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ABSTRACT 
 
Central Venous Catheterization (CVC) is a commonly performed medical procedure used for medication 
delivery to the heart. While CVC is conducted over 5 million times annually it is plagued with high 
complication rates, resulting in adverse effects on patients, and in the worst cases, death. These 
complications are directly related to the experience level of the performing physician. A physician who has 
conducted less than 50 CVCs, is twice as likely to incur complications than a physician with more 
experience, reiterating the need for robust training of CVC for new medical residents.  
 
To better train physicians in complex procedures like CVC, many residency programs utilize simulation-
based training (SBT). SBT is an imitation of a procedure or environment that allows trainees to practice 
hands-on medical procedures risk-free to a predefined mastery level of performance before conducting the 
procedure on patients. When determining the effectiveness of SBT, instructors will sometimes employ self-
assessment to gauge trainee knowledge gains. Self-assessment can be useful; however, when using self-
assessment for measuring learning success, other factors like gender can potentially cause trainees to rate 
themselves lower even if their learning and performance is equivalent. This gender-gap is not widely 
researched in SBT, but is important to understand in the context of learning.  
 
Additionally, most SBT methods require residents to already know how to conduct the steps of the 
procedure on their first usage, without checking for understanding. In this way, many simulators are 
designed for practicing procedures, but not for effective learning, indicating a need for innovative training 
methods that can do both. For CVC SBT, manikin trainers are commonly utilized and are useful because 
they provide hands-on practice but are limited in that they only provide practice on one anatomy and do not 
provide automated feedback to the trainee. The Dynamic Haptic Robotic Trainer (DHRT) addresses these 
deficits of manikin training for CVC by providing force tissue profiles to simulate multiple patient 
anatomies, along with providing automated, personalized feedback on performance to help the trainee learn 
and improve. While the DHRT has been shown to train residents as effectively as manikin trainers without 
the need of a trained preceptor, it only teaches part of the mechanical portions of CVC residents need to 
know to be proficient in the clinical environment. In addition, while DHRT has been validated for its 
educational effectiveness, it lacks clinical validation. 
  
Considering these gaps in medical training for CVC SBT, the objective of this dissertation was to transform 
CVC education through assessment of current training methods, development of new training methods, and 
validation of new training methods. Specifically, this dissertation focused on: (1) evaluating the impact of 
sequential learning on initial skill gain and learning over time, (2) assessing DHRT training for differences 
in self-efficacy between men and women, (3) developing and analyzing the impact of a novel 
comprehensive simulator on resident self-efficacy and proficiency, and (4) validating the comprehensive 
simulator through eye gaze in the operating room and on the simulator with novice and expert physicians. 
The results of this dissertation indicate that sequential learning significantly increased initial skill gain, 
decreased the number of trials required to complete training, and reduced learning curves,  women rate their 
self-efficacy significantly lower than men despite no performance differences for SBT and neither men nor 
women are able to accurately self-assess performance, comprehensive simulation is more effective than the 
original DHRT training for resident performance and self-efficacy, and the comprehensive simulator 
exhibits both predictive validity by aligning expert gaze between the simulator and the operating room and 
construct validity by distinguishing between expert and novices. This dissertation also provides novel 
methodology for conducting validity studies in the clinical environment.  
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Chapter 1 
 

INTRODUCTION 

Upwards of 50 million major surgeries are performed in the US each year with more than 14% 

of patients experiencing adverse events [1]. Importantly, researchers have shown that nearly half 

of these adverse events are preventable [1], attributing them to human performance deficiencies 

(HPD), or cognitive and mechanical errors in the execution of care from the clinician performing 

the procedure [2]. Despite nearly two decades of research on human error in healthcare [3], adverse 

events in surgery remain a significant cause of preventable injury, and death [4]. These errors have 

caused researchers to explore the critical training that occurs for these clinicians, the evaluation of 

their proficiency, and the translation of these skills to the clinical environment.  

