.3 Identifying Basic Task Elements from References
At the most abstract level, a simplified version of task process is constructed that is
composed of Basic Task Element (BTE) at high levels of abstraction, see Figure 20. These BTEs
are identified by integrating common elements in literatures (Andreatta et al., 2011; Barsuk,
McGaghie, Cohen, Balachandran, et al., 2009; Chaer et al., 2006; Engum et al., 2003), as well as
the standard steps taught by the Simulation Center.

Figure 20 Basic Task Elements for CVC Placement
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The first and the last elements of CVC placement concern patient safety by checking for
patient conditions and performing sterile steps. Despite variety among checklists, the first element
of CVC commonly include checking for patient condition, preparing for kit and equipment, and
performing sterile procedure. Although not identified as a BTE, the last element includes disposing
devices and aftercare, as summarized in Table 16. Although the first and the last elements are
critical to patient safety, this dissertation does not further attempt to analyze them, because they are
not particularly difficult to perform due to inherent task complexity. Potentially, these task elements
may require interventions to keep from negligence, rather than to improve performance.

Table 16 Task Breakdown into Sub Tasks for Preparation/After Care
Task Category
Check for contraindications
in the patient
Preparing the equipment

Sterile techniques

Dispose of equipment

Aftercare

Subtask
Check for infection, thrombosis, coagulopathy of the target vein
Select proper catheter with bore, lumen, length, infusion rate suitable for purpose
Flush the ports on the catheter with sterile saline
Ensure the guidewire threads easily through the needle
Remove the cap from the end of catheter port through which the guidewire will thread
Prepare the ultrasound probe with sterile sheath and sonographic gel
Wash hands
Wear sterile gown, gloves and mask
Insertion area is cleaned with chlorhexadine
Drape the insertion area including all the landmarks
Sharps disposed of into a proofed container
Scalpels retracted into the protective sleeve
Needles and synringes back into a needle-lock device
Apply a sterile dressing before removing sterile field
minimize the number of access to the catheter line
Prepare the insertion site with alcohol-based solution
Daily reassessment of the need for catheter line

Perhaps, selecting an appropriate site for venipuncture is the first critical step for quality
performance. Followed by selecting a site and local anesthesia, an introducer needle is placed into
the target vein. Next, a guide-wire is advanced through the needle, more accurately, it is either
over- or through-the needle, to the designated point in the cardiac junction. Following this
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procedure, a dilator is inserted through the guide-wire to facilitate the catheter placement. Finally,
the catheter is advanced through the guide-wire into the designated point and the guide-wire is
removed.
The above sequences are common steps regardless of the target vein, i.e. internal jugular
vein, subclavian vein, or femoral vein, although different guidelines and techniques apply specific
to the anatomical structure and known complications. Particularly, CVC placement on the internal
jugular vein (IJ CVC) is focused for this dissertation, because it is the most common site of insertion
and technique for CVC placement (Polderman & Girbes, 2002). Detailed activities belonging to
each BTE block are further reviewed across different checklists (Andreatta et al., 2011; Barsuk,
McGaghie, Cohen, Balachandran, et al., 2009; Chaer et al., 2006; Engum et al., 2003) to identify
variations across studies. As summarized in Table 17, the task elements of inserting needle and
placing catheter take up the largest numbers of steps. Both task elements require dexterous
manipulation of devices, either introducer needle or catheter, toward a hidden target inside the
patient tissue. Working under target uncertainty, some perceptual cues are aiding in the task
performance. For inserting needle, the needle tip is visually guided by using ultrasonography and
the needle penetration into the vein is visually confirmed by blood return on the syringe. For placing
catheter, there are more cues to guide the task, including haptic resistance, blood return on the
catheter, as well as more rigorous check-ups using transducer and x-ray.
So far, a simplified task model made-up of eight BTEs has been cross-referenced with five
other checklists used across different studies and hospitals. On top of the common activities, extra
activities accrue when there are use of equipment for visual guidance or examinations. By using
this as a baseline template, the observations are analyzed in the following subsections.
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Table 17 Range of Activities for BTEs in IJ CVC Placement
Selecting Site for
Venipuncture

Injecting Anesthesia
Inserting Needle

Introducing Guide-wire

Dilating Vein

Placing Catheter

Place the patient in slight Trendelenburg position to engorge vein
Place the tourniquet 10-12cm above the site
Locate the landmark
Use ultrasound guidance
Anesthetize the skin surface with 1% lidocaine
Anesthetize the deeper structures
Confirm the insertion site
Insert the needle with proper angle and direction
Apply the needle with gentle suction into syringe
Advance the needle to the proper location, avoiding penetration into the
deep tissue
Needle tip may be located in the vein using ultra-guidance
Confirm the vein has been entered by dark and non-pulsatile blood return
to the syringe
Remove the syringe from the needle, while holding it with non-dominant
hand
Advance the curved tip of the guidewire
(Assistant) Watch the bio-signals for the signs of arrhythmia
Advance the guidewire no more than 12-15cm, withdraw a little bit in case
of arrhythmia
Remove the needle while the guidewire is securely in place
Nick the skin with the scalpel to advance the dialator
Advance the dilator over the guidewire while maintaining control of the
guidewire
Remove the dilator while maintaining a grasp of the guidewire
Apply the gauze pad to minimize blood loss
Secure the guidewire in position
Insert the catheter while grasping the external tip of the guidewire
If resistance is met, remove the catheter and reapply the dilator
Place the tip of the catheter at the junction of Superior Vena Cava and
Right Atrium
Check for the external length of the catheter
Remove the guidewire, once the catheter is placed properly
Check for the blood return at all ports
Connect to the transducer to check pulsatility
Flush all ports
place the cap on the hub
Secure the catheter in place with suture or staple
Get a chest x-ray to assess for proper placement
Notify that the catheter is OK to use
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5.3. Results
By adopting the methods, as described in the previous section, to the training and testing
for the CVC placement on the mannequin, task analysis is conducted. Ultimately, the task analysis
serves to identify the most difficult subtask during CVC placement, and to understand which tricks
and strategies are adopted by learners. These findings will be further analyzed in the next chapter
to investigate performance issues on them.

5.3.1. Identifying Functional Goals of the Task
The goals and the sub-goals of a task can be identified by observations following a thinkaloud protocol, in reference to the established BTEs through literatures. Beyond checklists,
functional goals provide more detailed guidelines to analyze a task, for each functional goal
corresponds to the specific process of accomplishing an intention. An operator uses perceptual
motor control and cognitive abilities to fulfill the function goals.
Table 18 identifies functional goals for task elements. From the 1st to the 6th subtasks are
extra tasks added by using dynamic ultrasound scanning for visual guidance. The rest of task
elements correspond to BTEs previously identified. By looking at the number of functional goals
under each BTE, inserting needle has the largest numbers of functional goals to complete it. If
counting in the task of dynamic ultrasound scanning, the ultrasound-guided needle insertion has
the total of fourteen functional goals to accomplish. It leads to the next research question of finding
difficult tasks and strategies to overcome them.
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Table 18 Identifying Functional Goals for Subtasks Based on Observation
Task Element
Locating the ultrasound
probe
Cover the probe
provide gel
fine-tuning the scanningenvironment
synchronizing the scan
interpreting the image
Locating a needle
uncover the needle cap
inserting needle
Identifying the needle
position
confirming the target vein
positioning the needle
re-positioning and secure the
needle
put down the ultrasound
probe
picking up the guide-wire
introducing the guide-wire

pulling out the syringe
nick the skin
introducing the dilator
holding bleeding
picking up the catheter
feeding up the wire
feeding the catheter into the
vessel
pulling out the wire
cover the catheter port
fix the catheter
check

Functional goal
locate the probe right above the two heads of the SternoCleidoMastoid
muscle, maintaining the orientation of the probe relative to the
parasagittal plane
Place the sterile cover on the probe
place the gel on the site to transduce
clear the visual field, adjust the distance and tilt of the screen, align the
image at the center of the screen
confirm the probe is correctly transducing the scanned image on the
screen
identify the vascular structure from the scanned image and read the
depth of it
locate the syringe in the point to insert, orienting the needle bevel up
aligned with the numbers on the barrel
prepare to insert, ready to flush in
go through the percutaneous layer with 45-degrees angle, while keep
scanning with another hand
Identify through monitor the location of the needle tip within the vessel
by bouncing back and forth
confirm the needle tip is correctly inserted into the target vein
place the needle tip in the middle cross-section of vein
lower the needle angle to facilitate guide-wire insertion, and secure the
position
put down the ultrasound probe, completely release attention from the
ultrasound monitor
locate the guide-wire to the inlet of the syringe, ready to insert
introduce the guide-wire through the syringe inlet into the vein
completely frictionlessly, listening carefully to the audible pulsatile
alarm to detect cardiac arrhythmia, and reading the wire length inserted
remove the syringe while securing the wire as it is
nick the skin at the insertion of wire with a scalpel to facilitate dilation
insert the dilator through the wire into vessel to dilate the vascular
diameter
Apply pressure with an index finger at the site of insertion after dilator
is pulled out
locate the catheter to the external tip of the guide-wire, ready to feed in
feed the wire up to show at the middle port
feed the catheter into the vessel with one hand, holding the external tip
of the wire with another hand, controlling insertion depth by reading the
mark on the catheter
remove the wire, leaving the catheter only
place the cap on the middle port where the wire has just been pulled out
to prevent air embolism
clamp the catheter at the skin near the insertion site near port
check the integrity of the blood vessel by color and pulsatility
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5.3.2. Identifying Difficult Tasks in CVC Placement
To identify perceived difficulties around the tasks of CVC placement, survey can provide
qualitative directions for investigation, although statistically sound conclusions are not likely to be
drawn due to the small sample size and individual biases. This section first presents the relevant
survey results, then further analyze work demand for each subtask on the basis of processing
complexity.
In a brief survey after a training session, a participant was given the following questions
about the task difficulties, see Figure 21 Overall difficulty of the CVC placement was answered in
5-Likert scale, and the difficult sub-tasks were asked to specify. As a result, 12 out of 18 residents
(67%) answered that CVC placement was difficult, i.e. ‘Agree’ or ‘Strongly Agree’. On the other
hand, in response to asking to self-rate overall confidence of the skill in a scale of 0 to 100, the
average confidence was 63.1.

Figure 21 Survey Questionnaires for Task Difficulty
More importantly, among eighteen residents, ten of them specified the subtask they had
difficulties with, see Table 19. The common list of difficult tasks include needle placement,
equipment handling, introducing guide-wire, and placing catheter, for the novice residents who
have few experiences of placing CVC either on the actual patient or the simulated mannequin.
Without survey in a larger, representative groups, these findings are not likely to be generalized to
novice residents.
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In the context of medical skill, task complexity can be reasonably weighted by patient
outcomes and vulnerability to errors. Putting them together, this dissertation defines a complex task
the one that is related to frequent human errors due to less exploited use of resources, or one that is
related to severe patient outcomes that can potentially be ameliorated by full exploitation of
resources. The resource here includes cognitive information processing, as well as sensory-motor
processing. According to this operational definition, a complex task is likely to be carried out under
heavy load of motor control, sensory perception as well as cognitive burden, e.g. memory and
decision making. To identify motor-sensory and cognitive demands, a task process map (Harbour,
2013) is drawn to show flows of perceptual information, decision, as well as motor commands.
Figure 22 and Figure 23 illustrate a process map for ultrasound-guided needle insertion, and for
catheter placement, respectively.
Table 19 Survey Responses to Specify Difficult Tasks
Participant
No.
1
2

3
4

5
6
7
8
9
10

Profile (gender, year in
the residency, medical
specialty)
Female, 1st year,
general surgery
Female, 1st year,
vascular surgery
Male, 1st year, plastic
surgery
Male, 1st year,
orthopedic
Male, 1st year,
orthopedic
Male, 1st year, urology
Female, 1st year,
general surgery
Female, 1st year,
general surgery
Male, 1st year, PRS
Female, 1st year, ENT

Prior Experience

Subtask in which to perceive
difficulty

Attempted less than 3
times
No experience of
insertion, attempted with
simulators
Formal training with
ultrasound insertion
Seen the catheter inserted,
not attempted with
patients
No experience of seeing or
doing CVC, US CVC
Attempted with simulators
Attempted less than three
times with assistant
Attempted less than three
times with assistant
Not specified
Have seen the catheter
inserted

Needle placement
Equipment handle, sterile
technique, introducing guidewire,
catheter placement, after-care
Introducing guidewire, catheter
placement
Needle placement

Introducing guidewire
Equipment handling
Equipment handling
Needle placement, introducing
guidewire
Equipment setup and locating
Equipment handle, locating vein
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Figure 22 Process Map for Ultrasound-Guided Needle Insertion
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Figure 23 Process Map for Catheter Placement

Based on the process map and qualitative observations, each sub-task is scored with respect
to cognitive, sensory and motor demand in a binary manner. For each sub-task if applicable, a
cognitive demand has two items to check for in a binary manner–memory and decision making–, a
sensory demand two items–haptic and visual input–, and a motor demand five items–precise grasp,
accuracy, stability, economy of trajectory, and bimanual dexterity. Figure 24 depicts the results in
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a bar graph, indicating that the sub-tasks associated with needle insertion and catheter placement
have the highest level of resource demand, followed by guide-wiring and dilating.

Figure 24 Resource Demands to Gauge Task Complexity

Table 20 lists the sub-tasks of needle insertion, which require heavy load of human
resources applied at the same time. Weighted on by the likelihood of needle-related adverse
outcomes, e.g. perforation, needle insertion is evidently one of the most complex tasks in CVC
placement.
Table 20 Demanding Sub-Tasks in Needle Insertion
Procedure

Sub-task

Required abilities

Needle
Insertion

Insert the needle with proper angle and
direction (needle up)

Dexterity, memory of device handling,
visual detection (angle/direction)

Apply the needle with gentle suction to
syringe

Dexterity, memory of device handling,
knowledge of adverse outcome

Advance the needle to the proper location
avoiding penetration into the deep tissue

Dexterity, tactile input (friction change),
knowledge of adverse outcome

Needle tip may be located in the vein using
ultra-guidance

Bimanual dexterity, visual detection
(ultrasound image), proprioception,
knowledge of anatomy
visual detection (blood color/pulsatility),
decision making, dexterity, knowledge of
procedure

Confirm the vein has been entered by dark
and non-pulsatile blood return to the syringe
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This subsection attempted to identify the difficult subtasks for CVC placement on the basis
of survey responses and by applying an analytic framework of task complexity. The findings from
survey responses and analytic outcomes agreed on ultrasound-guided needle placement as the most
difficult and complex task that demands coordination of multiple human resources, weighted on by
the associated patient risk. Further, qualitative observations can reveal tricks and strategies to get
around this difficulty of the identified sub-task.

5.3.3 Identifying Expert Strategies against Task Difficulties
Qualitative analysis of the observations have values in revealing the delicacies of a difficult
task, and strategies in response to it. The findings in this section has implications for efficient
training. This section first outlines the emphases and tricks taught by instructors at training sessions.
In a span of three month, three expert instructors participated in training for the residents. By
analyzing their scripts, it was observed that the experts’ own tricks were often delivered on top of
standard procedures. It is not surprising that the expert instructors spoke mostly on the three
subtasks, inserting needle, advancing guide-wire, and placing catheter, see Table 21. Especially,
expert instructors emphasized attending to perceptual senses at a critical point during task that could
cause hazards. The perceptual senses to draw attention include ultrasound image, blood flash, and
needle depth in the tissue for the ultrasound-guided needle insertion. For guide-wire and catheter
advancing, the experts also emphasized to rely on haptic senses, such as resistance.

102

Table 21 Instructor’s Emphases and Tricks on Complex Sub-Tasks
Sub-Task
Ultrasoundguided
Needle
Insertion

Potential Hazards
-Accidental
penetration into the
deep tissue of neck
-Air Embolism

Advancing
Guide-wire

-Arrhythmia

Placing
Catheter

-Malposition of device
tip
-Kink
-Breakage
-Leakage
-Fracture of device

Trick: What to focus on
-Ultrasound guidance
-Flash of dark, nonpulsatile blood
indicating the vein
-Generally 1.5 inch
below the skin surface
-Physiological signals to
detect arrhythmia
-Tactile traction
perceived through the
thumb
-Advancement no more
than 12-15cm

-Haptic resistance
-External length of
catheter
-Transducer to measure
pulsatility
-Blood return at all ports
-Chest x-ray

Trick: Motion Strategies
-Insert lateral to the Carotid pulse
-Apply gentle suction to the
syringe to prevent air emboli

-Ensure the guidewire threads
easily through the needle during
preparation
-Pushing by hand for faster
advancement
-Sophisticated pushing by pinch
grip
-The moment arrhythmia is
observed, the guidewire is pulled
back to recover normal heart-rate
-Insert the catheter while
grasping the external tip of the
guidewire to maintain tension
-Pull the guidewire back a little
bit to grasp the external end of it
-Dialate the vessel prior to the
catheter insertion

Motion strategies to handle the task difficulties seem to vary considerably. Even a single
expert introduces multiple tricks. The script below addresses two tricks for ultrasound-guided
needle insertion for IJ CVC. Figure 25 illustrates geometric relations that the second method relies
on.
“A couple of different ways to do this are…(1) that you watch your needle path in real time once you hold
the probe that makes it a one-handed procedure….(2) Another method is to use the sonar sight to find the
vessel and you make a mark, and you know how deep it was. You come back to where you were measuring
(with sonar sight), initializing it the same distance as the depth of the vein, straight at yourself. That’s where
you stick the needle. Inserting at 45-degrees will put you at where you visualized.” (Verbal Instruction for

US-guided IJ CVC placement technique)
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Figure 25 Needle Insertion Strategy by Using Geometric Relations

Also, there are variations in expert opinions for motion strategies, when the experts have
preferences on specific technological method over the others. For example, the motion strategies
of identifying venipuncture site differed by instructors. Those who verbally expressed their
familiarity with manual palpation spent more time teaching landmark-based method over
ultrasound imaging. Below are parts of the instructive scripts, and the anatomical structure in Figure
26 that the script is referring to.

“Patient turns the neck the other way (to their left), and you put your hand on the right side of the neck to
feel the Carotid pulse. You try to go superficially and laterally just a little bit to that depending on the
variations of the subcutaneous neck. The position to insert on the neck is limited. You feel around, start
laterally, and move medially just a little bit if you missed… Common jugular vein is as thick as finger, a
pretty big target to palpate using (index) finger. So leeway is considerable.” (Verbal Instruction for

landmark-based technique)
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Figure 26 Local Anatomy of Internal Jugular Vein

Some experts, although not all, attends to the human factors of task environments. The
instructor, (3) in Figure 27, is especially mindful of aligning the screen position before starting the
procedure. She stresses the importance of it repeatedly. And it pays off. By horizontally aligning
the line of sight for both screen and needle, she barely needs to move the neck.
It is interesting to find that the separation between the two line of sights, one looking at the
syringe on the skin surface and the other looking at the ultrasound screen, becomes greater if an
operator is smaller in heights, when all settings are equal. Therefore, an operator lower in height is
in more urgent needs to align the ultrasound screen.
Another expert strategy concerns gripping posture for the syringe that can impact accuracy
and stability of the needle. A pinch grip at the brim of the syringe, rather than at the barrel is
recommended as it can hold the syringe barrel and control the plunger concurrently, as shown in
Figure 28. Still, there are subtle variations in the method of grasping among the instructors.
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Figure 27 Different Field of View by Height and Equipment Set Up

The issue of grasping method originates from the need to effectively handle the syringe
single-handed when another hand is fully occupied by the ultrasound probe. The hand holding the
syringe plays pivotal roles during needle insertion, such as supporting the weight of hand and
syringe, locating the needle as intended, perforating the skin layer, controlling the needle
orientation, position and force, and receiving the somatosensory feedback of resistance. Therefore,
the grasping posture is likely to have more impact on performance than it seems.
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Postural effect on the performance is also important regarding whole body stability, to
reduce muscular fatigue and the tremor of the upper extremity (Zatsiorsky, 1998). The posture of
the trunk, shoulder, neck and arm, as well as handedness can have potential impact on the accuracy
of the CVC insertion. There seems to be considerable individual variances in posture, deriving from
anthropometric properties and personal preference. Besides, handedness is not considered during
training. For example, a trainees expressed preferences regarding the handedness in handling the
syringe, saying that the individual is comfortable manipulating the syringe with non-dominant hand
while carrying the probe with the dominant hand, which is the opposite of instruction. Table 22
illustrates variation of grasping methods with related functional goals.

Figure 28 Grasping Posture (Left: Wrong, Right: Recommended)

Postural effect on the performance is also important regarding whole body stability, to
reduce muscular fatigue and the tremor of the upper extremity (Zatsiorsky, 1998). The posture of
the trunk, shoulder, neck and arm, as well as handedness can have potential impact on the accuracy
of the CVC insertion. There seems to be considerable individual variances in posture, deriving from
anthropometric properties and personal preference. Besides, handedness is not considered during
training. For example, a trainees expressed preferences regarding the handedness in handling the

107
syringe, saying that the individual is comfortable manipulating the syringe with non-dominant hand
while carrying the probe with the dominant hand, which is the opposite of instruction.

Table 22 Grasping Methods with Functional Goals
Functional goal
Moving the syringe to the target
point of insertion, with bevels
pointing upward to enable
smooth advancing of guidewire in the next step

Pull the plunger back as the
blood starts to fill in the
cylinder, a fine control made by
thumb at the brim of the
plunger

Secure the needle position
while putting down the
ultrasound probe not needed
any more

Secure the needle position
while sliding in the guide-wire,
with a strategy of lowering the
syringe to make advancement
easier

Method of grasping
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5.4 Chapter Summary and Discussion
This chapter conducted task analysis based on the fly-on-the-wall observation with thinkaloud protocol, followed by survey, in order to understand the task of CVC placement, its functional
goals, constraints, risks, task environments, and proper strategies. The findings in this chapter
addressed the second research question of this dissertation by revealing problematic task elements.
Especially, understanding difficulties and complexity surrounding CVC placement was a main
purpose of this chapter, because an effective and efficient training requires careful selection of
focused tasks (Anders Ericsson, 2008).
The observation study followed through the four-months-long training and testing sessions
for CVC placement, accommodating the eighteen, 1st year medical residents, equally balanced in
gender and with various medical expertise. Their training and testing process was video-taped and
their verbal expressions were scripted. Also, the expert instructors who supervised the residents
were observed the same way. As a reference to task analysis, a simple task model with eight basic
task elements was identified by reviewing five different checklists for CVC placement.
In comparison to the simple task model, the observation could identify the subtasks with
distinct functional goals from the ultrasound-guided CVC placement. Then the subtasks were
analyzed first by drawing a task processing map that graphically associates subtasks with
information flows. By depicting information flows, requirements for perceptual inputs and
cognitive decisions became more evident. Through this analysis, ultrasound-guided needle
placement, advancing guide-wire, and placing catheter were found to be particularly complex
among the subtasks, due to the coordination of resource demands. Also, the finding agreed with the
survey responses of specifying the difficult subtasks. Finally, expert instructors’ scripts and
qualitative analysis of observation were conducted to understand what strategies and tricks were
being emphasized to cope with the difficult tasks by experts during training. Several traits of expert
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strategies were identified, such as focusing on perceptual senses, taking advantage of geometric
relations, streamlining a line of sight, grasping to serve multiple functional goals. These qualitative
findings have implications for improving task environments and redesigning catheter products,
ultrasound machine and the mannequin simulator.