One procedure that has a high adverse event rate is Central Venous Catheter (CVC). CVC is a 

complex medical procedure performed in emergency in intensive care units or non-emergent in 

operating rooms for cardiac and other procedures, where a catheter gets inserted into a central vein 

site, most commonly the right internal jugular (IJ) vein, for quick and efficient administration of 

medication [5], with many physicians choosing to conduct IJCVC with the assistance of ultrasound 

[6] (US-IJCVC). While more than five million central lines are placed in the United States 

annually, the procedure is plagued with high infection and complication rates due to its complexity 

and proximity of the IJ to the carotid artery [7]–[9]. In addition, research has shown that surgeons 

who have inserted a central line less than fifty times are more than twice as likely to incur 

complications [7]. Because of the direct link between patient volume, years of experience, and 

patient outcomes, a clear need exists for evaluating and transforming US-IJCVC education in 

medicine to ensure safe and competent practice. 

Historically, US-IJCVC training has followed the Halstedian method, as developed by surgeon 

Dr. William Stewart Halsted [10], the creator of the common phrase used in medical training, “see 

one, do one, teach one” [11]. This idea stems from the basic apprenticeship model that was the 

foundation of medical training, where doctors would observe a more experienced physician 
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conduct a procedure on a patient (see one), then 

learn by doing the procedure themselves (do 

one), and then walk another physician through 

the same procedure as they were walked 

through it before (teach one) [12], [13]. While 

“see one, do one, teach one” has been used in 

medical training for decades, critics argue that 

it should not remain the preferred method of 

training for new physicians because it puts 

patients at unnecessary risk [13]. Instead, 

simulation-based training (SBT) has facilitated 

a paradigm shift of medical training from “see one, do one, teach one” to “see one, simulate many, 

do one competently, teach everyone” [14]. SBT provides experiential, hands-on learning without 

putting patients at risk by exposing them to unskilled trainees  [15]–[18]. SBT has been applied to 

a variety of procedures in medical education from laparoscopic surgery [19]–[21] to childbirth 

[22], [23] to CVC [24], [25]. A commonly used SBT method for US-IJCVC is a manikin trainer 

that includes a hand-pump to facilitate arterial pulse, false vein and arterial channels, a replaceable 

neck for the insertion site, and ultrasound guidance, see Figure 1 [26]. 

While these manikin simulators have been highly integrated into SBT for many procedures, 

including US-IJCVC, for their ability to provide risk-free, hands-on training to residents, they are 

static, represent only one patient anatomy and require an instructor to be present to provide 

performance feedback to the learner [25], [27]. Patients have a wide range of anatomical features 

[28] making practice on more than one patient anatomy important. On top of this, restricted clinical 

hours for resident trainees [29] emphasizes their need for practice with real-time feedback at any 

time, not just at the availability of trained instructors, demonstrating a clear need to both improve 

and validate other methods of CVC SBT.  

 

        
    

Figure 1: Blue Phantom Gen 11 Ultrasound Central Line 
Training Model [26] 
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In response to these US-IJCVC 

SBT  deficits with manikin trainers, 

the Dynamic Haptic Robotic Trainer 

(DHRT) was developed  by an 

interdisciplinary team of Penn State 

researchers [30], see Figure 2. The 

DHRT provides users with the ability 

to learn US-IJCVC on diverse patient 

anatomies and receive real-time, 

personalized performance feedback 

through a graphical user interface 

(GUI) [31]. Specifically, the DHRT 

generates a simulated ultrasound 

image that changes in response to a 

needle and mock US-probe 

movement, and can represent 17 

different patient cases. The 

responsive haptic robot, Geomagic Touch X, with a custom designed and fabricated retractable 

syringe end effector, provides a realistic haptic feel of inserting a CVC into different patients [30]. 

Specifically, the GUI assigns the user diverse patient scenarios that vary the IJ and carotid artery 

depths, locations in relation to the US plan and each other, and  diameters and wall thicknesses in 

accordance with realistic anatomical variations of patients that impact central line insertion [28]. 

In this way, the DHRT provides detailed training and feedback on key mechanical skills needed 

for US-IJCVC [30].   

While the DHRT provides critical training on some mechanical skills for US-IJCVC, it focuses 

solely on the initial mechanical steps of the procedure before and up to “achieving venous access”, 

but none of the remaining steps past this. See table 1 for a breakdown of the steps required for the 

 

 Figure 2: The original DHRT system designed by Penn State 
Researchers with labeled parts 
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procedure as defined by the New England Journal of Medicine [32], and which steps the manikin 

trainers and the DHRT cover. Manikin trainers also only focus on these main mechanical steps up 

to “achieving venous access” and also do not provide comprehensive training or automated 

Table 1: Breakdown of mechanical and procedural steps for CVC and which simulators cover them 

  

Main Steps of CVC Manikin DHRT DHRT+ 

Procedural 

 

 

 

 

Verbalize consent, universal precautions, and time out — — ✓ 

Preparing catheter kit: flushing catheter and checking 

equipment 

— — ✓ 

Maintaining sterile technique — — — 

Selecting site for insertion — ✓ — 

Injecting local anesthesia — — ✓ 

Select correct ultrasound probe and use correct orientation — ✓ — 

Procedural + Mechanical Obtaining clear image of target vessels using ultrasound ✓ ✓ — 

Procedural Correctly distinguishing between the vein and the artery ✓ ✓ — 

Mechanical 

 

 

 

 

Inserting introducer needle at 35-45°  — ✓ ✓ 

Locating the needle’s position on the ultrasound — ✓ — 

Advancing the introducer needle ✓ ✓ ✓ 

Achieving venous access ✓ ✓ ✓ 

Confirming vessel entry with needle aspiration ✓ ✓ — 

Removing syringe while occluding hub ✓ — ✓ 

Inserting guidewire into needle and advances without 

resistance 

✓ — ✓ 

Maintaining control of the guidewire — — ✓ 

Removing introducer needle ✓ — ✓ 

Using scalpel to make skin incision ✓ — ✓ 

Inserting and removes dilator ✓ — ✓ 

Passing catheter into vessel and removes wire ✓ — ✓ 

Inserting catheter to correct distance (14-17cm) — — ✓ 

Aspirating blood through the catheter ✓ — ✓ 

Securing catheter into place with suture and dressing — — ✓ 

Procedural Placing order for an X-ray and monitoring catheter — — ✓ 
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feedback on the remainder of the steps [25], [27]. In CVC, trainees often struggle with both 

mechanical and procedural steps on all parts of the procedure, not just needle insertion [33], [34], 

indicating a need for a more robust, comprehensive education on CVC. Additionally, the gender 

diversity of physicians going to medical school and in resident training is continuously increasing 

[35], and SBT must be assessed to ensure that training is not biased, as previous research has 

indicated gender differences in simulator performance and learning [36].  

While SBT is regarded as a useful and necessary training tool for medical residents, a common 

criticism of this method is the way that simulators are validated for training [37], [38]. To validate 

a simulator means to verify either that it looks like what it is trying to represent (face validity), is 

measuring what it is intended to be measuring (construct validity), is covering the entirety of 

information needed to properly convey what it is trying to train (content validity), or it is able to 

accurately project how a trainee will perform on a real-case based on how they perform on the 

simulator (predictive validity) [39], [40]. While much attention is put on the first three types of 

validity, less research has been done on predictive validity, or understanding and measuring the 

transfer of skills from the simulator to the actual clinical environment. When considering the 

DHRT from inception and development of the design through validation and use for training 

medical residents, it is useful to apply a systems-thinking approach. Systems thinking is 

approaching problems from all interconnected parts and the complex way that they fit together to 

create one whole part, or system [41] rather than focusing on the individual parts themselves[42]. 

This type of thinking has been applied to other aspects of healthcare, including for quality 

management [43], training [44], and medical education [45], though less research has been done 

on applying it to medical simulation.   

Finally, while the DHRT has been shown to improve pre- to post-training US-IJCVC 

mechanical-skill performance and increase resident US-IJCVC self-efficacy compared to 

traditional manikin-training [46], [47], the system needs to be assessed for gender differences and 

modified to address  the significant needs for training that have been identified by the Association 

for Surgical Education (ASE) Simulation Committee [48]. Two of these significant needs are: 1. 