Figure 29 Summary of Complex Tasks, and Their Goal, Risk, Strategy, and Feedback
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Figure 29 summarizes findings of Chapter 5. The three tasks are particularly complex in
ultrasound-guided CVC placement, ultrasound-guided needle placement, introducing guide-wire,
and catheter placement, because they demand continuous feedback of psychomotor system,
combined with cognitive processing. Furthermore, these three tasks are closely related to
mechanical complications, e. g. accidental perforation, breakage of device, or air embolism.
Besides, all commonly rely on perceptual feedback either visual or tactile, to achieve the goal
effectively.
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Chapter 6 : Performance Criteria for US-Guided Needle Placement
The findings of task analysis in Chapter 5 reveal that the Ultrasound (US) -guided needle
placement is challenging to novice residents because of the high reliance on the coordination of
psycho-physical competencies. Also, qualitative observations demonstrate experts use variety of
perceptual-motion strategies to handle the challenge. Therefore, it is reasonable to bring more
attention to the distinguished characteristics of experts in the ultrasound-guided needle placement.
Chapter 6 focuses on establishing performance criteria for the ultrasound-guided needle placement
by using motion-analysis. While Chapter 5 relies on qualitative analysis of observation and survey,
Chapter 6 first develops a video-based motion analysis method and validate it, then establishes a
list of performance criteria to represent a level of performance. The results in Chapter 6 are directly
related to training interventions in the upcoming chapters, because effective learning is enabled by
proper evaluation feedback (J. A. Adams, 1987).
To objectively assess performance of psycho-physical skills is challenging due to inherent
complexity of human processing mechanism and task complexity. Lack of measures to represent
complex psycho-physical tasks is a major hurdle to improve the skills (Prytz et al., 2013). Complex
surgical skills usually require combinations of cognitive information processing and perceptualmotor abilities (Anders Ericsson, 2008). Perceptual-motor abilities are further determined by
capabilities for sensory input, sensory motor processing, and motor control (Fleishman, 1975).
These underlying abilities are not directly measurable. Most abilities can only be estimated based
on what can be measured.
There are increasing needs in medical training to establish a standardized set of
performance criteria and objective measurements (Bass, 2012; Creager et al., 2004; Schulte, 2012).
A traditional gauge of performance by procedural volume, e.g. how many procedures performed,
or time, e.g. how long one performed the same procedure, are likely to be misleading indicators
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(Bass, 2012) in the face of new medical technologies. Objective representation of performance
level has scientific values to reveal learning curve, not to mention it is compatible to the stream of
evidence-based practice.
The purposes of Chapter 6 are two folds. First, it aims to develop a motion analysis scheme
for objective representation of complex, psycho-physical tasks. Second, it aims to establish a set of
performance criteria dedicated to the ultrasound-guided needle placement skill. The next section
begins by addressing the first goal.

6.1. Deploying Motion Analysis for Objective Performance Assessment
This section aims to propose a motion-analysis-based method to objectively assess the task
performance of the Ultrasound-guided needle insertion. Previous evaluative metrics rely on
observable task outcomes, e.g. time, number of attempts, manual checklist, or expert opinions.
Evaluation by task outcome can provide objective standard and useful when evaluative unit is an
entire task. Little is known about the metric to evaluate subtasks based on behavioral pattern. On
the other hand, technological progress in motion tracking enables to analyze video-based
movements quantitatively. Based on analysis of the tracked coordinates, a new method is seen to
offer a reasonable level of construct validity in performance measurement of a sub-task.
The main research questions here are two folds. First, can the video-footages collected in
the observation study in Chapter 5 be further analyzed to uncover behavioral patterns during the
ultrasound-guided needle placement? Second, can the tracked coordinates be associated with
performance criteria with validity? The second research question is tied to the second research goal
in this chapter to establish a set of performance criteria.
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6.1.1. Overview of Methodology
To address the first research question, the video footages meeting the selection criteria are
included for motion analysis. The selection criteria include that the footage has been recorded for
the same person repeatedly over the course of training and testing session so the learning effect can
be monitored through repeated measurement over several weeks. Also, the footage was recorded
in a similar environment, e.g. camera angles and perspective are selected to make the tracking
results comparable. After the selection criteria, the footage of three residents and the three experts
are selected to be filmed on their ultrasound-guided needle placement.
During the recordings, the selected operators stands at the designated place during the
insertion–22” apart from the site of insertion–and the mannequin is placed on the 36”-heighted
patient bed. The ultrasound monitor is placed collinearly with the mannequin within a far reach–
about 48” apart–of the operator. The operation is captured in video camera (Panasonic, DIVX100A), and low-level motion tracking is ran using motion-tracking modules in After Effect (Adobe
Systems, CS6).

Figure 30.Motion Tracking Environment
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Figure 30 illustrates a customized motion tracking environment built on After Effect GUI.
Once a video footage is successfully motion-tracked for all features, their dynamic positions are
synchronized in timeline with ultrasound image as well. The line features include two angles of
line AA’ and line BB’ as an estimate for head turning and head tilting in space, respectively. The
point features, C, D, E, represent the hand position, the finger position and the device position,
respectively.

6.1.2. Process for Video-Based Motion Analysis
The first step in the framework involves defining the scope and scale of the motion to be
analyzed, see Figure 31. As a general rule, surgical skills are likely to be composed of a set of
movements inside the clinical micro systems (Mohr & Batalden, 2002), i.e. the smallest replicable
unit in healthcare organization with physicians, nurses and technical staffs, sharing a common
purpose of care. Therefore health care “motions” can best be described by sequence of activities,
rather than by events or atomic movements. Therefore, the first step of this proess is to determine
the ‘motions’ to be captured. Next, the scale of the motion to be captured must be defined. When
considering the scale of the motion to be evaluated, video footage must capture the major body
parts of interest (e.g. head, shoulder, and hands) in the center of the image sequence.
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Figure 31 A Process Diagram for Framework

Once the interested motion is defined, it must then be video recorded. The video cameras
position and angle is determined to conform to the definition of the scope, scale and ecology of
motion, as determined in the previous section, or part 1 of the proposed framework. Once the video
is recorded, positions of major body parts of interest are tracked by placing ‘markers’ in the video
through appropriate software channels. For example, features in the eye, head, torso, hand or finger
can be marked using After Effect (Adobe Systems, CS6).. Additional attachment to the body parts
can facilitate automated tracking, but current tracking technology does not enable complete,
flawless outcome. Therefore, continued supervision is necessary to check for temporary occlusions,
flawed tracking or unexpected drift (Kakizaki, Urii, & Endo, 2012).
Once the data is gathered and markers identified, modeling aims at segmenting the
trajectories of hand, fingers, or device by the concurrent pattern of visual gaze. It effectively
summarizes the hand (or other) motions with respect to the eye, to prepare for analysis at the next
step. We call it temporal segmentation, its outcome illustrated in Figure below. By assuming that
the head rotation is a fair indication of visual gaze, we can segment the hand movements on the
basis of the head movements. The validity of such assumption will be discussed later. At the same
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time, the hand or finger coordinates are normalized in relation to the reference points on performer’s
shoulder, to reflect variations in performer attributes (Davis & Burton, 1991). Devices and visual
instrument is synchronized with the other tracked motions, too.
Finally, analyzing process is expected to evaluate the quality of eye-hand coordination.
Here, the normalized coordinates of the hand, finger or devices are summarized across indices of
temporal segmentations. In eye-hand coordination, visual gaze is a precursor to the following hand
movement as well as a guide to refine a targeted motion. Therefore, effective coordination can be
demonstrated by strictly goal-oriented visual gaze (Flanagan, Rotman, Reichelt, & Johansson,
2013; Wilson et al., 2010), and visually-dependent movements (Johansson, Westling, Bäckström,
& Flanagan, 2001). More precisely, the hand, finger, or device movements would show gradually
improved accuracy towards achieving a goal in response to the same visual gaze. In addition,
efficient coordination can be demonstrated by the pace of the improvement.

6.1.3. Quantifying Accuracy Based on Motion Tracking
Iterative feedback mechanism is fundamental to eye-hand coordination, to reduce errors
between intended target and the actual point of movement (Schmidt & Lee, 2011). Generally, it is
likely that accuracy is improved over iteration to achieve a task goal. A primary component of
ultrasound-guided needle insertion is to place the needle at the diametric center of vein. Because
we cannot ‘see’ inside the body, physicians use the visual assistance of an ultrasound image.
Physicians receive feedback when this step has been completed by flashes of venous blood in their
syringe. Because of the feedback from the beginning of the task until the end, we can expect to
observe gradual improvement in accuracy.
Accuracy is quantified by the standard deviation of the hand, finger or device coordinates
over temporal segmentation. For instance, the hand coordinate in space 𝒞𝒞(t)is obtained in the range
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of [0, T] by motion tracking. At the same time, temporal segmentation creates the finite sequence
of intervals {𝐼𝐼1 , 𝐼𝐼2 , ⋯ , 𝐼𝐼𝑚𝑚 } on the range. Accuracy at the kth segment is represented

by Std[𝒞𝒞(t)|𝑡𝑡∈𝐼𝐼𝑘𝑘 ].

Definition: Accuracy adjustment refers to a corrective process of improving accuracy to

achieve a goal in the eye-hand coordination.
Quantifying accuracy adjustment should attend to two aspects independently—how large
is the magnitude of adjustment, and how fast the adjustment is achieved. An eqn. (1) is a plausible
method of quantification, where c+1 is a moment to achieve a task goal.
𝑐𝑐

�

𝑘𝑘=1

Std�𝒞𝒞(t)|𝑡𝑡∈𝐼𝐼𝑘𝑘 � − Std�𝒞𝒞(t)|𝑡𝑡∈𝐼𝐼𝑘𝑘+1 �
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ(𝐼𝐼𝑘𝑘 )

(1)

6.1.4. Results of Applying Motion Analysis to US-guided Needle Placement
Although descriptive statistics can be general indicators of performance, it reveals little
about the quality of eye-hand coordination associated with the skill level. Besides, they do not
provide instructions on how to improve the skill, either. To the contrary, motion tracking can
demonstrate individual behavioral patterns of the coordination, opening up the possibilities to
provide instructive feedback for improving performance. In the following sub-sections, outstanding
behavioral patterns are explored to contrast experts against novices.

6.1.4.1. Experts Tend to Adapt Accuracy More Quickly
By computing accuracy metric to all performers, experts returned scores on average 2.3
times higher than novices, suggesting their gradual improvement in accuracy, while a novice does
not. Especially, an expert seems to be greatly helped by gazing at the ultrasound monitor, as
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accuracy in both horizontal and vertical directions improves drastically after the gaze, and it
saturates slowly until the moment of “flash”. On the other hand, a novice does not manifest obvious
refinement in accuracy during or after turning to the ultrasound image. Besides, turning to it
multiple times even after confirming “flash” seems pointless.

6.1.4.2. Experts are More Efficient in Motion Trajectories
The trajectories of movements are direct indication of economy of motion. Lack of
wasteful movements and unnecessary explorations is an evidence of goal-oriented performance.
Figure 32 displays the movement trajectories of the 1st metacarpophalangeal joint for an expert (up)
contrasted to a novice (bottom). Each trajectory is disconnected by the temporal segments with
index labels. The plot for an expert is juxtaposed with the plot for a novice, and the temporal
segments corresponding to gazing at the ultrasound monitor are emphasized with a thickened line.
Figure 32 also supports the claim that visual gaze functions as a marking point for
movement planning (Johansson et al., 2001). Compared to the trajectory of novice, it is remarkably
simple, concise, economic, and efficient to achieve the same goal. The relationship between motion
trajectory and economy of motion calls for further investigation.
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Figure 32 Trajectories for Expert (Up) and Novice (Down)

6.1.4.3. Experts are Distinctive by Time Allocation Patterns
The third characteristic of expert coordination is shown in time allocation. Considering that
experts tend to use less mental efforts, they are more likely to perform dual sub-tasks, such as twohanded movements. To illustrate the point, the tracked coordinates of the dominant hand, nondominant hand and ultrasound monitor are synchronized. Note that all operators grasped ultrasound
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probe with the non-dominant hand, and syringe needle with the dominant hand. Then each moment
in time were categorized in terms of four categories—category I to IV; Category I with least mental
efforts, when no movements are observed for either hands, and there is no need for visual detection;
category II when either a dominant or non-dominant hand is exclusively in motion; category III
when both hands are in motion or one hand is moving while attending to the ultrasound monitor;
category IV when both hands are in motion while attending to the ultrasound monitor.
Figure 33 summarizes the percentage of time experts and novices allocate during the task
performance. The most distinct characteristic for experts are that they spend more than twice more
time in category III activities— both hands are in motion or one hand is moving while attending to
the ultrasound monitor— and allocate category I activities—no movements are observed for either
hands— less than a half compared to the one in novice.

Figure 33 Comparison of Time Allocation Patterns

6.1.5. Verification of the Method
In this subsection, the core components of motion analysis are verified by comparing it to
empirical simulation results. First, simulation in this context is a 3D graphical simulation, see
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Figure below, to determine if the current tracking features are accurate enough to represent body
movements. To estimate errors due to projecting 3-dimensional head onto the camera plane, a
simulation was run. First, a 3-dimensional head-model was obtained from 3D Warehouse (Vercher,
Magenes, Prablanc, & Gauthier, 1994), and it was rotated along the sagittal and transverse plane,
respectively, using a 3D drawing tool (Land, 1992), as shown in Figure 34.

Figure 34 3D Simulation of Head Rotation and Tilt
With incremental changes in a 3-dimensional head rotation, the corresponding changes in
a 2-dimensional length and angles were measured from the key features on face as marked in Figure
below. Comparing the projected features on a camera plane to the 3-dimensional head rotation can
serve two purposes; it enables to find the best predictor for head rotation; and it allows us to estimate
errors associated with video-based motion tracking. Among the key features with dots in Figure
35, the angle of a line connecting two eyes is a good predictor of transverse rotation—an angle of
eye-to-eye line can predict transverse rotation reliably (R2=0.945, Std. Error=3.888), while
remaining relatively insensitive to sagittal rotation (Std. Dev. =0.243). On the contrary, the angle
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of a line connecting an eye to the same-sided ear tip is a good predictor for sagittal rotation
(R2=0.907, Std. Error=3.818), see Figure 36.

Figure 35.Tracking Points and Features

Figure 36.Predicting 3D Head Rotation by Tracking Features on 2D

Previously, angles of eye-to-eye and eye-to-ear were verified to be good estimators for
head rotation in 3D. And considering the operating environment for the Ultrasound-guided CVC
procedure, a head rotation can be an estimator for visual gaze. Therefore, temporal segmentation
by visual gaze may have similar outcome as the one by tracking features, i.e. eye-to-eye and eyeto-ear.
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Now, segmenting criteria for features should be set up. A well-known criterion–the
percentage change of peak velocity–is verified in comparison to the temporal segmentation by
visual gaze. In the previous studies on ocular saccade, a change in the gaze patterns were detected
mainly by velocity criteria, such as the percentage of peak velocity (Sailer, Eggert, Ditterich, &
Straube, 2000). In the current framework, the velocity criteria can be validated by comparing it to
the temporal segmentation by visual gaze. In Figure 37, a line with empty squares indicates the
angle of an eye-to-ear-tip over time, which is one of the estimators for head rotation. Then
superimposed on is instantaneous angular velocity in a vertical bar graph. The points in time at
which instantaneous velocities go over 10% of peak velocities are marked by vertical line. Finally,
temporal segmentation at the bottom of Figure 37 is obtained from segmentation by visual gaze in
the video. The data points are taken from a pilot test for the case study to follow. Also, by comparing
the vertical marking lines to the temporal segmentation by visual gaze, they completely coincide
for a given pilot data. Therefore, velocity criteria appear to be a promising method for temporal
segmentation.
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Figure 37.Segmenting Timeline by Velocity Changes of Visual Features

6.1.6. Limitations of the Method
Technologically, vision-based motion tracking is less reliable than other physiological
measurements, as it is exposed to unexpected variability. Identifying such variability and
controlling the sources of it can ensure reliable evaluation outcome. Potential sources of variability
during motion analysis are as follows:
(1) Susceptibility to occlusions: during low-level motion tracking of detection and feature
extraction, occluded body parts can incur unexpected drift and erroneous tracking
coordinates.
(2) Distortion of 3-dimensional configuration: since video analysis involves projection
onto 2-dimensional camera plane, the motions perpendicular to the plane is hidden. This
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can become a serious issue when the motion along the camera’s line of sight is critical
component in the skill. If necessary, use of additional camera should be considered.
(3) Temporally-invariant motion: motion is inherently diverse in duration and speed.
Depending on these parameters, the same motion can be recognized differently. The
variability associated with temporal parameters in motion may exist.
(4) Specificity of task: motion analysis is task-dependent. The type of skills, the patient
condition, task environments all affect how task is performed.
(5) Viewpoint-invariant motion: low-level tracking of motion analysis can be affected by
the view-point, camera position, and zoom effects. It is necessary to control camera-related
factors to minimize viewpoint-related errors. Viewpoint-related errors also incur due to
diversity in anthropometric characteristics.

6.2. Establishing Performance Criteria for US-guided Needle Placement
Following on the motion-analysis method, the ultimate goal of this Chapter is to define a
set of performance criteria dedicated to the US-guided needle placement. Ad-hoc performance
criteria are easy to define, but it takes much efforts to validate it. It is important to set up these
criteria on the basis of a consistent principles. This dissertation advocates multi-dimensional
performance criteria that reflect on human competencies related to psycho-physical tasks, together
with the desired traits for a task, or task requirement. In principle, it takes two pillars of task
requirements and human competencies, to establish performance criteria that represent a set of
abilities suitable for accomplishing a task. In the next subsection, the background of this principle
is explained in detail.
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6.2.1. Guiding Principles for Performance Criteria
Establishing performance criteria for surgical skill is technically straightforward, but
practically difficult due to limited validation (Grober et al., 2003). Since the advent of minimallyinvasive surgery, competency-based training methods have triggered development of many
schemes to measure surgeon’s dexterity (Rosen et al., 2011). New technologies such as microsurgery will continue to change the landscape of surgical skill training by introducing novel
assessment and training methods (Bass, 2012). On the other hand, the multitudes of assessment
criteria available imply that surgical skills are difficult to fit into a uniform window for evaluation
because they require both cognitive and behavioral abilities, which is usually outside the scope of
testing. This is compounded by the fact that over 73% of validated assessment schemes are not
adopted in a clinical practice (Van Hove, Tuijthof, Verdaasdonk, Stassen, & Dankelman, 2010).
Time has been used as a common performance criterion in surgical skill (Anzanello &
Fogliatto, 2011). This is problematic because “a fast surgeon is not necessarily a good surgeon”
(Darzi, Smith, & Taffinder, 1999). In essence, surgical procedures are multi-faceted, and require a
better means of representing the performance. For example, a multivariate-based model can
identify the multidimensional skills required of surgeons (Rosen et al., 2011). However, few studies
have focused on investigating the relationships among multivariate performance criterion and
surgical skills.
At the heart of performance and performance growth over learning curve lie human
competencies in sensory-motor and cognitive processing, a schematic illustration in Figure 38.
While performance assessment marks one’s current performance abilities along a continuum of
expert to novice, a learning curve temporally traces one’s performance abilities until climbing up
the “expert’s plateau" through practice. Thus, learning curves may reflect the change of relative
weight on multivariate performance. By monitoring multi-dimensional performance growth over
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learning curve, we can also observe the changing contributions of the psycho-physical
competencies during training, as evidenced by Fleishman (Fleishman, 1975).

Figure 38 Multivariate Performance over Learning Curve

In conclusion, this dissertation advocates multi-dimensional performance criteria that
represent human competencies in psycho-physical processing. At the same time, the criteria should
also be defined in relation to the task requirement. A process can be defined for systematic
establishment of such multi-dimensional performance criteria. The next subsection details the
process of identifying and refining the list of candidate criteria through observation and experiment.

6.2.2. Refining Performance Criteria
The process in this subsection intends to provide a general framework to use when
establishing a set of performance criteria for any skills. A distinguished property of this process is
that the performance is built on several sources of information, including observation, medical
literatures, adverse reports, expert reviews, training heuristics, as well as in reference to human
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competencies, see Figure 39. At the final stage of this process, a refined set of performance criteria
is validated via experimental design. A systematic process is beneficial to minimizing human biases
in defining performance criteria. Also, by referring to multiple sources of information, the
definition is less prone to biases from limited sources.

Figure 39 Process of Establishing Performance Criteria
Now comes the step-by-step explanations and justifications for the process in Figure above.
First, list of desired traits are identified based on the task analysis in the previous chapters. This list
provides a foundation to define important performance indices and to construct a hierarchy of the
indices. Through the first step, the focus of performance criteria becomes more evident in the
context of catheterization procedure. Next, relevant training strategies are collected to address the
focus of training. These strategies are extracted from general guidelines and principles in motor
skill learning and motor rehabilitations (Lederman, 2010; Schmidt & Lee, 2011; Anne ShumwayCook & Woollacott, 1995). This step collects potential methods of training for performance gain
associated with the catheter placement skill. Finally, the training strategies are reviewed and refined
with respect to internal mechanism of motion control, i.e. neuromuscular system. This step analyzes
the strategies in finer detail and establishes links to functional components in human system.
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Through this, the final training strategy is established in light of human performance, which makes
itself a more feasible plan.
The last step of experiment design intends to validate the performance criteria by using
motion analysis to track the operator’s motion. The video footage can be tracked using motiontracking modules in After Effect CS6 (Adobe Systems). The simple motion tracking assessment
has been used to measure performance in open, minimally-invasive, or micro-surgical procedures
(Datta et al., 2002; Grober et al., 2010). It is expected that, by applying motion tracking, we can
examine a set of candidate criteria related to motor functions, sensory-motor coordination, and
visual perception.

6.2.3. Defining Metrics to Represent Performance Criteria
For quantified analysis, the metrics are to be prepared that can represent the desired traits,
so that the metrics are tracked over the course of training to confirm learning effects. Suppose total
duration of time to complete the needle placement is T and the period 0 ≤ t ≤ T is segmented into
the mutually exclusive intervals in terms of visual targets one gazes. If T is partitioned into the

sequence of m intervals𝐈𝐈 = {𝐼𝐼1 , 𝐼𝐼2 , ⋯ , 𝐼𝐼𝑚𝑚 }, where an interval length corresponds to the duration

during which one gazes at a target point in space. At every instant of time, it is assumed that there
is one and only one gaze target point in space. Therefore, (Eq. 1) holds.
⋃𝑚𝑚
𝑘𝑘=1 𝐼𝐼𝑘𝑘 = [0, 𝑇𝑇]

(Eq. 1)

Overall, the intervals with fixed gaze-targets are put into one set F={𝐼𝐼𝑘𝑘 }, and moving gaze-

targets in another M= {𝐼𝐼𝑃𝑃 }, 𝑘𝑘 ≠ 𝑝𝑝. The hand position coordinate tracked at time t is P(t), while
the set of positions at interval 𝐼𝐼 is denoted by P𝐼𝐼 .

For instance, the metrics for stability and motion economy can be defined in terms of the

hand position P(t) at time t, see Table 23. Similarly, the ability of visual detection using ultrasound
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transducer can be quantified by time spent on its task. Finally, eye-hand coordination can be
estimated by the average reduction on the variations of hand position P(t) over the fixed gaze at
the ultrasound monitor.

Table 23 Examples of Metrics Definition
Performance

Definition: Metric

Criteria
Stability

The degree of motor ability to secure a device position in vivo, or to

(STB)

keep the acceleration as low as possible in order to minimize potential

Economy of

tissue damage: 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 �

Motion

without wasteful or redundant movements: Length of [P(t)]

d2 P
dt2

�

The motor ability to plan and execute the efficient motion trajectories

(ECON)
Visual

The degree of perceptual ability to identify target stimulus from visual

Detection

field: Time spent to gaze at ultrasound monitor to locate the vein

(VDT)
Eye-hand

The ability to efficiently incorporate visual input into the hand

coordination

movement output:

(COORD)

𝑘𝑘

�

𝑘𝑘=1

Std�P(t)|𝑡𝑡∈𝐼𝐼𝑘𝑘 � − Std�P(t)|𝑡𝑡∈𝐼𝐼𝑘𝑘+1 �
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ(𝐼𝐼𝑘𝑘 )

6.2.4. Results of Generating Candidate Criteria for US-guided Needle Placement
Figure 40 illustrates desired traits for the ultrasound-guided needle placement selected from
the reviews. The candidate performance criteria are generated by reviewing from previous studies
on the catheter placement. (Barsuk, Cohen, et al., 2009; Barsuk, McGaghie, Cohen, Balachandran,
et al., 2009; Blaivas & Adhikari, 2009; Dayal et al., 2004; Engum et al., 2003; Evans et al., 2010;
Evans et al., 2009).
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Figure 40 Human Capability-Based Performances

Note the candidate criteria are defined with regard to related human competencies that are
required and desired to perform the US-guided needle placement. Therefore, this candidate
performance criteria conforms to the principle of multi-dimensional performance criteria that
consider both task requirement and human competencies. The definitions and typical applications
are summarized in Table 24. Although this list is not completely exhaustive, it is carefully crafted
to encompass all possible aspects of desired performance during the ultrasound-guided needle
placement.
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Table 24 Desired Traits for US-Guided Needle Placement from Observations
Desired Traits

Definition

Sub-task examples

Accuracy

The degree of motor ability to align the
position or orientation of (part of) a device
with respect to the intended target
The degree of motor ability to secure a
device position in vivo, or to keep the
acceleration as low as possible in order to
minimize potential tissue damage

Place the tip of the catheter at the
designated location at the junction of
Superior Vena Cava and Right Atrium
Remove the syringe from the needle
using a dominant hand, while holding
the needle with non-dominant hand
Apply the needle with gentle suction to
syringe

Bimanual
dexterity

The motor ability of fingers to grasp and
manipulate a device with complicated
configurations
The motor ability to plan and execute the
efficient motion trajectories without
wasteful or redundant movements
The motor ability to manipulate devices
with both hands simultaneously

Visual
Detection

The degree of perceptual ability to identify
target stimulus from visual field

use ultrasound guidance to locate vein
on the monitor

Haptic
Sensitivity

The degree of perceptual ability to discern
changes in force delivered to the hand due
to changes in tissue characteristics while a
device remains in tissue
The ability to efficiently incorporate visual
input into the hand movement output

Advance the needle to the proper
location avoiding penetration into the
deep tissue

Correct
Decision

The cognitive ability to make correct
decision based on related knowledge and
incomplete sensory input

Advance the guide-wire no more than
12-15cm, withdraw a little bit in case of
arrhythmia

Memory
Retrieval

The cognitive ability to retrieve the most
relevant memory associated with a
procedure and an event

If resistance is met, remove the catheter
and reapply the dilator

Stability

Precise Grasp

Economy of
Motion

Eye-hand
coordination

Advance a guide-wire with minimum
number of hand movements
Insert the catheter while grasping the
external tip of the guide-wire

Needle tip may be located in the vein
using ultra-guidance

6.2.5. Validating Selected Metrics for Learning Effects
The candidate performance criteria and their metrics can be validated if construct validity
is established over training. Besides, the quantified analysis can prioritize the metrics by comparing
the relative contributions to learning effects. This subsection demonstrates the results of validating
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a partial set of performance criteria, including stability (STAB), economy of motion (ECON),
visual detection (VDT) and eye-hand coordination (COORD), from the candidate criteria. Only
these four criteria are selected because they are likely to be represented by directly tracking body
parts, while others may involve indirect approach for quantification.
A non-parametric repeated measurement ANOVA, i.e. Friedman test, is used to test the
hypotheses that there are statistically significant learning effects in stability, in economy of motion ,
in visual detectability, and in eye-hand coordination, respectively, throughout the training sessions.
The independent variable for the analysis is the phase of training at three levels (beginning: first
exposure to the procedure, middle: 5 to 8 weeks after the first exposure with at least 5 repetitions,
end: 1 to 4 weeks after the middle session with over 10 repetitions).

Table 25 Mean Performance Metric over Training
N
Training
Phase
Beginning

STAB

ECON***

VDT

COORD*

6

15.3
104.0 (16.2) 5.3
23.6 (5.2)
(3.6)
(0.9)
Middle
6
12.1
88.2 (17.3)
6.7
17.9 (4.3)
(3.2)
(1.2)
End
6
10.6
83.8 (14.5)
5.9
12.3 (3.8)
(2.9)
(0.8)
Note *p<0.05, **p<0.01, ***p<0.001, Numbers in parenthesis indicate standard deviation

As summarized in Table 25, a chi-square test statistic showed that the learning effect is
statistically significant for economy of motion (p<0.001) and eye-hand coordination (p=0.037),
confirming their learning effects at α = 0.05.
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Figure 41 Mean Performances over Repetition

Figure 41 depicts the mean performances over learning. The economy of motion was
significantly reduced over learning, although it is a metric with higher variability (SD=13.66,
Mean=87.39, Std. Error=3.22). On average, the economy of motion had a greater performance gain
than eye-hand coordination, suggesting that economy of motion is a more important at the early
phase of learning, while the latter at the late phase of learning. Since stability and visual
detectability did not show significant performance gain, they would not be a focus of training until
the learning effect is demonstrated using alternative metrics.

6.3 Chapter Summary
This chapter had two research purposes, first, to propose a motion-analysis-based method
to objectively assess the performance of the Ultrasound-guided needle insertion, second, to identify
the performance criteria for the US-guided needle placement systematically, on the basis of human
psycho-physical processing. For the first part, the results of the application showed distinctive
patterns of expert compared to novice performance with respect to accuracy, motion trajectory and
time allocation. Also, the verification of the results by comparing with 3D simulation showed
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acceptable accuracy of the current motion tracking method. For the second part, a candidate list of
performance criteria were collected, on condition that they were desired traits for the ultrasoundguided needle placement. Tentatively, four of them were selected to define metrics corresponding
to the criteria. Then, the motion analysis scheme was applied to quantify and monitor the four
metrics. The results suggest that competency-based multi-dimensional criteria can be validated by
using motion-tracking technology.
Still, much study is needed regarding reliability of the method and to explore the potential
performance criteria thoroughly. A reliable and valid performance criteria can have several
advantages. They can serve as an essential set of evaluation for training the US-guided needle
placement, which is related to the third research question for this dissertation. The valid evaluative
set is particularly important for simulation-based training in which face validity of a target task and
a simulated task is often questioned. Furthermore, establishing a set of performance criteria can
contribute toward building a general framework of task and human performance (Fleishman, 1975)
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Chapter 7 : Development of New Simulated Training
Following the evaluative criteria and metrics developed in Chapter 6, it now important to
identify how to improve these performance criteria. Thus, Chapters 7 and 8 were developed to
address the third research question in this dissertation, namely “how can we develop an effective
training method that minimizes human error by creating behavioral changes through a simulated
environment?” In this regard, this chapter aims at developing a new training method that uses
haptic-based simulation technique to train for the US-guided needle placement. As a status quo
training method, novice residents are currently being trained by using the mannequins, but there
are few evidence of its learning efficiency and efficacy (Bass, 2012). By developing an efficient
and effective simulation training, the residents are expected to increase awareness of their own
motion patterns and perceptual sensitivity.
In the following sections, the goals and guidelines for developing a new simulation training
system is established first, then the system components are specified based on the design guidelines
and principles. In particular, the major system components, e.g. visual and haptic control, are
characterized based on the measurements of how a human operator interacts with the task
environment. Further, the programmatic and algorithmic implementation of the system components
are detailed. Finally, the implications and the future developments for the simulation is discussed.
The validation of the simulation will be discussed in Chapter 8.

7.1. Why Simulation-Based Training is Appropriate for Preemptive Intervention?
Resident training has shifted its focus from solely knowledge-centered curriculums to
including a set of technical skills and safe practices (Bass, 2012). Triggered by minimally invasive
surgery, recent surgical technologies have been requiring healthcare providers to be proficient at
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handling devices and equipment under the physical and cognitive constraints. It is a continuing
imperative that high technology-density of care environments requires expert skills as a core
element of high-quality performance (Malone et al., 2010).
A pursuit of quality in medical skills not only benefits clinical outcomes individually, but
also suppresses the rise of healthcare cost as a whole (McGinnis, 2010). For the several decades,
the healthcare sector has suffered from unbridled rise of its cost, mostly due to large investments
in new medical technology. Despite such investment, the quality of care cannot be accomplished
without professionals having expert skills which takes many years of experience to acquire.
Obviously, efficient training methods are needed to transform novice residents into experts with
minimal time and efforts. And the large investment in healthcare technology can pay off by
improved quality when the expert skills are integrated with it.
The values of effective and efficient training are further justified by increased attention to
preventable adverse events and patient safety. Considering the high rate of human errors during
treatment and diagnosis (Kuske et al., 2013), it is not surprising to seek new training methods that
lead the behavioral changes of healthcare providers aimed at lowering the risk of medical
procedures. However, there is little consensus as to the proper methodology to develop and reinstate
safe practices during clinical procedures. Generally, a simulation-based training is known for its
potential to mitigate risk at low cost by exposing learners to similar situations repeatedly (Buchs et
al., 2013). A simulated patient by using a dummy mannequin is currently a typical choice for
training technical skills.
Although the mannequin-based training may be a simple selection for basic training, its
learning efficiency and effectiveness pose questions (Evans et al., 2010). Above all, considering
efficient learning occurs when proper feedback is followed, the static mannequins are not likely to
provide feedback information about one’s own motion patterns, not to mention the risky behaviors
during the procedure (Hatala et al., 2013). Lack of, or insufficient level of feedback during training,
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keeps from maximizing learning efficiency (Prytz et al., 2013). In addition, the mannequin-based
training environments tend to suppress complexity and variability inherent in the actual task
environments and the patients(Vaughan et al., 2012). A failure to expose trainees to realistic
variability can be problematic when the novice residents are faced with varied task scenarios
(Quraishi, Kimatian, Murray, & Sinz, 2011). Therefore, to maximize the learning outcomes, it is
critical to develop a simulation-based training that provides sophisticated learning feedback as well
as variable task scenarios.

7.2. Direction for the System Development
To help training surgical skills, two methods of simulated training has evolved in the
market (Sutherland et al., 2011)–a mannequin-based training and a Virtual Reality (VR)-based
training. The former focuses on physical aspects of skill performance by mimicking anatomical
landmarks, arrangement of vessel structures as well as tissue characteristics. The latter attends more
to improving the eye-hand coordination by letting an operator interact with a visual display in real
time. Each method has own pros and cons. Emerging technology is attempting to converge the two
methods, inheriting the benefits of both, towards improved learning outcomes. For example, a
dummy mannequin is combined with embedded sensors to keep track of needle movements, or
more typically, a VR-based training is implemented with haptic components to give force feedback
to operators (Vaughan et al., 2012). In a nutshell, a decision to fuse the two methods together should
always be guided by the ultimate goal of learning and the cost of training. In this chapter, a process
of developing a VR-based haptic training system is detailed. Overall, the process begins by defining
a set of guiding design principles with respect to overarching goal of skill training. Developing the
system requires the build-up of two core components, one related to constructing a virtual reality,
and the other to haptic rendering.
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7.3. Guiding Principles for System Design
Ultimately, the simulated training system aims to help learn surgical skills more efficiently
and effectively while minimizing risks to the actual patients (Chaer et al., 2006). Efficiency of
learning is concerned with a learning curve of trainees, both individually and collectively
(Andreatta et al., 2011). It is better for an individual to achieve a high level of expertise with
relatively little investment in time and mental efforts. For a group of trainees, it is better to ensure
that individual differences of performance do not override a learning effect. That is, the lowest
performer in a group after training should, at least, outperform the highest performer before training.
As was explained in the previous chapter on setting up a general goal of training, Effectiveness of
learning attends to two aspects of skill–performance gain in a short-term, and skill transfer in a
long-term. Learning for safety is a goal that has not been adequately addressed in the current
training systems. While simulated training purportedly improves patient safety by delaying
premature encounter with the actual patients, this benefit remains passive. To form a safe behavior
in surgical procedures, the training system needs to expose individuals to diverse risk scenarios,
encouraging them to respond proactively, and provide feedback to their responses. This loop of
learning feedback is expected to increase awareness to latent risk factors, reinforce safe practices,
and negate risk-prone behaviors.
In particular, with three general goals in mind, the system is expected to achieve the
following outcomes. First, it builds up a muscle memory of desired motion control, both in motion
path and forces. Even the cutting-edge mannequin simulators have not been adequately helping
surgeons perform minimally-invasive surgeries to apply the right amount of forces (Dankelman et
al., 2011). In essence, physical training is a process of automating motor control by retaining key
biomechanical parameters that are necessary to form an intended joint configuration, and to exert
desired amounts of forces and torques. Through repeated trials, desired movement patterns can be
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internalized. In the catheter placement procedure, an operator is expected to advance the needle
and catheter rectilinearly and slowly to a target vein. Excess forces, zigzagged movement paths, or
even retracting back are well known risks to mechanical complications during the procedure.
Therefore, the training should reinforce rectilinear motion trajectory, movements with minimal
velocity and minimally acceptable acceleration.
Second, it induces a trainee to take full advantage his/her own perceptual capabilities
during the procedure. Especially, haptic senses are worth honing in surgical skills that involve
physical interaction with the patient’s skin, tissues and organs (Goksel, Sapchuk, & Salcudean,
2011; Salisbury, Conti, & Barbagli, 2004). Perceptual senses help detect anomalies in advance of
action and corroborate a surgeon’s movement plan during the procedure. Selective attention is an
internal mechanism to increase sensitivity to certain aspects of perceptual information by directing
attention to them. Although one’s inherent perceptual capability is likely to be fixed, training is still
open to inducing selective attention.
Third, it exposes a trainee to a wide range of plausible scenarios incorporating patient
variability and potential risks (Spooner, Hurst, & Khadra, 2012). In general, exposure to variability
grows adaptability to new situations, which has little been addressed in the context of medical
training, despite its potential value. In addition, diverse scenarios in training generates uncertainty
to some extent, so that they help reduce boredom and keep motivation, which commonly limit the
learning effect in simulated training.
Lastly, it strengthens a loop of learning by presenting proper feedback at the end of each
trial as well as after a session is over. A learning feedback generally strengthens positive behaviors,
and weakens negative ones (J. A. Adams, 1987). Besides, presenting an outcome of one’s own
performance can help remain motivated.
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Table 26 Summary of Design Guidelines

Together with the system goals and expected outcomes, three design principles are set up
to guide decisions in the process of development. The first principle is to maximize similarity of a
simulation task with the actual procedure and its context, because learning effect is known to fade
out in the absence of task similarity (Wood, 1986). The similarity principle resolves several design
decisions prior to trial-and-error. The second principle is user-centered design suitable for training
purpose (Ken Catchpole, 2013). The implications of this principle can be broad. Especially,
minimizing efforts and errors in learning how to use the system is very important in the context of
training. This principle is useful guideline in planning an experimental procedure and designing an
interface for the system. The third principle is to realize an optimized training system that balances
multiple training objectives. Setting up optimal weights between mannequin-based and VR-based
training, or between getting accustomed to a single scenario and being exposed to diverse scenarios,
are all matters of a fine balance. Through experiments, the system is expected to accumulate
sufficient knowledge foundation to balance among several objectives.

7.4 Characterizing Visual Control to Simulate Ultrasound Probing
A critical element of ultrasound-guided needle placement is to obtain best images of the
vessel structures and to locate the needle with respect to the structures. The quality of visualizing
and locating objects relies on human control of the ultrasound transducer. However, it is only
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recently that the behavioral aspects of human performance have drawn attention in ultrasonography
(Sites et al., 2007). In essence, probing for ultrasonography is a closed-loop control to visually
explore the scanned area and to achieve the best visual quality, as a surgeon adjusts the position
and orientation of the transducer in response to visual cues on the ultrasound screen. It takes a
number of practices to scan a target area correctly based on the surface anatomical landmarks
(Miller et al., 2002), and to get the best visual quality in the middle of the screen (Barrington, Wong,
Slater, Ivanusic, & Ovens, 2012). In the case of dynamic probing–the non-dominant hand controls
the transducer while the dominant hand advances the needle–the task becomes more demanding
both mentally and physically (GAYLE & KAYE, 2012). The operator first visually locates the
target vessel, then advances the needle visually guided by the screen. Cognitively, it involves
multiple steps of coordinate transformations. As illustrated in Figure 42, the inputs of the two hand
coordinates are simultaneously processed in the brain to generate motor commands that better
control the transducer and the needle. In addition, for an operator, anatomical structure functions
as a reference map to interpret the beam-projection image on the screen.

Figure 42 Schematic Illustration of Coordinate Transformation
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A pitfall of integrating multiple coordinates lies in ‘incomplete’ correspondence between
the beam-projection image and the anatomical structure as a reference. Figure 43 illustrates a
simplified anatomical structure of the internal jugular vein and the carotid artery constructed in
virtual 3D graphics (AC3DTM, Invis, Ely, United Kingdom). In its distal end is the clavicle bone in
white shade, connected to the sternocleidomastoid muscle. When this virtual anatomy is scanned
by an ultrasound beam-plane, depicted by a translucent plane, its spatial relationships along distalproximal dimensions are significantly reduced, rendering the mapping an incomplete
representation of the original anatomy. It adds to complexity when the beam plane is tilted away
from anterior-posterior dimension due to skin surface geometry, or pressure exerted on the one side
of the transducer. The incomplete correspondence makes it difficult to interpret spatial relations
from the ultrasound image alone, necessitating additional information to confirm the current needle
position with respect to the vessel structures.

Figure 43 Spatial Correspondence between Anatomy and Ultrasound Beam Projection
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For the sake of patient safety, it is especially important to keep the needle visible when it
approaches the vessel walls, to prevent accidental arterial puncture or overshooting (Chin, Perlas,
Chan, & Brull, 2008). Unfortunately, there are not any objective methods to evaluate the quality of
ultrasound visualization, or established guidelines to maintain the target vessel and the needle
visible (Blaivas & Adhikari, 2009). Above all, to maximize similarity, a simulation should mimic
how the transducer generates the corresponding image mapping on the ultrasound screen.
At the core of the visual control lies the mechanisms of ultrasound imaging (Maecken &
Grau, 2007). An ultrasound image processes a series of reflected and scattered acoustic pulses that
have been transmitted from a transducer along the beam axis. Beam axis is perpendicular to the
transducer’s aperture. As the transducer progresses along the surface of the skin, it receives waves
of acoustic pulses that have been reflected back from the internal organs beneath the aperture. Figure
44 Field of Ultrasound Transducer illustrates a transducer which scans the effective plane and also

illustrates the area of scanning.

Figure 44 Field of Ultrasound Transducer
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Table 27 summarizes the internal process of ultrasound imaging that begins with acoustic
pulse transmission through the probe and ends up mapping the image on the ultrasound screen.
Externally, a human operator perceives and translates the image, then executes a motor command
that adjusts the hand with a probe. The ultrasound transducer scans, a slice at-a-time, the projected
image of the internal structures along the beam axis. Therefore, a movement-direction along which
the transducer progresses is not properly represented on the ultrasound image sequences. It is a
major omission when an operator interacts with the scanned images. In general, a human receives
visual input to plan, execute and evaluate one’s own movement. Although visual perception is a
major source of input, it is not the only one. Proprioception, a sense of the location of one’s own
body parts (Mine, Brooks Jr, & Sequin, 1997) complements visual senses. Hypothetically, expert
sonographers and surgeons may rely on both senses to actively pursue the target for scanning. Once
a perceptual input is entered, planning and executing a movement involves a series of coordinate
transformations (Schmidt & Lee, 2011) between the different body parts, including the eye and the
hand.
Table 27 Ultrasound Imaging Process
Stage
Transmission
Reflection
Reception
Focusing
Beam-Forming
Enveloping &
Compression
Scanning & Image
mapping

Process
An acoustic pulse packet travels along the beam axis, changes shape according to
the field characteristics
While traveling, the acoustic pulse is scattered over a broad angular range by a
series of objects
Angular portions of the series of reflections are intercepted by a receiving pulseecho transducer
The intercepted waves are integrated over the surface of the receiving transducer
for focusing
Integration of the 3D scattered signals to 1D time-record signal of twice the
length of maximum scan depth.
An envelope is detected from Analytic Signal Detector, then an envelopedetected time record is logarithmically compressed and processed to show
diverse strength of echoes in the same image
Repeat the previous stages for other scan lines, then follows geometric
arrangement of scan lines. Finally, a generated image is converted to gray-scale
mapping
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It is very unrealistic to assume that a novice understands the internal and external processes
of imaging at a glance (Barrington et al., 2012). It should be a part of training to get a novice
familiarized with the characteristics of the visual control process. For instance, visual cues that hint
on the process of projecting 3D structures onto 2D may help a novice quickly get used to how it
works.