Need for validated training on all aspects of surgical performance, and 2. Need for effective, 

evidence-based curricula that include objectives, assessment tools, and feedback mechanisms that 

are beneficial to all trainees. Fulfilling these needs are necessary to enhance the utility of SBT 
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(including the DHRT) for improving patient outcomes and for the widespread adoption of SBT in 

medical education for US-IJCVC and other procedures. 
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1.1 Dissertation Goals  
 

The current dissertation was developed to transform CVC education through assessment of 

learning effectiveness and efficiency and validation of a novel medical simulator for 

Ultrasound Guided Central Venous Catheterization training. Specifically, the goals of this 

dissertation were to (1) determine the efficiency and effectiveness of sequential learning on the 

DHRT through assessing initial skill gain, number of trials required, and learning curves, (2) assess 

if and how the gender-confidence gap and the Dunning-Kruger effect exist for CVC self-efficacy 

and performance on the DHRT, (3) evaluate the impact of comprehensive training with an 

advanced CVC simulator (DHRT+) on self-efficacy and checklist performance, and finally (4) 

evaluate the DHRT+ for construct and predictive validity utilizing eye tracking in the operating 

room and on the simulator with novices and experts. The remainder of this chapter provides a 

review on CVC and its complications, simulation-based training (SBT) and assessment methods 

used in CVC education, and simulator validation methods. The four manuscripts integrated into 

this dissertation are summarized below.  

 

1.2 Central Venous Catheterization Procedure and Complications  
 

Central Venous Catheterization (CVC), is a complex medical procedure where a catheter, also 

referred to as a central line, gets inserted into a central vein site for quick and efficient 

administration of medication [5]. 

This procedure is most commonly 

conducted with the use of ultrasound 

assistance [49]. The catheter can be 

inserted into one of three central vein 

sites, the femoral vein in the leg, the 

subclavian vein in the lower 

neck/collarbone, or the internal 

jugular vein (IJV) in the neck with 

the right IJV being the most common 

site of insertion due to ease of access 

and lower risk of complication [5], 

 

  

 

 

             
              

    

Figure 3: Catheter in the Internal Jugular Vein (IJV) (Central 
Venous Catheter Placement, n.d.). The IJV is the blue vessel and 

the red vessel next to it is the carotid artery, an important 
distinction in CVC. 
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[7], [50] (US-IJCVC). An example of a catheter inserted into the IJV can be seen in Figure 3 [51].  

When a central line is inserted into the IJV, the end of the catheter sits directly at the entrance to 

the heart. From the diagram, the proximity of the IJV (blue vessel) to the carotid artery (red vessel) 

is evident. Accidental needle insertion into the carotid artery is dangerous, but a common mistake 

made by new trainees learning CVC [34]. Therefore, it is important for trainees to receive an in-

depth CVC training including how to distinguish these anatomical markers.  

Additionally, US-IJCVC requires both mechanical and procedural competence [32], review 

table 1. These skills range from procedural skills such as the use of proper sterile technique and 

differentiating vessels using ultrasound, to mechanical skills such as appropriately accessing the 

IJV with an introducer needle directed by ultrasound. These skills also require a broad spectrum 

of instruments that are to be used sometimes with one hand at the same time as another tool, like 

using the ultrasound with the left hand to guide the needle with the right hand. CVC also requires 

medications that are to be applied at specific times in the procedure, like lidocaine used to numb 

the skin prior to any needle sticks. To understand the full complexity of the procedure and 

importance of understanding and tracking medical tool usage, an example of the medical tray used 

for CVC can be seen in Figure 4. The broad range of mechanical and procedural steps needed to 

 

 Figure 4: Central Line Tray including – 1) saline for flushing, 2) chlorohexidine for prepping sterile field, 3) 
lidocaine to numb the patient, 4) introducer needle, 5) guidewire, 6) scalpel, 7) dilator, 8) catheter, 9) thread for 

suturing 



9 
 

perform CVC along with the breadth of tools have led to challenges with training residents in this 

area when they have to apply multiple new skills at once. 