7.4.1. Exploring Visual Control in Ultrasound Probing
To further characterize the closed-loop that includes human operator and image-mapping
process, an observation study is performed that monitors the movement of the ultrasound probe and
the resultant imaging on the ultrasound screen. Figure 45 illustrates the observation study. As input
measurement, the position and orientation of the ultrasound transducer is tracked by using an
electro-magnetic motion tracker (3D Guidance, NDI, Waterloo, Canada) as marked by a rectangle
in Figure 45. For comparison, three different gripping methods are applied for the transducer. The
tracker enables monitoring of kinematic information in real time, and is free from obstruction as is
often the case of an optical tracker. By synchronizing the input data with the output results of image
mapping, the characteristics of the closed-loop process becomes more evident. These findings, in
turn, can be incorporated into the simulated probing.
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Figure 45 Observation Study to Characterize Probing Behavior

7.5 Characterizing Visual Cues to Simulate Behaviors on Ultrasound Images
Ultrasound images provide visual cues that are useful to recognize on-going needle-tissue
interactions, thus, guide the needle placement (Chin et al., 2008). In this regard, visual cues serve
as information sources that achieve functional goals proper for each step of the procedure. To mimic
the behaviors of visual cues comparable to those of the ultrasonography, the information contents
of the visual cues and their functional roles need to be understood. This way, the visual cues can
be designed to properly serve the functional goals in the simulation system.
Through the observation of ultrasound images taken during residents’ training on
mannequins, the six functional goals are identified for the ultrasound-guided needle placement
(Randolph et al., 1996; Sites et al., 2007; Szabo, 2004); aligning the transducer; locating the vessel
structures on the screen; correctly identifying the target vein with respect to the artery; visually
locating the needle on the screen; advancing the needle; and, inserting the needle into the vein.
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Figure 46 is an example of image sequences for a needle placement. At each sequence, an
operator is likely to focus on different visual cues on the screen to accomplish the six functional
goals.

I. Functional goal: Aligning an
ultrasound Transducer

II. Functional goal: Locating the
vessel groups

III. Functional goal: Identifying
the target vein next to an artery

IV. Functional Goal: identifying a
needle on the screen

V. Functional Goal: directing a
needle advancement

VI. Functional Goal: inserting a
needle into the vein

Figure 46 Functional Goals and Related Visual Cues

According to the similarity principle, the simulation should design visual cues that support
the functional goals during a task. In this regard, visual features should be carefully crafted to
provide partial information about needle-tissue interaction that helps achieve the functional goals.
Besides, the design of the visual cues should comply with the user-centered design principle,
meaning that the visual cues are intuitive to know the current status of needle when an operator
advances it. For instance, an operator should be able to visually estimate the amount of pressure
via tissue stenting. To put it differently, visual cues must reflect the kinematic and kinetic motions
of the ultrasound probe as well as the needle.
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Figure 47 illustrates the four basic elements of visual cues to provide status information
about the screen, vessel structures, needle location and needle-tissue interaction. The fidelity of
visual cues to actual images needs to be balanced with respect to similarity principle, computational
constraints, and learning outcomes.

Figure 47 Design Elements of Visual Cues

Additional visual features can be considered for addition or alteration according to the usercentered design principle. Using additional visual features, hazardous situations that a surgeon
encounters can draw attention during the simulation (Chan, Qin, Chui, & Heng, 2012). They can
serve to increase awareness of risk factors and reinforce positive behavioral patterns. For example,
inadvertent penetration into artery instead of the target vein occurs up to 5% in adult patients, and
26% in pediatric patients (Kirkpatrick et al., 2008). In general, arterial penetration can be attributed
to false identification of the target, spatial closeness of the artery and vein, or overshooting at the
final position.
As is illustrated in Figure 48, each situation demands sufficient caution from operators,
thus visual features need to be devised to inform the trainees. Again, all visual features should be
adopted under the user-centered design principles; the visual signatures should be understandable
intuitively with minimal chances of delivering different meanings. Color should be used sparingly
as it can unnecessarily lock up attention, and deviate much from the actual ultrasound image. Face
validity is a bottom-line criteria when adopting visual features for simulator design (Chellali,
Dumas, & Milleville-Pennel, 2010).
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Figure 48 Examples of Featured Visual Cues Associated with Risk Scenarios

Other than the aforementioned design considerations, to reflect patient variability into the
design of visual cues, it is necessary to turn to the studies in physiology and bioengineering.
Anatomical variation is an obvious example (Maecken & Grau, 2007): according to the authors,
significant anatomical variations exist in the relative positions of the internal jugular vein with
respect to the carotid artery. Although it is most likely that the vein is located antero-lateral or
lateral to the artery, there are exceptions in their positions. Besides, the range of anatomical
variations are excessively wide. Therefore, a simulation should incorporate these variations to
better expose the trainees to actual patient variability.
To add more realism into the simulated environment, pulsatile behavior of the vessels may
also be worth noting. Pulsatile pressure at the central line is the strongest among all venous vessel
structures, since they are close to the heart (Nichols, O'Rourke, & Vlachopoulos, 2011). Elasticity
of a vessel wall makes a visible change in the ultrasound imaging, and such visible cues can even
help distinguish between the artery and vein. There are well established bodies of research in
bioengineering to model the vessel behaviors under blood pressure. For instance, an empirical
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relationship between blood volume flow (Q) and pressure (P) is closely resembling each other as
depicted in Figure 49. A mathematical model to represent the dynamic relationships between Q and
P is also known (Womersley, 1957).
−

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐼𝐼

𝜕𝜕𝜕𝜕
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+ 𝑅𝑅𝑅𝑅

(Eq. 2)

(z: the axial coordinates of the blood vessel, I: fluid inductance, R: fluid resistance, t: time)
For parameters, the fluid inductance (I) and fluid resistance (R) are related to the vessel
radius (r), following the equations (3). As the vessel radius dictates the visible characteristics over
time, these relationships implement how a vessel diameter changes over the pulsatile cycle.
I = 1.1

𝜌𝜌
,R
𝑔𝑔𝑔𝑔𝑟𝑟 2

= 1.6

8𝜇𝜇
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(Eq. 3)

(I: fluid inductance, R: fluid resistance, g: gravitational constant, 𝜌𝜌: blood density, 𝜇𝜇: blood
viscosity)

Once the empirical model of vessel behaviors is installed, the parameters can be varied
across age, and specific disease groups to reflect realistic behaviors in specific patient groups.
Figure 50 on the right is an illustration of mimicking the observed pulse pressure by adding four
Fourier series components, as proposed by (Nichols et al., 2011).

Figure 49 Observed Pulse Flow and Pressure

Figure 50 Simulated Pulse Pressure (MATLAB)
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On top of the visual components, the simulated system also needs to characterize haptic
components to return forces feedback appropriately. Simulation of force and the subsequent issues
are detailed in the next section.

7.6 Characterizing Motion Constraints in Needle Control
When a needle cuts through the skin and tissue layers in patients, the movements in two
directions–lateral and axial, with respect to the needle axis–determine the needle trajectories.
Control of axial movement depends on the combination of the three force components, cutting-,
friction- and viscoelastic force, while lateral movement depends on the lateral forces that constrain
swinging motions. As schematically illustrated in Figure 51, axial force reveals information about
underlying tissue structure through its sophisticated force profile, lateral force only constraints
lateral movements. This section describes such constraining forces, leaving the informative force
to the next section.

Figure 51 Lateral and Axial Forces on the Needle

For realism, lateral forces should be simulated in a way that a lateral deviation against the
current needle axis is resisted to the degree that is determined by the current needle depth; the
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deeper the needle is, the greater the lateral force is. This lateral motion constraint serves two
purposes in haptic simulation. First, it delivers to an operator a sense of depth when the haptic
stylus linearly advances. By perceiving greater amount of resistance when the virtual needle is
advanced further down, the operator is assured that their virtual needle is enclosed by an elastic
material, i.e. virtual tissue. Second, a needle is easier to change the pathway when it is located
shallow in the skin depth compared to deeper. Therefore, more attention is required about the
correct steering of the needle at the shallow depth, rather than in the deep tissue. This distinction
can be effectively realized by a lateral force that is determined by the needle depth. The magnitude
and pattern of lateral force function follows empirical measurements performed on the simulated
mannequin. The lateral force is manually measured by pulling a digital force gauge (Chatillon DFX,
Ametek, Inc, Berwyn, PA) that is hooked up with an 18GA-introducer syringe at different needle
depths, see Figure 52.

Figure 52 Experimental Set-up to Measure Lateral Force

Another type of motion constraint occurs via the gripping method. As was revealed in the
survey at the resident training, some residents take time to get used to the gripping method that
enables them to advance the syringe and aspirate it at the same time, as depicted in Figure 53.
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Conforming to the similarity principle, the haptic device tip is fabricated to resemble the syringe
tip. To make its texture similar, the tip is machined by using one-inch polypropylene rod.

Figure 53 Simulation of Motion Constraints via Grip Posture

Unlike constraining forces, informative force calls for a more sophisticated approach to
render its force feedback. The next section outlines a process of characterizing axial forces for the
haptic simulation.

7.7 Characterizing Haptic Force Feedback
In general, haptic technology refers to a technology that reproduces a sense of touch by
applying forces, vibrations, or motions to an operator (Salisbury et al., 2004). A human perceives
a sense of touch via two different sources, either by kinesthetic or tactile receptors (Hatzfeld &
Kern). The kinesthetic sense delivers a sense of kinematic motion through proprioceptors in the
muscles, tendons, and bone, while the tactile sense delivers a sense of texture through receptors
embedded under the skin surface. Haptic technology has found wide areas of applications to
robotics, medical training and interactive designs due to its versatility and simplicity (Klatzky,
Pawluk, & Peer, 2013). From a standpoint of interface design, haptic senses can complement visual
information, thus, haptic technology has the potential to tackle information overload (Li & Bi,
2003). From a training standpoint, skills that require a high level of acuity in haptic senses can be
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objects of haptic-based training. Haptic technology is implemented into various forms of interactive
haptic devices. Overall, they can be categorized by means of input and output. Depending on
purposes, some haptic devices require force as an input and output as kinematic motion, while other
devices return force in response to the kinematic motion.
In order to implement haptic simulation for training needle placement, there are several
steps to complete. Eventually, kinesthetic haptic senses should perceive a sequence of virtual force
from a haptic device that is similar, in magnitude and orientation, to the needle force (Heuer &
Rapp, 2014). In a nutshell, the haptic device returns dynamic force in response to the position of
the device-tip in real-time. This dynamic processing of an output force given a position is called
haptic rendering. Prior to haptic rendering, the system of coordinates should be defined first. The
haptic device has built-in coordinate system as illustrated in Figure 54 below on the left. In case a
haptic simulation integrates itself into Virtual Reality, the VR coordinate system should also be
defined so that spatial structures of the vessels can be built in the VR coordinate system, see Figure
54 on the right. Finally, the vessel structures in the VR coordinate system should be updated in
response to the movements of the haptic device. The seamless updates between the two different
coordinate systems generate an illusory feeling that these systems are related with each other.
Conversely, the haptic force in the haptic coordinate system should align itself with the apparent
property of the vessel structures in the VR coordinate system, so that the kinesthetic haptic senses
do not realize discrepancies between the two coordinates. Mathematically, VR haptic rendering
involves multiple transformations back-and-forth between the two coordinates. Therefore, it raises
technical issues of computational capacity in reference to the threshold of human perception and
illusion. Adding more layers of interaction in needle placement easily complicate the
transformations. For example, using a dynamic ultrasound-guidance in needle placement invites an
additional coordinate of the ultrasound beam-plane.
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Figure 54 Device Coordinates and VR Coordinates

7.7.1 Data-Driven Modeling of Needle-Force Relations
The heart of haptic programming is to model force responses over needle depth
realistically. Over the last decade, many dynamic models that express needle-force relationships
under tissues of varying mechanical properties have been developed. Early physics-based models
often used linear elasticity of small tissue deformation (Cotin, Delingette, & Ayache, 1999). Later,
more sophisticated models were developed to address nonlinear and viscoelastic behaviors (Barbé,
Bayle, de Mathelin, & Gangi, 2007; Li & Bi, 2003). Under the precise control of roboticmanipulated needle-insertion, an axial force can be obtained by integrating local forces along the
needle shaft. The local force is estimated from small deformations of each mesh-node with static
Young’s module (DiMaio & Salcudean, 2003). Force estimation can be more accurate using Finite
Element model (Székely et al., 2000) or Spring-Mass model (Gibson et al., 1997). However, high
computational demands and numerical instability limits the use of this technique in haptic
simulation (Basdogan et al., 2004). Besides, forces of different mechanisms such as lateral force
also impact needle variability, and this cannot be directly derived from tissue deformations (DiMaio
& Salcudean, 2003).
In view of force types, a needle’s axial forces against tissue can be decomposed into
cutting-, friction- and stiffness-components (Okamura, Simone, & O'Leary, 2004). These force

157
components can be analyzed piece-wise by using either linear or nonlinear models (Okamura et al.,
2004). The analytic force decomposition makes a model simple, but the force components and their
parameters are often difficult to estimate from measurements (Asadian, Kermani, & Patel, 2012).
Particularly, friction force is cumbersome to model as there are micro-irregularities when two
surfaces slide against each other (Salisbury et al., 2004) so that multi-faceted force behaviors occur,
including sticking, creeping, oscillating, and sliding (Hayward & Armstrong, 2000). However, the
physics-based modeling approach is not sufficient to capture the entirety of needle-tissue
interaction. At the very least, a needle force model should obey physical relationships derived from
tissue deformation and incorporate diverse force behaviors without excess computational cost
(Salisbury et al., 2004). It is flexibility and versatility (Peterlik, Nouicer, Duriez, Cotin, & Kheddar,
2011) that the physics-based modeling is lacking, because not all force mechanisms can be
mathematically expressed with simplicity. In order to embrace the contextual variability, another
modeling approach is needed. Figure 55 illustrates analytic force components related to needle
placement, including stiffness, cutting, and friction.

Figure 55 Analytic Force Components

To overcome the deficit of the physics-based dynamic model, advanced computational and
statistical methods can be applied. They rely on empirical data for model identification and
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estimation. To some degree, all dynamic models need empirical data for estimation and validation
(Okamura et al., 2004), as is the case of indentation test (Abolhassani, Patel, & Moallem, 2007), or
haptic-recording without using physics-based model (Basdogan et al., 2004). In essence, datadriven modeling uses computational methods to generalize data, including machine learning,
statistical inferences, and interpolation (Hover, Harders, & Szekely, 2008). Because of this, its
performance is based on the capability of the method. For instance, Li and Bi (Li & Bi, 2003) used
a Support Vector Machine regression algorithm to identify needle puncture dynamics from hapticrecording while Barbé et al. (Barbé et al., 2007) used a Recursive Least Squared algorithm to
estimate parameters for a ‘robust’ dynamic model, allowing its parameters to address general
dynamic behaviors. More complicated algorithms like Extended Kalman-Filter (EKF) are also
available to estimate dynamic models of needle interaction based on data (Asadian et al., 2012).

7.7.2. Experimental Set Up for Force Modeling
In pursuit of a data-driven approach to induce needle-force relationships, empirical data
should be collected on tissues with the similar mechanical properties as the target tissue. To that
end, a series of measurements are performed on the mannequin’s synthetic tissue while minimizing
between-trial variances. To minimize between-trial variances, a robot-controlled mechanism is
used for needle control, since human control error accounts for a great portion of the variability. A
linear actuator (Dunkermotoren, AMETEK, Inc, Berwyn, PA) drives the needle into the fixed
mannequin at a pre-programmed velocity, see Figure 56. To measure the needle’s axial force, a sixaxis load-cell (NANO25, ATI Industrial Automation, Apex, NC) was coupled to the base of the needle.
An interface and data acquisition system (LabVIEW PXIe-6361, National Instruments
Corporation, Austin, TX) operated the actuator and data acquisition. Needle insertions are
performed on two different lengths of 18-Gauge hypodermic needles (AK-09903-S, Teleflex,

159
Wayne, PA). The short needle was 1½-inch long, and the long needle was 2½-inch long. The needle
aims at percutaneous access around the neck, to comply with the mannequin’s simulated anatomy.

7.7.3. Results of Measuring Needle Force with Minimal Variations
The outcomes of measurements are plotted in Figure 57. A needle path is segmented in
terms of its velocity; insertion, hold and release phases. And for each phase, a distinct pattern of
axial force is shown, reflecting analytic force components of friction, cutting and stiffness forces.
For the sake of haptic rendering, the measurement is repeated to derive a reliable mathematical
expression of needle-force relationship. Through repetition, it is possible to distinguish between
random force variability away from analytic force components.

Figure 56 Robot-Controlled Force Measurement

Figure 57 Measured Needle Axial Force over Depth

7.7.4. Mathematical Modeling of Measurement Data
At an abstract level, the needle depth is related to the axial force (Y) through an analytic
force relationship. At its simplest form, it can be dynamically expressed by a scalar function g that
connects a needle depth and Y. In fact, there are multiple factors that dictate Y other than needle
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depth. Therefore a vector valued function g is a proper selection with an input vector X(t)=(X1(t),…,
Xp(t)) that has p distinct factors on axial force Y. For convenience, let’s say p=1 is a factor of needle
depth. Adding more factors into the function can predict force better, but at the expense of model
complexity. Through the measurements of repeated trials, see Figure below, it is possible to identify
force variance by using an error term ε(t). To put all terms together, a needle force function is
constructed as follows.

(Eq. 4)

Figure 58 Measurements over Repeated Trials

The needle force function can be estimated in various ways. Considering time-dependent
multivariate input and a single output, a state-space model can be a possible option. This model
associates a time-dependent input vector X(t) through a state variable z(t) into a dynamic force
output F(t). It takes estimation for parameter matrices A, B, K, and C whose dimension depends on
the order of the model. Three different models are separately constructed on the three different
phases of insertion, hold and retraction, because each phase is dictated by different analytic force
components.
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(Eq. 5)

To identify proper model and estimate parameters, the measurements are preprocessed and
estimated using System Identification ToolboxTM in MATLAB (Matlab R2013b, MathWorks, Inc.,
Natick, Massachusetts). During preprocessing, the data in time-domain is subdivided into the
intervals of insertion, hold and retraction by needle position trajectory. Then each subdivision is
filtered to smooth out low frequency, cyclic disturbance that is attributable to the actuator
mechanism. If necessary, the low frequency range is selected from periodogram to pass the band.
For estimation of model parameters, state-space matrices, A, B, K, C are estimated recursively to
minimize Akaike’s Information Criterion of prediction error (Akaike, 1974).

7.7.5. Estimated Models for Needle-Force Relations
As a result of estimating parameter, three state-space models were constructed for each
phase that best fits the given measurement data. On average, model performance in the percentage
of fit was 92.97% for the insertion phase, 89.11% for the hold phase, and 70.08% for the retraction
phase, see Figure 59.

Figure 59 Mathematical Model for Needle Force Relationship
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The modeling results can be directly applied to haptic rendering; when a needle is being
inserted, held still, or retracted, respectively, a model is retrieved to return a force that corresponds
to the current needle depth. By increasing the number of measurements on different tissue types,
this data-driven approach can potentially broaden haptic experiences.

7.8. Characterizing Information Critical to Self-Training
The last, and probably the least investigated topic of simulation design is learning feedback.
Although learning feedback is critical to advancing skills (Morris, Tan, Barbagli, Chang, &
Salisbury, 2007; Newell et al., 1983; Porte et al., 2007; Wagner & Howe, 2005), there are no clear
guidelines on how to design it (Hatala et al., 2013). A well-crafted learning feedback can expedite
learning progress by stimulating a learner into better performance. What constitutes good feedback
remains widely a question for the research community, because how one perceives, interprets and
applies feedback is dominated by multiple systems of information processing and learning (Mulder
& Hulstyn, 1984). Besides, individual attitudes and motivation also play significant roles in such
processing (Chan et al., 2012). Since it is difficult to monitor the internal process of digesting
learning feedback, a direct causal relationship between feedback information and resultant learning
gain is not likely to be observed. However, it is obvious that self-training with no or inconsistent
feedback cannot exceed supervised learning with well-structured and standard guides. It is a major
drawback of the current mannequin-based training methods that learning feedback depends solely
on instructors who supervise performance. There can be variability and inconsistency among the
feedback. Besides, sole dependence on supervisor feedback constrains available time to learn.
Therefore, learning feedback in simulation should be presented after a trial to become better at
movement patterns and increased awareness of risk factors.
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7.8.1. Benchmarking Analysis of Simulation Learning Feedback
Reviewing common feedback elements of the current simulators can be beneficial to a new
design. Figure 60 demonstrates a laparoscopic training simulator and its Graphical User Interface
for learning feedback, designed by Verefi Technologies, Inc., Elizabethtown, PA. The learning
feedback page is displayed at the end of a task with two laparoscopic handles.

Figure 60 Learning Feedback for Laparoscopic Simulator

Apart from the effects, the feedback page has four elements of learning feedback.
Considering their unique roles to human information processing, these four elements are also
desired to be included in a new simulation design.
(a) Overall assessment of performance, e.g. Score
(b) Major performance criteria, e.g. time, tool efficiency and motion smoothness
(c) Performance history, e.g. line plot (C) or summary statistics (D) in Figure 60
(d) Interactive control, e.g. button

7.8.2. Designing for User Experience
Prior to the design of feedback display, it is necessary to plan the process of a user’s
interaction with the simulator, both cognitively and physically (Garrett, 2010). A user starts the
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simulation after consent and instruction. In case a user is new, proper identifiers should also be
stored to keep track of performance records to display at the end. As outlined previously, visual
cues are regarded as an implicit type of learning feedback provided during a run, while explicit
learning feedback displays performance summary at the end of a run. Optionally, a user can choose
to review learning summary over previous trials.

Figure 61 Process of User's Interaction with Simulator

Based on the process diagram in Figure 61, a display for learning feedback and learning
summary is designed to include an overall assessment, performance criteria, performance history,
and interactive control. Interactive control is constructed on a Graphical User Interface by using
GUIDE tools in MATLAB (Matlab R2013b, MathWorks, Inc., Natick, Massachusetts).

7.8.3. Prototype of Feedback Interfaces
Figure 62 displays a learning feedback design to train for ultrasound-guided needle
placement. Overall outcome is assessed either as success or failure, and a successful trial is further
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evaluated in terms of the needle control and the transducer control. The performance of needle
control is separately analyzed with respect to the following performance criteria, based on the
performance criteria established in Chapter 6.


Proximity of the final needle tip position to the center of the target vein



Linearity of the needle pathway



Speed of needle movement



Repeated attempts

Added to performance criteria, potential risks are alerted if there was any invasion into the
artery during a simulation run, e.g. arterial perforation, or repeated insertion, e.g. tissue damage.
The performance of the transducer control is comment according to the following categories.


Quality of vessel image on the screen, i.e. the brighter the better



Position of the vessel image on the screen, i.e. the more centeralized the better



Time to obtain visualization, i.e. longer time to visualize needle
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Figure 62 Learning Feedback Display

Each page of feedback display is controlled by a user interactively. A user can choose to
start the next trial, or to view performance history. A performance summary in Figure 63 quantifies
an aggregate performance for the needle movement and the transducer control, respectively. Then
an aggregate performance score is labeled into friendly categories of “excellent”, “good”, “fair”,
“insufficient”, “poor”, and “failure”. If necessary, a user can check on the contents of risky
behaviors at the past trial. Overall, risky behaviors are summarized into percentages. The design of
the learning feedback cannot be done without evaluation criteria. In essence, deliberate practice
(Anders Ericsson, 2008) and coherent assessment (Newell, 1991) are two indispensable
components of learning. Although the display needs further validation in the next chapter, the
current design is built on the principles of user-centered design.
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Figure 63 Performance Summary Display

7.9. Chapter Summary and Discussion
Simulation-based training requires a careful reproduction of the target task. The acceptable
degree of similarity is critical to a learning gain. At the same time, the simulation can be benefited
by incorporating realistic variability surrounding the task. With the two principles of similarity and
variability in mind, this chapter explains the process of developing a haptic-based simulation
system to train for the ultrasound-guided needle placement. Major simulation components are
related to the design and control of visual cues and haptic forces. Each component is characterized
through observation or measurement on the mannequin-based performance, so that the simulated
behaviors may feel similar to the performance on the mannequin.
The current design outcomes are not conclusive for several reasons. Above all, the
performance on the mannequin cannot completely replace the one on the patient. In a sense that the
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performance on the mannequin may function as a preliminary step to improve on the patient, a
complete replacement may not be necessary. However, for better learning effects, a simulated
training needs to closely resemble the target task. The current simulation design is built to make its
visual and haptic characteristics similar to the mannequin-based run, assuming that the mannequin
is a fair representation of human patient. Still, significant discrepancies exist in ultrasonic behaviors
and needle-tissue interactions. Considering living tissue with liquid and heterogeneous constituents,
acoustic reflection and frictional forces on the mannequin tissue are a bit simplified. Further
research is needed to define the degree of discrepancies. Indeed, the mannequin is also a simulation
of reality. Therefore, an effort to reproduce another simulation cannot outweigh a direct
reproduction. Second, although the current design is based on the well-defined characteristics, it
does not prove itself to be the “best” manifestation of such characteristics. In fact, the best design
alternative can be a matter of balance between cost and benefit, and its validation requires objective
assessment with respect to learning outcomes. From a standpoint of multi-objective design decision
making, it is potentially meaningful to investigate the matter of balance for learning. This issue is
further examined in the next chapter by conducting a series of validation experiments.
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Chapter 8 : System Validation by Experiments
Following on the development of the haptic-based training system in Chapter 7, the system
design requires to be verified with respect to the design principles, and to be validated with respect
to the learning effects. Especially, Chapter 8 aims at validating the proposed system by comparing
the learning effects with those of the existing training method based on the mannequin. A series of
experiments is designed to confirm that the proposed simulation-based training method achieves
its intended goals–efficiency, effectiveness and safety of learning.
Overall, the activities in this chapter are divided into two distinct cycles of experiments,
formative and summative experiments. Formative experiments aim at improving a design
iteratively by using inputs from participants, while summative experiments intend to evaluate
performance at the final stage of design iteration (Campoe, 2013). This chapter details out the
procedure and outcomes of formative and summative experiments, respectively. In particular, the
summative experiment is conducted on six medical residents in a controlled setting. Two major
research questions are answered through the summative experiment. First, does the proposed
training help novice residents make ‘meaningful’ differences in performance when assessed from
the standpoint of task effectiveness and safety? A performance change in an experiment is
considered meaningful if it is associated with positive traits of expert performances, and if the
magnitude of change outweighs any random effects that reside in the experiment. Second, are there
substantial benefits of the proposed training methodology compared to the status quo mannequinbased training? To answer this question, various aspects of training effects are examined both
qualitatively and quantitatively. The results of the summative experiment have implications for
establishing an expected level of performance gain by using the simulated training and for future
development of the computer-based simulation training. In the next sections, the process of
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formative and summative experiments are overviewed and experimental methods are specified with
respect to the design, task and participants, evaluative metric, and equipment. Then, the analytic
outcomes of summative experiments are presented along with user comments and expert opinions.
Finally, the implications of the findings in this chapter are discussed for conclusion.

8.1. Design and Validation Process: Two-Processes Approach
For iterative design and validation, user inputs can provide a contribution through a
combination of a closed-loop, formative experiment and an open-loop, summative experiment. The
two-process approach conforms to the standard (ISO 9241-210) for interactive systems design. It
is suitable for incorporating implicit user needs and contextual information at multiple stages of
design process. Both experiments serve the unique purposes by analyzing users’ interaction with
system; formative process focuses on verification, i.e. does the system fulfills specific requirements?
The findings contribute to the next design iteration to better implement design requirements. On
the other hand, summative process focuses on validation, i.e. does the system satisfies intended
goals? The summative experiment can appreciate the performance gain of the proposed method in
comparison to the existing method. The performance gain is objectively assessed by tracking the
performance before and after training. Figure 64 summarizes the two-process approach.
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Figure 64 Overview of Two-Process Approach

8.2 Formative Process
The formative experiment intends to collect users’ feedback after walking them through
the proposed system, as it concerns if the current design features comply with requirements and
guidelines. As specified in previous chapters, the guiding design principles of similarity and usercenteredness is examined at this stage. The participants are expected to assess the perceived
similarity and difference between the two training methods, i.e. mannequin and haptic-simulation.
Also, the usefulness of feedback information from the haptic simulation system is investigated.
The outcomes of the formative experiment, in turn, go back to an iterative cycle of revised
requirements and re-design. Since the formative experiment focuses on the design’s compliance
with requirements, it is useful to recruit participants who have backgrounds and interests in
engineering design. As depicted in Figure 65, it follows five steps to gather meaningful feedbacks
for design improvements. A ‘better’ simulation design is characterized by higher fidelity to the
actual task, as well as by feedback displays that are easy to understand and useful for learning. Also,
it should balance the multiple learning objectives through design, rather than sacrificing one over
the other.
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Figure 65 Formative Process for Iterative Design and Design Verification

(1) Participant Orientation for Formative Experiment
The orientation aims at providing basic information for the experimental task, including
the target procedure, equipment handling, and underlying risks. The orientation material is narrated
with a 5-minute video to introduce the standard CVC procedure with its target anatomy, proper use
of the ultrasound probe, desired manipulation of the needle, and well-known hazards associated
with the procedure. In addition, another orientation video of two minutes is created to introduce
haptic simulation system. It explains how the haptic device functions and what the goal is for the
simulation task. At the end of the formative experiment, the adequacy of the two orientation videos
are assessed for improvement.
(2) Pre-test
In the pre-test, a participant is instructed to perform ultrasound-guided needle placement
on a mannequin after watching the video orientation. This pre-test intends to capture the baseline
performance of laypersons, and is performed twice to get the averaged baseline. A participant is
encouraged to complete the task by confirming the blue flash on the syringe as fast and accurately
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as possible. The baseline performance is monitored by using descriptive statistics of time and
motion. For details about the performance metrics, please see the related section.
(3) Interaction with Existing and Proposed Systems
Existing system refers to the current method, i.e. mannequin-based training, in contrast to
the proposed system, i.e. haptic-based simulation. The participants are randomly assigned to two
groups for treatment and control, respectively, and each group follows a different order of
interactions. A treatment group first interacts with a proposed system until one self-rates sufficient
confidence with the task, of which the duration should be at least 20 minutes, then moves forward
to post-test and interview for feedback comments. On the other hand, a control group first interacts
with the existing system, at least 20 minutes in duration for fair comparison, then interacts with the
proposed system after completing the post-test so that one can give meaningful feedback about the
current design. During interaction periods, participants freely explore the system to familiarize and
train themselves without external aids.
(4) Post-test
Post-test aims to monitor the performance change after the period of self-guided interaction.
A participant is instructed to perform the same needle placement as one did in pre-test, except that
the location of the needle insertion is different. To introduce a bit of anatomical difficulties due to
the extended ultrasound’s beam plane depth and the needle’s travel distance, a participant is guided
to probe and insert the needle on a point that is either more distal or proximal on the border of the
sternocleidomastoid muscle, see Figure 66.
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Figure 66 Varying Sites of Needle Insertion for Post-Testing

By varying needle insertion site, a participant is naturally exposed to a realistic variability
of different skin thickness that is a common source of patient variability. In addition, a participant
is prevented from relying merely on a static muscle memory obtained during the pre-test or during
interaction with the mannequin.
(5) Feedback
After a participant experiences both systems, a survey is run to ask the perceived degree of
similarity between the haptic-based simulation and the mannequin-based run in terms of the force
resistance, visual cues, hand grip, and control methods. Regarding one’s learning experiences, selfrated confidence after training and usefulness of performance summary for learning is explored.
The list of survey items also forms a basis of the survey at the summative experiment.

8.3. Summative Process
The ultimate goal of the summative experiment is to confirm if the haptic-based training
system contributes to learning as intended and to demonstrate if its benefits outweigh those of the
existing training method. To prove these points, a group of participants are randomly assigned into
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the two groups of treatment and control, respectively, and each group goes through a sequence of
pretest, training and post-test. A treatment group repeats training using the haptic-based simulation
for at least for 20 minutes in duration, while a control group repeats runs on the mannequin-based
simulation for the durations comparable to its counterpart. After post-testing, participants are
interviewed about their learning experiences and specific design features of the proposed training
system. A block diagram in Figure 67 outlines the procedure of the summative experiment. An
arrow on the timeline indicates the actions to take on each sub-procedure through pre-survey, pretest, training, post-test and interview.
The summative experiment distinguishes itself from the formative one in its participants,
frame of reference and measurements. The participants are medical residents who have a novice
level of skills in the central line (CVC) placement. For recruitment, novice residents are defined as
those who have procedural knowledge of CVC, but the number of performances on patients are no
greater than 10 times. The frame of reference for the summative experiment is set on the expert
skill levels, rather than design principles. Therefore, additional steps are required to characterize
expert performance by using quantitative measurements. The measurements in the summative
experiments intend to monitor a participant’s behaviors and performance to the full extent,
compared to the formative experiment. The performance criteria and measurement methods are
detailed in the upcoming sections.
(1) Pre-survey: This stage collects personal information related to the learning process,
including medical expertise, experiences and training for ultrasound-guided central line placement,
and perceived confidence level (0-100%) about the skill. The survey format can be either a paper,
verbal communication, or online for convenience.
(2) Pre-test: This stage aims to measure a baseline performance by monitoring trials on the
mannequin. The participants are encouraged to speak up what they are doing or planning to do.
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Figure 67 Procedures for Summative Experiment

(3) Training session: All participants interact with either of the training methods,
mannequin or haptic, for at least 20 minutes. The residents are divided into two groups of six, and
one group interacts with the simulation system, while another group repeats trials on the mannequin.
For consistency, the duration of interaction for both groups are kept equal. The experimenter will
check for the learning progress intermittently.
(4) Post-test: This stage is to confirm a skill transfer in the face of patient/device variability.
The experimenter provides variability in task conditions (e.g. new mannequin with different skin
thickness, a needle with different length or gauge, an ultrasound with different gain or focal depth,
etc.), and monitors performance the same way as in the pre-test.
(5) Interview: A survey inquires about perceived learning during the training session to
capture qualitative aspects of skill acquisition and transfer. The group trained by using the hapticsimulation is asked additional questions about design features of the simulator. The interview is
meant to collect qualitative inputs from users beyond objective measures.
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Both treatment and control groups are commonly tested before and after the training
session, by performing the ultrasound-guided needle placement on the mannequin. A pre-test
intends to grasp one’s baseline performance level, therefore a participant is instructed to perform
while thinking aloud to enable better understanding of individual characteristics. At a post-test, a
participant performs the same procedure on the different brand of mannequin to observe if the
performance level is consistent over realistic variability. Apart from training and control groups of
residents, an expert group is separately recruited to perform on the mannequin so that it forms a
frame of references.

8.3.1. Design of Experiment
The study design aims at testing a number of hypotheses about training effects that are
assessed by multiple dimensions of performance criteria. Overall, the most important factor-ofinterest is a training method as outlined in Table 28, and the three groups of hypotheses are defined
with respect to existence, effectiveness, and efficiency of the training effects.
The first group of hypotheses checks if a training makes substantial differences in
performance, in comparison to non-training.

For a training method to have an effect on

performance, it should be repeated through deliberate practice (Anders Ericsson, 2008). Mere
repetition during a training session without forming a clear intention can fail to test this group of
hypotheses.
The second and the third group of hypotheses check if the training effects are meaningful
and beneficial, respectively. If a deliberate training results in certain behavioral changes that are
not related to the expert performance, the training is hardly considered effective. Even if the training
effects are substantial and contribute to building expert skills, a new method cannot be adopted
unless certain benefits are recognized in reference to the existing method.
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Table 28 A Group of Hypotheses for Summative Experiment
Hypotheses on the existence of a training effect
H0: There are not significant effects of training on performance by using haptic-based simulation
H1a: There are significant effects on performance by using haptic-based simulation
H1b: There are partial effects on performance by using haptic-based simulation

Hypotheses on effectiveness of learning
H0: The effects of training by using haptic-based simulation are towards a random direction
H1: The effects of training on performance are in a direction that resembles experts’ performance

Hypotheses on efficiency of learning
H0: The effects of training by using haptic-based simulation is no greater than those by mannequin-based
training
H1: The effects of training by using haptic-based simulation outweighs those by mannequin-based
training

The study adopts a factorial design with repeated measurements to quantify the training
effects. In essence, a study design for learning incorporates time-dependent measurements. It aims
to discover whether there is a significant change in performance before and after training, over the
treatment and control group. Two-way Mixed Design is a proper choice that examines training
method as a main factor between-subject and time-dependent training as a secondary factor withinsubject. For statistical analysis, Repeated-Measure Analysis-of-Variance or its nonparametric
counterpart is useful, depending on the assumptions of independent observation and multivariate
normality (Girden, 1992; Gueorguieva & Krystal, 2004).
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Table 29 Data Structure
Experimental Conditions by Training Method
Treatment Group
Subjects

Before training

After training

Control Group
Before training

After training

1
N

Since multiple factors, both static and dynamic, can potentially influence human
performance, careful considerations are required about the sources of performance variability that
reside in task and participants. In the upcoming sections, the design of tasks are planned for
validation, and participant selection criteria are outlined.

8.3.2. Task Design
Selecting a representative task for training is critical to effective learning. Repeating
irrelevant or trivial tasks may end up producing negligible effects on performance improvement. In
general, proper tasks for motor training are the ones that suffer from frequent human errors due to
underexploited sensory-motor resources. Also, the target task is likely to be carried out under heavy
demand of motor control, sensory perception, and cognitive workload. Through task analysis in
Chapter 4, it was selected that ultrasound-guided needle placement is a choice second to none to
train for CVC procedure; it is requires dexterous manipulation of two hands at the same time; a
good eye-hand coordination is required to locate the needle at the target vein; ultrasound image on
the screen depends on an operator’s physical ability to orient and stabilize the transducer, let alone
inherent acoustic noise; significant patient variability exists in anatomical structures. Besides, the
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well-known risk of central line needle placement, e.g. perforation, embolism, makes it an essential
target for training to improve safety.
A computer-based simulation demands further elaboration and communication of the task
scenarios (Dayal et al., 2004). For a mannequin-based simulation, the simulated task is selfexpressive thanks to the mannequin that closely resembles human anatomy, see Figure 68 on the
left. On the other hand, the haptic-based simulation is less explicit of how to operate it. Such
difference is conceptualized by affordance (Norman, 1999) which regulates a user and a task
environment by means of the chances that the user performs an action in a certain way. A dummy
mannequin offers a higher level of affordance, as a novice trainee can easily determine what to do
on the mannequin, while a set of electronic devices for the haptic-based simulation does not. Lower
affordance requires extra preparations in the training procedure: to provide the task statement
including the goal and constraints, to define the starting and ending conditions of the task and to
communicate it with participants. As depicted in Figure 68 on the right, a participant is not likely
to perform a training task correctly without detailed descriptions.

Figure 68 Different Level of Affordance in Mannequin- and Haptic-Simulation

Table 30 summarizes the task statement offered to participants prior to the experiment.
This task statement is presented on the front page of the simulation run, see Figure 69, as well as
verbally explained before the experiment starts. It is important to note that a different degree of
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understanding about the task statement can result in unexpected performance variability.
Compliance with human-centered design to improve affordance can ameliorate this problem.

Table 30 Task Statements for Haptic Simulation
Task goal
Task description

Starting condition
Ending condition

“Try your best to obtain good accuracy to the target and to maintain
good image quality during a simulation run”
- Your task is to carefully move forward a virtual syringe at 45 degrees
towards a virtual target while visually confirming it on the screen.
- Your visual quality is controlled by the orientation of the joystick.
The position of the virtual syringe is illustrated
Not specified. The simulation automatically terminates when the
virtual needle perforates into the virtual vessel wall, getting closer to
the target center.

Figure 69 Front Page for Task Description
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8.3.3 Participant Selection

8.3.3.1 Defining novice and expert
The major issues with participant selection have to do with the quality, i.e. whom to recruit,
and the quantity, i.e. how many participants. Proper selection of participants can minimize
individual differences of performance which are inevitable to some degree. Large variability in
baseline skill levels can amplify individual differences, rendering the hypothesis testing difficult.
To address this problem, a different level of novices is defined in reference to experts. A ‘novice’
refers to a physician (or medical resident) who falls short of an expertise skill level. The novice can
be divided into the following categories.
(1) Novice without knowledge: ‘knowledge’ includes indications, contra-indications and
steps of the central line placement, technical know-how of handling an ultrasound probe,
anatomy of the region-of-interest, as well as complications of the procedure (Polderman &
Girbes, 2002). Knowledge can be evaluated by an ability to speak it aloud, and not
necessarily tied to one’s own experience.
(2a) Novice without simulated experience: ‘simulated experience’ refers to the hands-on
practices on diverse types of training methods, including mannequins, task-oriented
training kits, or computer-based simulation systems.
(2b) Novice without actual experience: ‘actual experience’ refers to the clinical practice on
the patient either with or without supervision.
(3) Novice without supervised actual experience: ‘supervised actual experience’ refers to
clinical practice on the actual patient under the supervision of an expert.
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(4). Under-experienced Novice: ‘under-experienced’ refers to the number of clinical
practices on the actual patients being less than 10 times (Barrington et al., 2012), either
supervised or unsupervised.
An expert is defined a physician that has more than 50 times’ unsupervised experiences on
CVC placement procedure (Polderman & Girbes, 2002). In recruitment, the participants belonging
to the same category of novice are recommended to minimize individual differences.

8.3.3.2 Sample Size
It is important to correctly reject a null hypothesis when it is actually false, indicated by
statistical power. It is substantially influenced by the effect size and sample size, thus, running apriori power test can help determine the number of subjects (Cohen, 1988). To estimate effect size,
a study with similar experimental design was reviewed where a simulated needle insertion task was
evaluated on three groups that had pre-training with or without visual cues and no pre-training,
respectively (Roth-Monzon, Chellali, Dumas, & Cao, 2011). Under a performance measure of force
exertion, the estimated effect size is 1.77952, and the relationship between with sample size and
statistical power is depicted in Figure 70. Based on the power analysis, a sample size of seven
results in statistical power over 90%. As an initial estimation, eight participants randomly divided
into the groups of treatment and control are sufficient for statistical analysis.
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Figure 70 A Priori Power Analysis for Sample Size

8.3.3.3 Considering Individual Differences and Learning Curve
To validate learning effects, individual variances in performance should be significantly
less than the variances deriving from training. Roughly speaking, the worst performer after training
should be superior to the best performer in the same group before training (J. A. Adams, 1987). In
the context of learning, performance needs to be treated along a virtual learning curve, rather than
at randomly distributed data points. Figure 71 illustrates a schematic relationship between
individual difference before training (d), after training (d’) and average performance gain (DL)
(Berguer et al., 1999). By systematic relationships, the detectability of performance gain relies on
individual differences, let alone Type II errors.

Figure 71 Individual Differences (d and d’) and Learning Effect (DL)
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Practically, the expected level of performance gain is unknown, but alternatively,
minimizing individual differences increases the chance of detecting performance gain through
training. In this regard, maintaining motivation throughout the experiment is important, since
motivation is a well-known factor to influence motor performance (Schmidt & Lee, 2011). Another
related parameter is an individual rate of learning on a virtual learning curve throughout training
sessions. As illustrated in schematic learning curve in Figure 72, a stopping condition (Nth) for
training relies on the rate of learning for individual participants.

Figure 72 Threshold of Maturity to Learning

8.3.4 Performance Measurement
In medical education, the current trends for training of CVC placement skill are multisession programs that combine lectures, supervised practice, and supplements them with Virtual
Reality or Augmented Reality simulators (Wucherer et al., 2014). The multi-session programs
intend to develop cognitive competency and skill-related competency separately. While cognitive
competency is relatively easier to represent by using written test scores, skill-related competency
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is difficult to represent due to its implicit nature. In fact, little is known about the critical
components of skill-related competency and its association with performance criteria. Without a
well-defined set of competency and associated performance criteria, a training method is not likely
to achieve learning outcomes effectively and efficiently. Effective and efficient training requires
consistent and coherent feedback throughout its runs, and the feedback is built on performance
criteria. In essence, learning and evaluation are two major pillars of a training methodology. This
section first identifies a set of core competencies for ultrasound-guided needle placement, then
establishes a set of performance criteria and its metrics.

8.3.4.1 Elaboration for Performance Criteria and Metrics
According to the video-based motion analysis in Chapter 6, skill-related criteria were
identified that include, but are not limited to, accurate and stable motor control, economy of motion,
bimanual dexterity, efficient eye-hand coordination, perceptual sensitivity, judgment under
uncertainties, and memory retrieval. This subsection further elaborates on these performance
criteria with respect to the desired traits for summative experiment. The number of desired traits
depend on the complexity of the medical procedure. The list of traits are also confirmed by
interviews with three expert surgeons at Hershey Medical Center.
(1) Accurate motor control: When a needle is maneuvered through tissue layers into the
vein, the position of the needle should be precisely aimed at the center of the target vein. The needle
tip located at the center of the vein is important not only for subsequent advancing of the guidewire, but also for preventing overshoot or arterial puncture. Primarily, accuracy means minimum
distance at the final point of the needle tip away from the center of the target vein.
However, there is more to it for accurate control; as drawn in the ultrasound image, see
Figure 73, the visible portions of the needle are usually accompanied by echoes and noises, making
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it difficult to pinpoint the needle position (Chin et al., 2008). Therefore, experts take advantage of
geometric relations including the needle’s point of insertion (POI), its angle (AOI), and beam plane
(BP). Let’s define AOI to be an angle measured against BP. More precisely, it is an orthogonal
projection of the angle onto the plane that contains the transducer’s short axis. From a view point
of anatomy, AOI captures to the angle on Anterior-Posterior plane, ignoring lateral or medial
deviation. Suppose a beam plane is perpendicular to the skin, the needle with AOI 60°, compared
to AOI 45°, should accompany a longer POI about 73% longer than the one at AOI 45°. The same
target can also be approached by a much steeper needle angle at AOI 30° with shorter POI, about
42% shorter than the one at AOI 45°.

Figure 73 Accuracy for Needle Placement

In this regard, accurate control is not confined to the position of the final needle tip, but
also include control of the angle and the point of insertion as intended. Good control begins with
accurate motion planning that is based on accurate estimation of distance and angle. Therefore,
training for accuracy doesn’t simply mean forming a muscle memory. Reliance on a muscle
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memory should be avoided, because there are significant differences in target depth across patient
populations. Rather, it involves locating and orienting the needle as intended, based on a good
understanding of geometric relations. Poor accuracy is indicated by the needle movements that
deviate from the planned status of motions, like unintended deviations in the needle POI, or
unintended lateral deviations of the needle orientation.
Forming of inaccurate intention needs separate handling from accuracy of motor control.
In the beginning, forming an erroneous intention can be caused by inaccurate visual estimation of
distances or faulty understanding of the geometric relations. Erroneous intention is a matter of
cognitive processing, rather than motor capability, although difficult to discern in practice. More
sophisticated approaches are necessary to handle this issue.
(2) Stability: Stability matters both for the needle and the transducer control. For the needle,
stability has to do with maintaining a speed constant at a slow pace while advancing it. It is
important to avoid inadvertent tissue damage due to accelerated needle movement, since
acceleration is converted to accrued forces on the needle surface, then to pressures in the tissue
structures. Needle stability is also important to discern force feedback accurately. Unstable needle
control makes it difficult to perceive a meaningful change of resistance through different tissue
layers. Mathematically, needle stability can be translated by using a needle position vector. Suppose
a needle tip position, velocity and acceleration in space are defined by dynamic vectors X(t) =

(𝑥𝑥𝑡𝑡 , 𝑦𝑦𝑡𝑡 , 𝑧𝑧𝑡𝑡 ), V(t) = 𝑑𝑑𝑑𝑑(𝑡𝑡)�𝑑𝑑𝑑𝑑 , A(t) = 𝑑𝑑𝑑𝑑(𝑡𝑡)�𝑑𝑑𝑑𝑑, then the amplitude of instantaneous acceleration
should be less than a criteria 𝜏𝜏𝑎𝑎 to satisfy a stability criterion,
‖𝐴𝐴(𝑡𝑡)‖ < 𝜏𝜏𝑎𝑎

For 0 ≤ t ≤ T, the acceleration can be averaged such that,
𝑇𝑇

∫0 ‖𝐴𝐴(𝑡𝑡)‖𝑑𝑑𝑑𝑑
𝑇𝑇

< 𝜏𝜏𝑎𝑎

(Eq. 6)

(Eq. 7)
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The stability of the transducer is important for expert performance. It is concerned with
efficiency of performance. Experts tend to fix the position and orientation of the transducer once it
scans the best image and do not move it until needed, while novices often fail to stabilize it need to
repeatedly reposition it. The stability of the transducer is reflected and observed in the ultrasound
image.
(3) Economy of Motion: In general, motion economy is important for efficient performance
by saving redundant and unnecessary steps of movements. It is a virtue of motion planning; good
economy of motion stems from anticipation and planning of movements. Without good motion
planning, economy of motion is not accomplished. As seen in Figure 74, poor economy of motion
is observed frequently among novice performers. Experts tend to optimize the task environments
and devices to minimize redundant steps in advance, like aligning the ultrasound screen with the
line of sight, or drawing the kits close at hand.

Figure 74 Poor Economy of Motions

More importantly, an economy of needle pathway inside tissue is directly related to patient
safety. Repeated and reverted trajectories when advancing the needle from POI to the target
increases the risk of tissue damage. For instance, repeated attempts exponentially increase the risk
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of tissue injury (Polderman & Girbes, 2002). Ideally, the needle pathway is best to be a straight line
without retracted or jagged trajectories. Additionally, the movement lateral to the longitudinal axis
of the needle deep inside tissue is highly discouraged. Needle pathway is relatively simple to
express mathematically. Suppose a position in space is defined as a dynamic vector X(t) =

(𝑥𝑥𝑡𝑡 , 𝑦𝑦𝑡𝑡 , 𝑧𝑧𝑡𝑡 ) and the target position at t=T as X(t) over a discrete time events t=0, 1, ⋯ T. Then a

direct path L(t) is defined at every instance of time,

<𝐿𝐿(𝑡𝑡),𝐿𝐿(𝑡𝑡+1)>

L(t) = X(T) − X(𝑡𝑡) s.t. 𝜗𝜗(𝑡𝑡) = 𝑐𝑐𝑐𝑐𝑐𝑐∅ = ‖𝐿𝐿(𝑡𝑡)‖∙‖𝐿𝐿(𝑡𝑡+1)‖.

(Eq. 8)

Summation of 𝜗𝜗(𝑡𝑡) over discrete time stamps t=t, t+1, ⋯ T can be averaged over a period

to summarize for economy of needle pathway in a value between 0 and 1.
𝑇𝑇

������ = ∑𝑡𝑡 𝜗𝜗(𝑡𝑡)
𝜗𝜗(𝑡𝑡)
𝑇𝑇−𝑡𝑡

(Eq. 9)

(4) Bimanual Dexterity: It is an ability to perform the motor control of the two hands at the
same time. This capacity is particularly useful when the needle gets closer to the target vein. As
seen in Figure 75, when the needle penetrates the vessel wall, it is important to fine-tune the needle
position with the dominant hand to get closer to the target while attempting with the non-dominant
hand to obtain the best possible visualization of the needle. Indeed, the quality of needle
visualization depends on the relative angle between the transducer and the needle (Chin et al., 2008),
thus, re-orienting the transducer within a limited range helps visualize the needle.

Figure 75 Bimanual Task with the Needle Closer to the Target
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Since the bimanual task is physically demanding for normal human abilities, experts appear
to limit the needs of bimanual task deliberately, either by adjusting the needle on a fixed transducer
position, or re-orientating the transducer on the fixed needle. However, the relative duration of the
bimanual task is of interest to characterize expert behaviors.
A less important aspect of bimanual dexterity is related to the grip of the syringe and the
transducer. In the beginning, novice residents are not familiar with the gripping methods, and they
get used to them through practice. Gripping the needle takes longer to get used to, since it serves
dual functions of holding and aspirating the syringe. Besides, there are quite some variations in the
gripping postures among experts.
(5) Eye-hand coordination: While eye-hand coordination is one of the most simple and
natural behaviors of daily life (Vercher et al., 1994), it actually engages complicated interaction of
subsystems spanning sensory-motor control and cognitive functions. These subsystems serve to
visually-locate an object, perceiving the limb position, and controlling movements to accomplish
an intended outcome. While we understand what sub-tasks constitute eye-hand coordination, it is
not clear how people ultimately develop expert eye-hand coordination (A Shumway-Cook &
Woollacott, 2001).
Eye-hand coordination has become particularly important in surgical skill acquisition, for
it cannot be learned by traditional teaching methods (Kakizaki et al., 2012). During the procedure,
surgeons must accurately maneuver the needle while internally reverse-mapping 2D ultrasound
image back to 3D anatomical structures (Nguyen et al., 2001). While eye-hand coordination is a
vital component, resident surgeons are typically evaluated by global assessments (J. Martin et al.,
1997) conducted by a skilled surgeon. Although this method has been shown to be valid under
various procedures, the assessment is subjective in nature and thus is prone to human biases and
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limitations (Vercher et al., 1994). Further research is needed to objectively monitor this
competency.
(6) Perceptual Sensitivity: Perceptual input forms a close-loop of accurate motor control.
Thus, acute sensitivity helps to improve performance of the visually-guided needle placement. Both
experts and novices commonly rely on visual sensitivity to detect visual objects on the ultrasound
screen. Interestingly, some experts also rely on haptic senses to identify the vessel wall or different
layers in the tissue. Overall, the CVC procedure is not heavily dependent on haptic senses because
of relatively shallow depth of the target vein and the uniformity of the tissue overlying the vein.
However, considering generalization of the haptic-based simulation to a variety of procedures,
training for improving sensitivity has great potential benefits.
Haptic sensitivity helps directs attention to force resistance selectively during the needle
placement. Suppose force resistance f(x) through the needle is somehow measured over the 1D
needle depth 𝑥𝑥𝑙𝑙 ≤ 𝑥𝑥 ≤ 𝑥𝑥𝑢𝑢 and a subject perceives the force difference (JND) at a point 𝑥𝑥0 .

Recognizing a local peak 𝑓𝑓 ̅ of the force resistance is beneficial to a surgeon, because the peak is
likely to correspond to puncturing into a different tissue layer, in the course of CVC insertion, most

likely the vessel wall. The relative magnitude of the perceived force with respect to the local
maximum 𝑓𝑓 ̅ and minimal 𝑓𝑓 can be a proposed measure of the sensitivity, as illustrated in Figure

76. Unlike motor competencies, perceptual sensitivity requires indirect estimation to gauge the
ability because perception takes place in a relatively short period, and the perceptual outcome itself
is invisible.
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Figure 76 Schematic Force Resistance over Needle Depth and Haptic Sensitivity

(7) Memory and Judgment: The last components of competency for the task call for
cognitive processing. Highly skill-oriented competencies like CVC placement cannot be completed
without regard to cognitive abilities, which distinguishes itself from a simple manual task.
Throughout the task, a surgeon intermittently retrieves the memory of task procedure, indications
and contraindications, and anatomical structures, as well as the muscle memory of handling the
needle and the transducer. Added to it, judgment under uncertainty plays indispensable roles to
distinguish the vein from the artery via partial visual cues, and to envision the current position of
the needle tip based on noise-loaded acoustic reflections. Just like perceptual senses, memory and
judgment requires indirect methods for measurement. Practical methods for measuring these skills
will be discussed in the next section.

8.3.4.2 Checking for Representativeness of Performance Criteria
The first step in measuring surgical skills is identifying and developing a gross performance
index. In the clinical settings, clinical outcomes can be measured according to the gross
performance criteria listed in Table 31, generated from the review of literature presented in
Chapters 2 and 4. The abundance of performance criteria identified in this review suggests a lack
of standardized methods or principles for identifying, assessing, and examining surgical skills.
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Developing standardized metrics is important because there is not currently any reliable or practical
methods for measuring theses skills without individual bias present in current assessment methods.
In fact, a well-established system of performance criteria, rather than a single-valued gross
performance index, is a much-sought after ideal for clinical examinations and certifications (Bass,
2012), at rapidly emerging medical technologies.

Table 31 Available Criteria and Measurement for Gross Performance
Core
Competency
Overall
Performance

Performance
Category
Efficiency of Procedure

Effective Outcome

Safety

Perceived Confidence

Knowledge

Error and
Feedback
Mechanism

Goal/Risk/Alternative
Plan
Prior experience
Strength of perceptual
Feedback/ Detection of
error/ Response to error

Motion/Motion
Strategy

Encoding motion by
parameters/ Efficiency
of motion/ Group of
motion strategies

Information
Process

Reactive strategy to
perceived error/ Lessons
learned from previous
training

Measurement Method
(O: Observation, S: Survey, X: Measurements)
[O] Time to complete entire procedure
[O] Time to complete each subtask
[O] Effort at the transition between subtasks (Degree of
Dual task)
[X] Final position of catheter (chest X-ray), guidewire, and
needle tip (ultrasound image)
[O] Number of attempted percutaneous access
[O] Success Rate
[X] Interference with vessel wall (Dynamic ultrasound
image)
[O] Technical Errors during procedures
[S] Overall Confidence of the skill
[S] Difficulties in partial subtasks
[S] Opinion about current method of training
[S] Verbal Questions
[S] Formal education and attempts
[S] Verbal Questions during procedures
[O] Change of motion strategy
[O] Distractors in the environments
[X] Wearable camera at eye-level
[X] Force transferred from the device handle to the hand
[O] Fluid movement
[O] Efficient device control
[O] Change of posture, speed
[X] Joint velocity & acceleration
[X] Force exerted on the vessel wall
[S] Recollection of decision process
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In route to developing these metrics, it is important to consider the hierarchy of
performance criteria that has already been established for learning feedback in haptic-based
simulation. Chapter 7 summarized CVC performance into the quality of needle movement and the
quality of probing. The quality of needle movement is further broken down to the final position of
needle tip, entire needle pathway, speed of the needle movement, and repeated attempts. The
quality of probing was also further divided into the image quality of visualization and the timing
of visualization. This hierarchy is constructed on the basis of task analysis, rather than the core
competencies identified in the previous section. However, it represents the core competencies
without noticeable omissions as in Figure 77 demonstrates.

Figure 77 Performance Hierarchy vs. Core Competencies

In order to assess individuals using these criteria, metrics must first be developed. Table
32 specifies metrics that characterize the quality of needle movement for ultrasound-guided needle
placement and are geared towards quantifying positive behavioral attributes that help achieve
needle placement accurately and safely. For example, having a needle path as straight as possible
helps prevent unexpected needle bending, which is an indicator of lateral force. Similarly, the
metrics in Table 33 define those related to the quality of ultrasound probing. Although the metrics
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for probing quality is not as important to patient safety as those for needle movement are, they are
important for understanding how visual objects are projected and interpreted, and thus are related
to overall CVC insertion performance. The list of these metrics will be used to examine resident
performance before and after training in the next section.

Table 32 Performance Metrics to Monitor Needle Movements
Metrics
Non-linearity of needle
path
Unsteadiness of needle
path
Detour in needle path

Units
inches

Needle path distance

inches

Speed of needle
insertion
Jerking motion

inch/sec

Rotational instability

degree/sec2

Reverted needle path

proportion

inches
inches

inch/sec2

Definition
the average deviation from a linear pattern for needle
during its insertion into the tissue
the standard deviation of the degree of non-linearity for
needle during its insertion into the tissue
the total distance that needle tip travels inside tissue to
reach the deepest point under the skin compared to ideal
distance
an ideal distance that connects a point of needle insertion on
the skin to the deepest point under the skin
the average of instantaneous linear velocity for needle
during its insertion into the tissue
the standard deviation of instantaneous linear velocity for
needle during its insertion into the tissue
the standard deviation of instantaneous angular velocity for
needle during its insertion into the tissue
the proportion in time interval when needle is inserted into
the tissue during which needle is returned to the previous
depth

Table 33 Performance Metrics Related to Ultrasound Probing
Metrics
Total period of time

Units
sec

Period of
previsualization
Period of coordination

proportion

Period of needlevisibility

proportion

Probing instability

proportion

proportion

Definition
the duration of the procedure that begins with probing the
site of insertion, and ends with confirmation of a flash of
blood
the relative duration of time spent to localize the vessel on
ultrasound image before needle inserts
the relative duration of time spent to manipulate needle
while looking at the ultrasound screen at the same time
the relative duration of time during which needle becomes
visible on the ultrasound screen in reference to the time
when needle stays inside tissue
the cumulative area on the ultrasound screen that has been
occupied by the visual object of target vein when needle
remains in the tissue
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To monitor a participant’s performance growth on the core competencies, it is important
also to consider how to collect these measurements with minimum obstruction. Currently, the
physical sensors and the tracking devices used to measure these criteria often impede natural human
movements and processes, making the measurements unreliable (Radwin, 2013). These obtrusive
measurements are particularly problematic when trying to study surgical procedures (Hamdorf &
Hall, 2000) because the analytic interventions require changes in operator’s physical and cognitive
states (Berguer et al., 1999; Nguyen et al., 2001).
In order to overcome these issues, the data collection tools used in this chapter include
video-based motion analysis, electromagnetic motion tracking, and ultrasound image analysis.
Both video-based and electromagnetic motion analysis tools are rarely obstructive to the range of
motions demanded in the task. By combining the three measurements, it can estimate the hierarchy
of performance criteria either directly or indirectly, and the outcome will be used for performance
evaluation in the pre-test in comparison to the post-test to examine hypotheses.

8.3.4.3 Quantifying Performance of Needle Movement
The changes in the quality of the needle movement can be monitored by analyzing the
results of electromagnetic motion tracking. The tracking system is composed of a small magnetic
sensor and a transmitter. A medium-range transmitter can measure the position and rotation of the
sensor up to 600mm in distance. Figure 78 depicts the pilot set up for the electromagnetic tracking
system with sensor and transmitter. During the summative experiment, the tracking sensor was
attached to the syringe to monitor the quality of needle movement.
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Figure 78 Electromagnetic Tracking System

Once tracking is complete, the raw data for position and rotation is stored in a 3D world
coordinate, and each data point is updated at 80Hz. If we consider the movement patterns of the
needle during a task, the needle trajectories inside tissue are likely to be crammed in a narrow area,
see Figure 79. Focusing more on the area of interest, it is possible to pinpoint the point of insertion
and the point of needle target on the data. This is enabled by a filtering algorithm that excludes any
partial regions that show the change of abrupt angular velocity. While the needle is inside the tissue,
it is not feasible to rotate the needle abruptly. A 10% of the maximum angular velocity is set up as
a reasonable threshold.

Figure 79 Selecting a Period of Interest from Tracked Data Points
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Figure 80 Area of Interest for Needle Pathway

Figure 81 Quantifying Metrics from Needle Pathway

As a result of filtering, a needle pathway inside the tissue is extracted from the point of
insertion on the skin surface to the end point of the needle tip close to the target, see Figure 80. For
visualization, Figure 80 highlights the points on the needle paths that have any history of retractions
with colored x’s. The points along the pathway are useful data to analyze accuracy, stability, speed
and repeated insertion attempts of the needle. Suppose a reference line is drawn that minimizes the
sum of squared distances for each point on the needle path, see Figure 81. For a finite number of
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sampling points on the line, the mean of distances can be calculated to quantify the degree of
inaccuracy,
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

∑𝑛𝑛
𝑖𝑖=1‖𝑒𝑒𝑖𝑖 ‖
𝑛𝑛

(Eq. 10)

E[e] corresponds to the degree of inaccuracy: a large value suggests derailment from the
straight line against economy of motion. In fact, it is not a direct way to measure accuracy as
gauging the distance from the final needle tip to the center of the target vein. However, when the
final point of needle tip varies only within a small range of venous diameter, the straightness of the
needle pathway matters much more for accuracy. Therefore, mean of error distances can be a
practical measure of accuracy.
2
∑𝑛𝑛
𝑖𝑖=1‖𝑒𝑒𝑖𝑖 −𝐸𝐸(𝑒𝑒)‖

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = �

𝑛𝑛−1

(Eq. 11)

Similarly, stability of the needle motions can be represented by standard deviation of the
error distances. Taking needle stability as the needle being kept under fine control, the standard
deviation of the error corresponds to the degree of instability.
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

∑𝑛𝑛−1
𝑖𝑖=1 ‖𝑷𝑷𝒊𝒊+𝟏𝟏 −𝑷𝑷𝒊𝒊 ‖
𝑡𝑡𝑖𝑖+1 −𝑡𝑡𝑖𝑖

(Eq. 12)

Finally, speed of the needle along the pathway is represented by the mean of speed at the
two consecutive points along the needle path. Suppose there are finite numbers of points Pi= (pix,
piy, piz) on the path, with time ti assigned at the moment the needle tip passes Pi (i=1,…,n), These
measurements do not have physical units, and are meaningful only in a relative sense. For
comparison, a frame of reference should be established for expert levels of accuracy, stability and
speed
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8.3.4.4 Quantifying Performance of Ultrasound Probing
Another category of the performance hierarchy concerns the quality of probing to obtain
the ultrasound image. In general, the ultrasound image quality is considered high when the target
object is imaged adequately in the field of view, the transducer is kept steady, and the needle is
clearly visible throughout the task, while the indicators of the poor quality include unstable
transducer, multiple attempts to find the needle in plane and invisible needle tip during insertion
(Barrington et al., 2012).
This part of the analysis is enabled by synchronizing the video footage with the ultrasound
image captured using external media. Adobe Premiere Pro (CS6, Adobe Incorp.) provides a
convenient workspace for frame-by-frame analysis of the synched images. To analyze timing, it is
useful to add markers directly on a timeline while observing a participant’s gaze and what the
person sees, as well as the hand movements. A marker on a timeline is encoded into common
activity codes, such as visual search, grasping, adjusting, probing, etc. The common activity codes
are useful to compare the timing of probing before and after the training. To investigate the quality
of timing, common activity codes are categorized into four large categories, visual perception, eyehand coordination, motor control and gross motion. By analyzing the relative proportion of the
duration, it is possible to detect the changes in the resource allocation patterns. More importantly,
the relative duration (%) of needle visibility and of attempts to visualize it can be reasonable
indicators for the quality of probing with respect to timing.
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Figure 82 Adding Markers for Activity Codes on Timeline

Not only timing, but the image quality itself is also analyzed to measure the transducer
stability. To that end, a sequence of representative images are sampled along the timeline. For fair
comparison, the sampling sequence is extracted at the two different stages–during attempts to place
the vessel on the field of view (pre-visualize), and during the needle is being inserted under the
skin.

Figure 83 Sampling Sequences during Pre-visualizing

Figure 83 demonstrates the sampled image sequences during pre-visualization. The
participant explores a wide area on the screen with varying pressures. The sequences suggest the
participant having hard time during pre-visualization. To the contrary, Figure 84 shows sampled
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sequences during needle insertion. The position of the vessel is stabilized compared to during previsualization, but a bit of fluctuation is still present. The cumulative area that the tracking box has
navigated over the entire screen represents the degree of instability, see Figure 85. The opposite of
the cumulative area that has not been navigated can then indicate the degree of stability.

Figure 84 Sampling Sequences during Needle Visualization

Figure 85 Measuring Stability by Area of Navigation

In general, the visual objects scanned at the deeper focal depth are likely to appear smaller,
and their cumulative areas can also be smaller despite larger instability. To further compare images
scanned at a different focal depth, the navigated area should be properly normalized with respect
to the unit size of a visual object or a tracking box. Figure 86 contrasts the two equivalent area of
cumulative navigation with focal depth twice as much, making the size of a visual object differ by
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four-times. To keep the same level of probing stability, a navigated area should be offset by the
relative size of a tracking box.

Figure 86 Cumulative Area by Different Scan Depth

Given total field of view on the screen AΩ, total area of navigation up to time T as AU, and
the size of a tracking box AC(t) at time t, the degree of maximum stability is defined,

𝐴𝐴

𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐶𝐶 (𝑡𝑡)
)
𝐴𝐴𝑈𝑈

𝑀𝑀𝑀𝑀𝑀𝑀. 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = (1 − 𝐴𝐴𝑈𝑈 )(
Ω

(Eq. 13)

This definition quantifies stability in terms of an area that is not navigated up to time T,
and offset the area by the maximum size of tracking boxes in a relative scale. The stability metric
does not have a unit, in a scale of 0 to 1. Also important during needle insertion is to have the needle
visible for longer periods of time, and it is monitored via timing. In an extreme case, a flash on the
syringe without any needle visibility can suggest success by chance.
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8.3.5 Equipment for Training and Measurements
A list of equipment used throughout summative experiment and the technical specifications
are summarized in Table 32. Main equipment includes the haptic device, mannequin, and joystick
for simulated training, ultrasound machine, its transducer and catheterization kits for realism in
practice, the electromagnetic tracker and video camcorder for motion analysis, and DVD capture
board for ultrasound image analysis. Especially, Geomagic ○R TouchTM haptic device is an important
E

A

A

component of the simulated training. It provides three-dimensional navigation, delivers force
feedback, and measures the spatial position along three axes and orientation of its handheld stylus.
Table 34 List of Equipment for Training and Measurements
Purpose

Equipment

Technical Specifications

Simulated
Training

Haptic device (GeomagicRTouchTM, Sensable,
Wilmington, MA )

Range of motion: 160mm×120mm×70mm
Min. resolution: 0.055mm
Max. force: 3.3N
Stiffness[N/mm]: 1.26×2.31×1.02
Size: 55cm×57cm×23cm
Weight: 12.7 kg

Perform
Procedure

Performance
Measurement

Mannequin for Internal Jugular access
(CentraLineManTM, SIMULAB Corporation,
Seattle, WA)
Ultrasound imaging system (M-TURBOR,
FUJIFILM SonoSite Incorporated, Bothell, WA)
with transducer (HFL38X or L38xi, FUJIFILM
SonoSite Incorporated, Bothell, WA )
Catheterization kits (AK-09903-S, Teleflex
Incorporated, Morrisville, NC)
Electromagnetic tracker (trakSTAR, NDI, Waterloo,
Ontario, Canada)
Video Camera (DIX100A, Panasonic Global,
Newark, NJ)

Display: 26.4cm LCD
Dynamic range: up to 165Db
Imaging mode: 2D/Color Doppler/PW
Connectivity: External S-video
Catheter introducer needle (18 Ga. x 2-1/2")
Spring-Wire Guide (0.035" dia. x 1713/16")
Accuracy: 1.4mmRMS, 0.5°RMS
Update rate: 20-255Hz
Max. tracking distance: 600mm
Resolution: 380 pxl
Optical sensor mode: 3CCD

Recording ultrasound image (DMR-EA18,
Panasonic Global, Newark, NJ )
Computer &
SW

Performance laptop (ENVY, Hewlett-Packard, Palo
Alto, CA)
Simulation run environment (MATLAB 13.0,
MathWorks, Natick, MA)
Motion analysis (Adobe After Effect and Adobe
Premiere Pro CS 6.0, Adobe Systems Incorporated,
McLean, VA)

OS: Windows 7
RAM: 12G
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8.4. Experimental Outcomes
This section uncovers the main results of the summative experiment as examining the
hypotheses one by one, in reference to the hierarchy of performance criteria. Before presenting the
results, basic information about the experimental set up is outlined in the next subsection, including
location, set-up, and participant profiles.

8.4.1 Profiles of Summative Experiment
The experiment was approved by the Penn State Internal Review Board on 19th May, 2014
(Protocol No: 45372) under the research title “Investigating the utility of haptic-feedback for
improving surgical training”, and it went through continued review by CATS IRB since May 2015.
The experiment was conducted in the Simulation Center at Milton S. Hershey Medical Center. Two
mannequins and the haptic-simulator was stationed on each table side-by-side in the room, and the
ultrasound machine was movable to adjust for best viewing angle, see Figure 87. The two
mannequins were randomly assigned for pre-test and post-test, respectively.

Figure 87 Experimental Layout
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The experimental session lasted approximately an hour for a participant, and a total of six
medical residents as novice and two experts participated. The medical residents were all 1st-year
residents with demonstrated qualification to know the procedure and were practiced in the past year
by using the mannequin-based simulation, but had limited experiences on patients since. The novice
group was not balanced in gender, two males and four females, and the median age was 28, all
below 40. The medical expertise for the novice group varied across plastic surgery, otolaryngology,
and general surgery.
The two experts recruited, both males, had at least over 25 years’ experience with the CVC
procedure, each with different medical expertise. Each expert performed the ultrasound-guided
needle placement six times on the mannequin that provided baseline expert level and performance
variances. One of the six was to think aloud to explain expert opinions on each step of the task.
Also, the experts went through the haptic-based simulation system and commented on the design.

8.4.2 Validation of Training Effect
The first part of validation is to examine if there were significant changes in CVC
mannequin based insertion performance before and after training on the haptic-based simulator or
repeated training on the mannequin simulator. In particular, the validation study was developed to
test the hypothesis that “there is no significant performance change on the CVC mannequin
simulator after training with either the mannequin or haptic simulation.” In order to test this
hypothesis, the multiple-dimensional performance criteria defined in Table 32 were used.
Performance on these criteria was compared between an individual’s pre- and post-test
performance on the mannequin. Due to the small sample size, Wilcoxon Signed Ranks Test— the
nonparametric counterpart of the pair-wise t-test—was used.
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The outcome of the Wilcoxon Signed Ranks Test rejected our null hypothesis, see Table
35. Specifically, at a 5% significance level, there was a significant performance difference in nonlinearity of needle path (Z=2.201, p=0.016<0.05, r=0.90), needle speed during insertion (Z=2.201,
p=0.016<0.05, r=0.90), jerking motion of needle (Z=1.992, p=0.031<0.05, r=0.81), and rotational
instability of needle (Z=2.201, p=0.016<0.05, r=0.90). Specifically, the degree of non-linearity of
needle path decreased (Median: 3.67) compared to the status before training (Median: 7.51), needle
speed slowed down (Median: 2.77) compared to the status before training (Median: 3.02), jerking
motion reduced (Median: 0.51) compared to the status before training (Median: 0.79), and
rotational instability mitigated (Median: 4.02) compared to the status before training (Median: 7.48).
Note that for small sample computation, the exact value of the significance must be calculated in
place of Monte Carlo simulation.

Table 35 Statistical Analysis of Training Effects
Paired Comparison of Performance Metrics for Needle Movements:
Performance Before Training - Performance After Training
NonUnsteadiness Detour
Linearity
Z
Asymp. Sig. (2tailed)
Exact Sig. (1tailed)

Needle path Needle
distance
Speed

Jerking
Motion

Rotational
Instability

-2.201

-1.572

-1.572

-1.153

-2.201

-1.992

-2.201

.028

.116

.116

.249

.028

.046

.028

.016

.078

.078

.156

.016

.031

.016

In particular, the question arises as to the magnitude of training effect for haptic-based
training. Before statistical validation in the upcoming section, appreciation of mean and standard
deviation can give an outline of the size and dispersion of the training effect. The results are
summarized in Table 36 for significant performance metrics. The values in the table are the mean
of the three participants in the treatment group. For the quality of needle motions, four metrics are
used: the degree of non-linearity for needle pathway, needle speed, the degree of jerking motions
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and rotational instability during needle insertion. For the quality of probing, two metrics are used:
to measure needle visibility, the period during which needle is visible on the ultrasound image is
divided by the whole period of needle insertion. For image instability, the cumulative areas that the
scanned vessel in the image sequences occupy is divided by the entire area of the ultrasound screen.
The degree of probing instability is investigated at the pre-visualization phase and needle insertion
phase, separately.

Table 36 Mean Performance Change for Haptic-Training Group
Performance criteria
Quality of needle
motions

Quality of probing

Non-linearity (inch)
Speed (inch/s)
Jerking Motion (inch/s2)
Rotational Instability
(inch/s2)
Needle visibility (%)
Max. stability during previsualization
Max. stability during needle
insertion

Before haptic training
10.046
2.540
0.726

After haptic training
3.403
2.249
0.246

9.024

4.769

32.37

42.69

0.2365

0.2857

0.5691

0.7386

For further examination of dispersion, standard deviations can be compared with respect
to the performance gain. As was illustrated in Chapter 8.3.3.3, learning effect stands out if
performance gain far outweigh individual differences that can be reasonably characterized by
within-subject and between-subject variances. Table 37 summarizes this point. For a treatment
group that goes through haptic training, performance gains for statistically-significant performance
criteria are much greater than the largest standard deviation, both within-subject and betweensubject. Although underlying probability distribution is not assumed to be normal, the predominant
magnitudes of performance gain suggest these performance gains are beyond random effects.
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Table 37 Performance Gain and Individual Differences
Performance
criteria
Nonlinearity
(inch)
Speed
(inch/s)
Jerking
Motion
(inch/s2)
Rotational
Instability
(inch/s2)

Mean Before
Haptic
Training

Mean After
Haptic
Training

Performance
Gain (%)

Largest Standard Deviation

10.046

3.403

6.643 (66.1)

3.078

4.355

2.540

2.249

0.291 (11.4)

0.139

0.679

0.726

0.246

0.48(66.1)

0.086

0.329

9.024

4.769

4.255 (47.1)

8.675

4.255

Within-subject

Between-subject

Since the average performance change is much greater than the between-subject variances
and between-trial variances in magnitude, it is concluded that the quality of needle motions make
significant difference after the haptic-based simulation training. Therefore, the hypotheses on
existence of training effect is validated; there are partial effects on performance by using the hapticbased simulation. Now that there is a significant change of performance after training, is it good or
bad? This question raises validation of the next hypotheses about the effectiveness of the training.

8.4.3 Validation of Training Effectiveness
The effectiveness of training cannot be judged without regard to a standard or an
appropriate frame of reference. Although the training the residents received was shown to
significantly impact performance, the improved performance might be far from being effective if
it is way below expert performance. Therefore, expert performance can be used as a reasonable
frame of reference by which to evaluate any learning gains. This section applies the same set of
performance hierarchies to analyze expert performance. The findings here are useful to discover
expert traits, as well as testing the hypotheses on training effectiveness.
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The hypothesis tested here is that there is no significant difference in performance between
experts and residents after training. Assuming that each trial of ultrasound-guided needle placement
for each individual is independent, the Mann-Whitney U Test can be used to test the hypothesis.
Using nonparametric analysis is convenient to do without normality assumption. Apart from
hypothesis testing, comparing with expert performance is also beneficial because it establishes
construct validity for the list of performance metrics.
At a 5% significance level, the results of the Mann-Whitney U Test showed that all of the
metrics, with the exception of the detour and depth for needle path, were statistically significant,
see Table 38. Note that exact significance value is calculated for small sample size, in place of
Monte-Carlo method. Specifically, the results show that experts had lower degree of non-linearity
for their needle path (Median: 2.52), compared to those of the residents after training (Median: 3.91)
with statistical significance (U=6.00, p<0.001, r=0.71), let alone those of the residents before
training (Median: 5.44). Similarly, the experts indicated lower degree of unsteadiness for their
needle path (Median: 1.38) compared with those of the residents after training (Median: 1.86) with
statistical significance (U=12.00, p=0.001, r=0.64). They were also more stable in terms of lower
level of speed (Median: 1.15) compared to those of the residents after training (Median: 2.87) with
statistical significance (U<0.001, p<0.001, r=0.81), in terms of less degree of jerking motion
(Median: 0.22) compared to those of the residents after training (Median: 0.83) with statistical
significance (U<0.001, p<0.001, r=0.82), in terms of less degree of rotational instability (Median:
1.98) compared to those of the residents after training (Median: 4.34) with statistical significance
(U<0.001, p<0.001, r= 0.82). Unlike expectation, the experts indicated higher proportion of
reverted path in their needle trajectories (Median: 0.048) compared to those of the residents after
training (Median: 0.014) with statistical significance (U=26.00, p=0.02, r=0.44). Except for this
last variable, the results lead us to conclude that experts are superior to the residents in the five
performance criteria that reflects the accuracy and stability of needle pathway during CVC insertion.
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Table 38 Nonparametric Analysis to Compare Experts and Residents after Training
Nonlinearity Unsteadyness
MannWhitney
U
Wilcoxon
W
Z
Asymp.
Sig.
(2tailed)
Exact Sig.
(1-tailed)

Detour

Needledepth

Needle- Jerking Rotational
speed motion instability

Revertedpath

6.000

12.000

36.000

48.000

.000

.000

.000

26.000

42.000

48.000

141.000

84.000

36.000

36.000

36.000

131.000

-3.416

-3.007

-1.367

-.547

-3.828

-3.829

-3.829

-2.053

.001

.003

.172

.585

.000

.000

.000

.040

.000

.001

.091

.302

.000

.000

.000

.020

The six criteria were also validated to represent certain levels of expertise. Similar to the
previous section, the mean values helped outline the existing gap between experts and residents. A
group of figures in Figure 88 displays the performance gaps between the experts and novice
residents.
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Figure 88 Performance Comparisons for Residents and Experts
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Table 39 summarizes the mean performance of an expert group in the last column, and
contrasts itself to all residents after training and the residents who went through haptic training.
Except for a criterion of reverted path, all are meaningfully short of expert performance, noting that
the smaller is the better. The exception will be discussed later with regard to characterizing expert
behaviors.

Table 39 Performance Summary of Trained Residents vs. Expert Group
Performance criteria

Quality of
needle motions

Quality of
probing

Non-linearity (inch)
Unsteady-ness (inch)
Speed (inch/s)
Jerking Motion
(inch/s2)
Rotational Instability
(inch/s2)
Reverted path (%)
Needle visibility (%)
Max. stability during
pre-visualization
Max. stability during
needle insertion

Residents after
training, either
Mannequin or
Haptic
4.3764
2.1278
2.7493

Resident after
Haptic training

Expert

3.4032
1.9607
2.2490

2.5726
1.3859
1.2036

0.7172

0.2462

0.2178

7.5978

4.7699

1.9726

0.0155
42.69

0.0166

0.0579
81.60

0.2857

0.3679

0.7386

0.8594

The remaining gaps between experts and novices in performance have implications for the
effectiveness of the current training method. Assuming that an ideal training method is likely to
reduce the gap quickly, large gap suggests what current training method is missing. Figure 89 plots
the gaps on a multi-dimensional performance space. The gap in each performance dimension is the
mean difference normalized with respect to novice performance in percentage. Among the
performance dimensions, needle speed and probing stability has been best improved through
current training, yielding their gaps relatively small, 7.0% and 22.6%, respectively. On the other
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hand, visualizing the needle for longer period and accurate needle movement are the least prepared
skills that needs to be trained better, making the gap as large as 91.1% and 66.0%, respectively.

Figure 89 Performance Gaps (%) Compared to Experts after Haptic Training

8.4.3.1 Further on Training Focus
The biggest difference in visualizing the needle is worth further attention. During needle
insertion, experts continued to view their needle tip for 81.6% of the time, while novices viewed it
for 42.7% of the time. It is not surprising that experts can control their needle pathway in a straight
line with better accuracy when they can see where their needle tip is heading. To the contrary, the
novice group seems to rely on guessing for a large proportion of time when the needle is inside the
tissue.
The skill of visualizing the needle during ultrasound-guided needle insertion has drawn
attention, particularly in regional anesthesia, due to its complexity and gravity to patient safety
(Chin et al., 2008). Current efforts are centered on developing new technology, including
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ultrasound imaging, e.g. 3D ultrasound imaging or color Doppler technology, and needle design,
e.g. echogenic materials.
Together with new technology, human capabilities surrounding needle visualization should
be better revealed. Essentially, consistent needle visualization is difficult because how a needle tip
is aligned with the beam plane when it is hidden under the skin. Experts are well aware of several
workarounds to keep it visible, while novices are not. For instance, having a steeper angle of needle
insertion (Schafhalter-Zoppoth, McCulloch, & Gray, 2004), orienting the needle bevel and priming
the shaft (Chin et al., 2008) are known to improve visibility. The current method of training needs
to be reviewed with respect to needle visualization.
This section has examined the effectiveness of the haptic-based training by comparing the
trained performance with that of experts. On average, there were 46.6% of performance gaps across
multi-dimensional performance criteria. Controlling the needle at low speed and stabilizing the
transducer were well trained in the current method, while training for the skill of needle
visualization remains much to be desired. Next, the benefits of the haptic-based simulation
compared to the mannequin-based training are reviewed through experiment.

8.4.4 Validation of Training Efficiency
The efficiency of a new training method over the status quo is important for justifying its
adoption. So far, the haptic-based training is shown to bring meaningful changes in the quality of
needle movement and probing, although there are still more to be learned to reach expert
performance. What remains to prove is that learning effects created by the haptic-based simulation
outweighs those by the mannequin-based training. This can be achieved by comparing the
performance gain of the treatment group with the control group. Since both groups are trained for
the period of time similar in length, their differences correspond to the degree of training efficiency.
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The main hypothesis to test here is that there is no significant difference in the performance
criteria after training, either haptic or mannequin-based method. This hypothesis builds on the
results in Section 8.4.2 that showed that there were significant training effects on the four
performance criteria of non-linearity of needle path, needle speed, jerking motion and rotational
instability. In order to test if there was a difference between these training approaches, a MannWhitney U Test was conducted on the two independent groups of mannequin-based and hapticbased training, see Table 40 for results. Among the four criteria, the haptic-based training indicated
less amount of jerking motion for residents who were trained this way (Median: 0.26) compared to
those of the residents trained on the mannequin (Median: 0.83). This relative benefit of the hapticbased training was statistically significant (U<0.001, p<0.05, r=0.80). The result reject the null
hypothesis, demonstrating learning efficiency of the haptic trainer.

Table 40 Nonparametric Analysis to Compare Performance for Both Training Methods
Nonlinearity
Mann-Whitney U
Wilcoxon W
Z
Exact Sig. (1-tailed)

4.000
10.000
-.218
.500

Needle Speed
2.000
8.000
-1.091
.200

Jerking Motion
.000
6.000
-1.964
.0490

Rotational
Instability
3.500
9.500
-.443
.400

That fact that the jerking motion can be mitigated by the haptic training has an implication
for the foci\us of training programs. In addition, the different rates of performance gain on multiple
criteria sheds lights on the learning benefits specific to different training methods. Table 41 and
Table 42 contrasts the performance gains by the haptic-training and mannequin-training groups,
respectively. Performance gain is marked positive when a training contributes to a positive aspect
of a performance criterion, and marked negative when the change counteract to the performance.
The gain is represented in mere difference and in percentage of it over the baseline performance.
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Table 41 Performance Gain for Haptic-Training Group
Performance criteria
Inaccuracy (unit-less)
Quality of
Instability (unit-less)
needle
Speed (/s)
motions
Repeated Attempts (%)
Needle visibility (%)
Max. stability during
Quality of
pre-visualization
probing
Max. stability during
needle insertion

Before training
7.7417
0.8752
1.5898
16.08
32.37

After training
7.5614
0.4889
1.3401
18.18
42.69

Performance Gain (%)
+0.1803 (2.3)
+0.3863 (44.1)
+0.2397 (15.1)
-2.1 (11.5)
+10.32 (31.9)

0.2365

0.2857

+0.0492 (20.8)

0.5691

0.7386

+0.1695 (29.8)

Table 42 Performance Gain for Mannequin-Training Group
Performance criteria
Inaccuracy (unit-less)
Quality of
Instability (unit-less)
needle
Speed (/s)
motions
Repeated Attempts (%)
Needle visibility (%)
Max. stability during
Quality of
pre-visualization
probing
Max. stability during
needle insertion

Before training
10.2883
5.4188
2.8686
28.67
55.54

After training
0.1109
0.4009
2.8659
9.1908
81.57

Performance Gain
+10.1774 (98.9)
+5.0179 (92.6)
+0.0027 (0.1)
+19.4792 (67.9)
+26.03 (26.9)

0.3468

0.4072

+0.0604 (17.4)

0.8253

0.8126

-0.0127 (1.5)

By analyzing the performance gains across performance criteria, the benefits of each
training method is clearly distinctive. Overall, the mannequin-based training is better at improving
the accurate control of the needle and its trajectories, while the haptic-based training method is
beneficial in improving the stability of the needle and transducer control, see Figure 90. Particularly,
training for needle speed and the ability to stabilize the transducer during needle insertion has no
match for the haptic-based training method.

219

Figure 90 Comparative Benefits by Training Methods

8.4.5. Qualitative Analysis of Training Effects and Expert Behaviors
At times, qualitative observation can add to quantitative analysis by offering an opportunity
to explore unknown field and providing insights. Despite a myriad of research on medical education,
not much is revealed about which behavioral attributes form expert levels for specific surgical skills.
At macro level, experts outperform residents in important clinical outcomes and patient safety.
Without a doubt, there are certain perceptual-motor and cognitive skill sets that enable to achieve
this expert level. However, this knowledge does not apply to designing a new training program,
because these specific skills sets are not fully understood in the context of surgical procedure. For
example, little study has focused on how experts manipulates their needles specifically at the
junction of needle-tissue interaction, and what differences the fine needle control make on patient
tissue. This issue can only be addressed by in-depth observation of expert performances.
Methodologically, this section first adopts graphical analysis of needle pathway, then, further
analyzes interview scripts of experts’ comments.
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8.4.5.1. Graphical Analysis of Needle Path for Movement Strategy
Electromagnetic tracker makes it easier to capture a fine movement of needle tip. Other
than quantifying its trajectory, there are more things to learn from the graphical patterns of the
needle path, which otherwise remains invisible to observer. This is especially important for patient
safety, for sophisticated maneuver of needle tip determines the risk level of mechanical
complications. However, we have limited knowledge about the relationship between needle
movements and the likelihood of injury. We cannot tell which is more dangerous, between needle’s
axial speed or acceleration, longitudinal or lateral pressure, and curved or reverted needle path. In
addition, a fine movement of needle tip reveals a performer’s unique decisions in the face of
uncertainty. By graphically analyzing the needle movement patterns, we can better understand
one’s own movement strategies. Figure 91 illustrates a part of needle pathway that includes
insertion into and retraction out of skin layers. The needle path is identified and extracted by
applying a method described in Section 8.3.4.3. The current pathway captures needle movements
in 3D-space, in a range of [17.3, 17.9] inches and [-3.9, -3.3] inches for two orthogonal dimensions,
with the third dimension of equal length not drawn. The current needle pattern is ideal in that the
needle hits the target straight in and goes out with little bending or repeated attempts. Note that a
region of reverted pathway is indicated by red marks. In reality, this clean and neat pattern is not
very often observed, even for experts.
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Figure 91 Tracked Coordinates of Needle Insertion for an Expert’s Run

More likely to be seen is a number of trials-and-errors before finally hitting the target. It
essentially demonstrates a process of problem-solving when a surgeon struggles with incomplete
visual cues, even less haptic cues. Empirically, there are three strategies that residents often adopt
to correct their needle path. First option is to go out all the way back to the skin surface as illustrated
in Figure 92. In this particular trial, a resident is seen to attempt three times and makes a final hit
at the deepest center after trying out on two peripheral spots. This method of adjusting involves
spatial estimation when a needle is pulled out. This resident could have saved one attempt by
accurate estimate without the third trial. Unfortunately, how to make spatial estimation is beyond
the curriculum for technical competency, although experts appear to heavily rely on this ability as
will be discussed in the next section.
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Figure 92 Re-targeting Needle after Completely Pulling Out

The second method of correcting involves slow-and-continuous re-orientation, see Figure
93. This method does not entail apparent needle retraction, but leaves several deflection points
along the needle path, through which we can conjecture that lateral forces might have inflicted local
pressures on the tissues surrounding the needle. Although needle speed is very slow and no
retraction is observed, this method of correction can potentially damage tissue by deflective
pressures. Further research is needed about the clinical consequences of it.
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Figure 93 Continuous Re-orientation

Figure 94 Re-orientation without Constraints
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Finally, in some rare cases, residents are seen to re-orient their needle without restricting
degrees-of-freedom. While the method in Figure 93 changes the angle along one-dimension only,
i.e. continuously lowering the syringe, the method in Figure 94 allows to change the orientation for
360-degrees. As a result, its trajectory becomes unreasonably curvy, deviating far from linear
patterns.
Haptic-based simulation, due to its ability to track and monitor the position of the device
in real time, has a potential to teach corrective strategies that could minimize risk of complication
and inflammation. Together with the demonstrated benefit of learning stable movements, it is worth
focusing on the dynamic capability of haptic interface. The next subsection presents the results of
another qualitative analysis, an expert interview.

8.4.5.2. Expert Interview
During validation experiments, two experts with more than twenty-five year of CVC
experiences participated an-hour session to demonstrate their runs on the mannequin-based
ultrasound-guided needle placement. Each expert performed think-aloud two times, and another
two times without speaking. Besides the demonstrations, the experts were interviewed about what
they think themselves make an expert. This subsection summarizes their comments. By considering
the foci of expert teachers, necessary conditions for successful procedure can be elicited. This
section organizes their comments in four categories.

(1) Environmental set-up
A main motivation of experts to set-up environments is to maximize outcome and
minimize risk of errors, by physically preparing device, equipment and work environment
compatible with task goals and operator’s attributes. In fact, experts were observed to spend
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necessarily some time for environmental setting-up before each trial. Here are several comments
regarding their principles in the set up.
Set-up for visual alignment
“I try to align the target spot on the patient, the ultrasound monitor, and
the big screen for X-ray on the wall all at the same direction, because that way
you can avoid looking away. By looking away to different spots, your hand slips
without intention. “
“Normally we have an adjustable table to raise or lower the height of the
patient to gain a little bit of clinical advantage. You may want to think about the
steps to control the height.”

(2) Spatial estimation and motion control
Through interview and demonstrations, experts emphasizes heavily on their own methods
of estimating distance, area, volumes, etc., eventually to achieve an accurate control of the needle
and transducer. So far, the set of skills related to this competency has not been incorporated into
training program adequately. As admitted by experts, no single method exists to acquire better
estimation and motion control. However, abandoning efforts to achieve them may lead to
staggering performance.

Estimating target depth
“First thing to do is you estimate the target depth in centimeters by
looking at the ultrasound screen. (Reading the depth gauge for beam plane in
ultrasound monitor) I see it is about two centimeters deep, knowing that the beam
plane is 2.7 centimeters deep. Then I decide to insert the needle about halfway (of
the target depth) across the transducer, advance it, then I am in.”
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Determining the point and orientation of needle insertion
“You can choose to go 45 degrees if you insert the needle at the same
distance away from the probe as the estimated depth. Suppose for some reason
your target depth is shallower and you still have to insert at the same position,
then you go by lower angle. Similarly, if you insert the needle at the position
closer to the probe, then the needle goes by steeper angle. You are not going to
see the needle as you advance until you are right under the probe. Once you see
the needle tip on the screen, you can adjust it. Even if I miss a little bit, I finally
get it by adjusting; to aim at deeper, you pull back and go the needle steeper; to
aim at shallower, you pull back and go the needle shallower. Another way to
adjust is to change the point of insertion; when your needle tip on the screen is
found above the vein, then you pull back and insert at a farther distance away
from the transducer at 45 degrees angle.”

(3) Anticipating variability
Experts talks about potential sources of variability during demonstration. They appear to
focus on clinical context beyond simulated training environment by repeatedly saying what it is
like in a ‘real’ world. In fact, recognizing the difference between real and simulation is a beginning
of developing a high-fidelity training simulation. It also has implications for designing patientspecific healthcare technology. In particular, the current mannequin models are limited in their
anatomical configurations. Both expert interviewees comment several times on the discrepancies
of current mannequin models from actual patient population, in regards to skin thickness, position
of the vein and artery, and haptic senses through needle.

(4) Opportunity for mixed program
Experts recognize the unique benefits of computer-based simulation methods. Despite the
drawbacks of the static mannequin models, they appreciate its advantage of face similarity on the

227
surface. Regarding the developed haptic simulation, their comments are focused on improving face
similarity to the level tantamount to the mannequin model. Also, use of haptic-based simulation for
part-tasks training was positively commented by both of the experts.

Training for part-task
“I think you are really on to something with the joystick part of simulation.
This is really cool if you could make this more similar to probing, I could teach
resident how to hold it well. If the residents could master how to hold it right, they
can stick the needle easy because it is not a guess.”

8.5 Chapter Summary
Chapter 8 aims at validating the proposed training method with respect to effectiveness,
efficiency, and safety of the learning outcome. In fact, several aspects of performance can be
affected by being exposed to deliberated repetitions of using the system (Anders Ericsson, 2008).
And the direction and magnitude of the effect require a careful examination. This chapter designed
a repeated measurement study for a randomized block of both control and treatment groups to
examine the three hypotheses. The treatment group is exposed to the haptic-based training system,
while the control group is exposed to the mannequin-based training for equivalent duration of time.
First, it intends to test if there is significant change of performance for a treatment group by
applying the haptic-based training. Second, it intends to test if the performance gain for the
treatment group is meaningful in a sense that it resembles the expert performance. Finally, it aims
to test if the training effect for the treatment group outweighs that of the control group, by which a
training efficiency can be examined.
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To validate these points, the six first-year medical residents were recruited, and they were
randomly assigned to the two experimental groups. They were relatively inexperienced in CVC
placement skills, with few experiences on actual patients. For each group, the performance before
and after the training was monitored by using seven metrics. These metrics were derived from
video-based motion analysis, image analysis of ultrasound image sequences, and electromagnetic
motion tracking. The list of performance criteria were elaborated on the basis of the criteria in
Chapter 6.
The results showed that the training in the treatment group has statistically significant effect
on performance criteria. Among the performance dimensions, needle speed and probing stability
has been best improved through the haptic training, yielding their gaps to expert level relatively
small, 7.0% and 22.6%, respectively. On the other hand, visualizing the needle for longer period
and accurate needle movement were the least prepared skills that needs to be trained better, making
the gap as large as 91.1% and 66.0%, respectively. When comparing the haptic-based training
against the mannequin-based training, certain aspects of performance were efficient to train by the
haptic, while others were not. In particular, the haptic-based training method was more efficient in
improving needle speed and quality of probing.
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Chapter 9 Conclusions
This dissertation aimed to identify, understand and mitigate human error by introducing a
simulation-based training methodology. It was motivated by the current situation in healthcare that
preventable human errors have not been reduced significantly due to over-a-decade of efforts
(Amalberti & Hourlier, 2006), still threatening patient safety and increasing cost of healthcare. This
dissertation primarily focused on the behavioral aspects of surgeon’s performance in the surgical
suite, knowing that human errors are especially problematic in technology-dense medical
specialties (Leape, Lawthers, Brennan, & Johnson, 1993). Through the development of trainingbased intervention, this dissertation demonstrated that preventable errors can potentially be
mitigated by transforming novice residents into experts more efficiently. Effective and efficient
training methodology also contributes to improved quality of care without high volume of
investment, thus suppressing the cost hike (McGinnis, 2010).
In Chapter 1, the three research questions were issued for the development of preemptive
intervention. First, it is necessary to identify a problem that threatens patient safety in the surgical
suites. Second, it is necessary to discover problematic components underlying medical errors at the
behavioral level. Third, a new method of training intervention is to be developed and validated. In
Chapter 9, the methods to address each research question, and the findings from them will outlined.
Then, the implications of the findings, and future research topics will be discussed.

9.1 Data-Driven Hazard Identification
Primarily, this dissertation advocates data-driven approach to identify hazard, because
empirical observations collected from individual cases are likely to be biased and narrowed in scope.
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Besides, deeply-seeded “blame-culture” of the healthcare industry (Alberti, 2001) and the barriers
among clinical units, departments, and hospitals could make it difficult to identify emerging
problems. In addition, the increasing complexity of medical technology and specialization of
medical expertise make it more difficult to discover problems. Expert opinions do not always
ensure coherent results because there are discrepancies in their opinions about the severity and
frequency of a problem even among professionals in the same medical expertise. In contrast to the
empirical approaches, this dissertation proposed automated text analysis of adverse event reports,
a collection of database maintained by the FDA.

9.1.1 Overview
Analyzing adverse events helps build knowledge of risky behaviors and situations and
guides decision makings towards the most effective intervention. Despite the limited data reliability,
adverse event reports have potential to help researchers explore highly error-prone devices and
procedures, because of the large number of reports in the archives. Millions of reports on medical
device malfunction, patient injury and death are collected every year in the FDA’s Manufacturer
and User-Facility Device Experience (MAUDE) database.
For efficient analysis of large volume of adverse events, a series of techniques are
necessary to access databases, and parse descriptive reports. Specifically, one of the main issues
with parsing event reports is that the MAUDE database does not necessarily contain all aspects of
an event in sufficient detail, missing out critical information such as device class and patient
outcomes. Here, an automated online page extraction technique was deployed to cross-reference
five databases maintained by FDA, in order to complement an event information. Then a text
mining was applied to encode the extracted text documents into numerical data, and further analyze
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it to find numerical patterns. Also, frequently-occurring content words in the text description of
event were classified into proper event category, to gain better insight about events.

9.1.2 Review of Findings
By applying the analytic methods, problematic device groups and associated behavioral
patterns were identified. High-risk devices were identified in terms of the frequency of adverse
events for the device. Similarly, high-risk events were identified in terms of the frequency of an
event and the prevalence of that event among difference devices. Learning from this result, a
catheter-related devices and the procedure showed outstanding frequency, requiring further
investigation. In terms of event types, device breakage turned out to be the most frequent and
prevalent among multiple devices. Then, the selected text descriptions of device breakage events
that had inflicted significant patient injury by using catheter-related devices were retrieved from
MAUDE, and analyzed using the text mining algorithm. The total of 410 events from Jan 2000 to
April 2013 fit into this profile, and their texts were analyzed.
The text analysis revealed specific contextual information about the catheter breakage.
Most importantly, about the risk-prone user behaviors–breakage is likely to occur while user
attempts to insert, advance, reposition, or withdraw the catheter. In many cases, user perceives
unusual resistance or difficulties during insertion, then it breaks while attempt to remove it. Also,
the ability to perceive a sign of breakage is largely variable across users, since 44.5% of breakage
had occurred without self-awareness. This findings were compatible with literature reviews.
According to clinical studies on catheter breakage or fracture, it interferes with the delivery of
therapy and requires additional procedures to remove segments and repair or replace the catheter.
The frequently of incidence is high, reported 3%-%33 depending on the catheter type and design
(Hwang et al., 2008). In fact, catheter-related complications are major headaches for modern
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healthcare environment. Also, catheter-related procedures are difficult to learn because it is a
bimanual task that requires an insertion of the catheter together with the guidance of an ultrasound
image (Wigmore et al., 2007).

9.2 Problem Discovery at Behavioral Level
In general, complex psycho-physical tasks are difficult to represent and grasp, which in
turn makes it hard to understand the associated human performance. It is only by understanding the
performance at behavior level that appropriate intervention can be established. Therefore, the
second research question is keenly linked to the third research question. For medical skills, a
surgeon’s behavior in the surgical suites can be viewed at multiple dimensions including the
physical efforts of planning, motion control, and feedback mechanisms. Or, in a different dimension,
underlying perceptual and cognitive components can be analyzed, too. Beyond human functions,
there are other aspects of problematic behaviors, including task goals and constraints,
environmental conditions and clinical outcomes to the patient. Just as human behaviors are multifaceted, so too are the methods to represent and evaluate them. This dissertation applies a variety
of methods to answer the research question, including observation and survey, task analysis, motion
analysis, and image processing. Those methods altogether pursue a better understanding human
behavior in the context of specific medical procedure. They are geared towards answering the final
research question to solve a problem.

9.2.1 Overview
Medical skills usually involve complicated processing of multiple human competencies,
including perceptual motor abilities, knowledge and sound judgment. Evidently, motor skill is not
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a sole determinant of the expert performance. In General Surgery, only 25% of important events
are related to motor skills, while 75% are about cognitive decision making (Spencer, 1978).
Cognitive processing also plays great roles through a procedure–recall of standard procedures,
devising strategies to mitigate the risk of complication, recall of anatomical knowledge and
information about the patient (Creager et al., 2004). Therefore, an expert surgical skill (Hamdorf
& Hall, 2000) requires integration of perceptual motor abilities and cognitive processing. CVC
placement skill is a proper example of complex medical skill, since it is a complex psycho-motor
task, requiring close coordination of perceptual feedback, ambidextrous movement and adaptive
cognitive decision responsive to the patient history and anatomical variation (Evans et al., 2010;
McGee & Gould, 2003; Polderman & Girbes, 2002; Willschke et al., 2006). Besides, the annual
number of the CVC insertion is estimated to go well above five million annually in the United
States alone (McGee & Gould, 2003; Shojania et al., 2001), while its failure rates are as high as up
to 40% (Maecken & Grau, 2007), not to mention patient discomfort and extra costs associated with
these complications (Shojania et al., 2001).
To identify the problem components at behavioral level, Chapter 5 applied exploratory
study. In particular, fly-on-the-wall observation combined with think-aloud protocol and survey (B.
Martin et al., 2012). To minimize interruption, the observation was video-taped and the verbal
communications scripted, for analysis afterwards. It took four-month’s following through resident
training in the Simulation Center at Hershey Medical Center to complete the exploratory study, and
the total of eighteen residents (female: 9 , male: 9), all 1st year in residency with no prior experiences
of CVC placement were recruited. The outcomes of observation study and survey were analyzed
to answer the two research questions. First, to identify the functional goals of each task element
(Romilly et al., 1994Harbour, 2013 #133), the video footages were examined to segment an interval
of task performance that have a coherent function goal. For a reference of standard task, five
checklists across from different studies (Andreatta et al., 2011; Barsuk, McGaghie, Cohen,
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Balachandran, et al., 2009; Chaer et al., 2006; Engum et al., 2003) were reviewed to extract
common task elements. Second, to identify the difficult task during CVC placement, the survey
results were analyzed. Additionally, the degree of task complexity were analyzed on the basis of
coordinated demands for human processing. In general, task complexity can be represented, either
by coordinative demands, task components, or dynamic demands (Wood, 1986). In general, a task
is considered difficult when there are multiple perceptual-motor abilities and informationprocessing are engaged simultaneously (Fleishman, 1975).

9.2.2 Review of Findings
According to task analysis, selecting an appropriate site for venipuncture is the first critical
step in CVC placement for safety and quality performance. Followed by selecting a site and local
anesthesia, an introducer needle is placed into the target vein. Then, a guide-wire is advanced
through the needle, to the designated point in the cardiac junction. Once guide-wire is properly
positioned, a dilator is inserted through the guide-wire to facilitate the catheter placement. Finally,
the catheter is advanced through the guide-wire into the designated point and the guide-wire is
removed.
By observing the task, distinct set of functional goals was identified (Romilly et al., 1994.
Among the number of functional goals under each task element, the US-guided needle placement
had the largest numbers of functional goals to complete it, the total of fourteen functional goals to
accomplish the subtask. The subtasks were further analyzed by drawing a task processing map
{Harbour, 2013 #138) that graphically associates subtasks with information flows. By depicting
information flows, requirements for perceptual inputs and cognitive decisions became more evident.
Through this analysis, the US-guided needle placement, advancing guide-wire, and placing catheter
were particularly complex among all subtasks in CVC placement, because of high demands for the
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coordination of resources. Finally, expert instructors’ scripts were analyzed to understand what
strategies and tricks were being used to cope with the task difficulties. Several traits of expert
strategies were identified, such as focusing on perceptual senses, taking advantage of geometric
relations, streamlining a line of sight, grasping to serve multiple functional goals.

9.3 Training Intervention for Performance and Safety
The final research question presupposes simulated training as a preemptive intervention to
change behaviors. It does not imply a simulated-training is the best form of intervention. Rather, it
offers an opportunity to explore design parameters for simulation development, dedicated to the
behavioral training. Then, the training simulation is validated by using a set of performance criteria
that were established through in-depth understanding per the previous research question.

9.3.1 Overview
Simulation-based training requires a careful reproduction of the target task. The acceptable
degree of similarity is critical to a learning gain. At the same time, the simulation can be benefited
by incorporating realistic variability surrounding the task. With the two principles of similarity and
variability in mind, Chapter 7 explained a process of developing a haptic-based simulation system
to train for the ultrasound-guided needle placement. Major simulation components are related to
the design and control of visual cues and haptic forces. Each component was characterized through
measurements on the mannequin-based performance, so that the simulated behaviors may feel
similar to the performance on the mannequin.
Following on the development of the haptic-based training system in Chapter 7, the system
design requires to be verified with respect to the design principles, and to be validated with respect
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to the learning effects. Chapter 8 aimed at validating the proposed system by comparing the learning
effects with those of the existing training method based on the mannequin. A series of experiments
was designed to confirm that the proposed simulation-based training method achieves its intended
goals–efficiency, effectiveness and safety of learning. First, it intends to test if there is significant
change of performance for a treatment group by applying the haptic-based training. Second, it
intends to test if the performance gain for the treatment group is meaningful in a sense that it
resembles the expert performance. Finally, it aims to test if the training effect for the treatment
group outweighs that of the control group, by which a training efficiency can be examined.

9.3.2 Review of Findings
Chapter 8 designed a repeated measurement study for a randomized block of both control
and treatment groups to examine the three hypotheses. The treatment group was exposed to the
haptic-based training system, while the control group was exposed to the mannequin-based training
for equivalent duration of time. The results showed that the training in the treatment group has
statistically significant effect on performance criteria. Among the performance dimensions, needle
speed and probing stability has been best improved through the haptic training, yielding their gaps
to expert level relatively small, 7.0% and 22.6%, respectively. On the other hand, visualizing the
needle for longer period and accurate needle movement were the least prepared skills that needs to
be trained better, making the gap as large as 91.1% and 66.0%, respectively. When comparing the
haptic-based training against the mannequin-based training, certain aspects of performance were
efficient to train by the haptic, while others were not. In particular, the haptic-based training method
was more efficient in improving needle speed and quality of probing.
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9.4 Limitations and Future Works
The current design outcomes are not conclusive for several reasons. Above all, the
performance on the mannequin cannot replace the one on the patient. The current simulation design
is built to make its visual and haptic characteristics similar to the mannequin-based run, assuming
that the mannequin is a fair representation of human patient. However, significant discrepancies
exist in ultrasonic behaviors and needle-tissue interactions. Considering living tissue with liquid
and heterogeneous constituents, acoustic reflection and frictional forces on the mannequin tissue
are a bit simplified. Further research is needed to know the degree of discrepancies. Indeed, the
mannequin is also a simulation of reality. Therefore, an effort to reproduce another simulation
cannot outweigh a direct reproduction of reality. Second, although the current design is based on
the well-defined characteristics, it does not prove itself to be the “best” manifestation of such
characteristics. In fact, the best design alternative can be a matter of balance between cost and
benefit, and its validation requires objective assessment with respect to learning outcome. From a
standpoint of multi-objective design decision making, it is potentially meaningful to investigate the
matter of balance for learning. This issue is further examined in the next chapter by conducting a
series of validation experiments.
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Appendix A. Observation Study

Survey Questionnaires before Training Session
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Survey Questionnaires after Training Session
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Appendix B. Validation Study

Survey Questionnaires before Training Session

Name ________________________________________________
Gender
Field of medical expertise ________________________________
(If resident) Year of medical residency ______________________
(Otherwise) Number of years in post-residency _______________

This survey was developed to identify your experience and competency with central line placement. After
signing a consent form, please answer the following questions based on your previous experiences.
1.

Mark the one that best describes your experiences with Ultrasound-guided Needle placement.

2.

Mark the one that best describes your current skill level in central line placement.
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Survey Questionnaires after Training Session for Haptic Training Group
After experiencing both the simulator and the mannequin training methods please answer the following
questions developed to compare your experience.

1.

Please compare the simulator with the mannequin-based training using the following guides:

Helped improve my
ability to accurately
position the needle
Helped improve my
ability to position the
“ultrasound probe”
Helped me learn the
CVC procedure faster
Helped me learn the
CVC procedure with
less effort
Helped me develop a
safer CVC insertion
process

2. Please provide feedback on your responses above.
3. Please assess the similarity of the simulator with ultrasound-guided needle placement on
patients for the following factors:

The difficulty of the
needle placement
Using a probe to
obtain
the
ultrasound image on
the screen
Behaviors of the
needle and the
vessels on the screen
Force
feedback
through the syringe
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4.

Please provide feedback on your responses above.

5.

Please assess the usefulness of the simulator’s learning and performance summary for improving
your performance.

Feedback Comments
after each trial
Summary Graph at
end of session

6.

Please provide feedback on your responses above.

7.

Please provide any feedback on any features of the simulator that you think are useful, need to be
improved or features that you think should be added to the system.
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