While millions of central lines are placed in the United States annually, the procedure is 

plagued with high infection and complication rates [7]–[9], [52]. CVC complications can be 

broken down into three main categories: thrombotic, infectious, or mechanical [7], see table 2. 

Thrombotic complications are those related to thrombosis, or blood clots while infectious 

complications are those related to infection at the catheter site [7], [53]. Infectious complications 

are most often caused by clinical errors in the procedural steps of CVC, see Table 1. Mechanical 

complications are those related to operator error surrounding the use of CVC tools within the body 

that increase the complexity of the procedure, such as arterial puncture – inserting the needle into 

the carotid artery instead of the vein during initial venipuncture [7], or puncturing through the 

backwall of the vein [54]. One of the causes of this mechanical error is that the anatomical structure 

of the IJV – e.g. the location and size of the IJV and carotid artery changes from patient to patient. 

As such, the clinician needs to have a strong understanding of how to differentiate between the 

two vessels – e.g. the carotid is pulsatile and less compressible than the IJV, both of which can be 

observed on the ultrasound [6]. Another mechanical complication is caused by a lack of 

understanding of how to properly track medical tools during catheter insertion leading to the 

potential loss of the guidewire in the body [55]. Some of the most dangerous complications of 

CVC are those that lead to infection including not replacing a catheter after an arrythmia or 

Table 2: Breakdown of the common types of complications associated with CVC and example causes [7]–[9]  

Type of complication Definition Example cause 

 

Thrombotic 

Partial or complete blockage of a 

vessel via a blood clot 

Multiple insertion attempts 

into the IJV [53] 

 

Infectious 

Infection or illness at the site of 

the catheter or in the bloodstream 

[7] 

Breach of sterile field 

during procedure 

 

Mechanical 

Procedural complexity caused by 

issues with tool use during 

insertion 

Puncturing the carotid artery 

instead of the jugular vein 
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perforating the walls of the heart; the consequences of these complications are longer 

hospitalization, higher treatment costs, and in the most severe cases, death [52].  

One of the main drivers of these high complication rates is the experience of the physician 

performing the procedure [9], [56]. In fact, research has shown that surgeons who have inserted 

central lines less than fifty times are more than twice as likely to incur complications [7]. Because 

of the direct link to training and performance a need exists for transforming CVC education to 

better prepare residents to practice on patients. 

 

1.3 Simulation based training (SBT)  
 

One way to increase competence in medical procedures prior to clinical exposure is through 

simulation-based training (SBT). SBT has been shown to be valuable in medical education and is 

used in several fields including nursing [57], neurosurgery [58], and orthopedic surgery [59] to 

name a few. These patient simulators provide a low-stress, no-risk method for surgical training, 

and have the capability to transform the medical curriculum from a “see one, teach one, do one” 

model to a “see one, simulate many, do one competently, and teach everyone” model [14]. This is 

important because most procedures, including CVC, require a combination of both cognitive and 

motor skills and prior research has indicated that for effective acquisition of motor skills, repetitive 

training is needed [60].   

 
1.3.1 Current State of SBT for CVC 
 

While SBT is not formally required in most residency programs in the United States, it is 

recommended as a way to further didactic lectures and improve hands-on skills [61]. US-IJCVC 

SBT for medical residents and students is not standardized between institutions, so a wide range 

of simulators have been deployed in US-IJCVC education from chicken tissue [62] to vinyl 

phantom models [63] to partial body manikins [64]. These simulators are used to teach medical 

residents how to use ultrasound, identify anatomical structures, and perform venipuncture. Many 

of simulators have several instructional design features in common including repetitive practice, 

cognitive interactivity, and clinical variation [65]. While chicken tissue models have been found 

to have high ultrasound quality and haptic tissue feel [62], manikin trainers are preferable because 
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they more closely resemble human 

anatomical structures and do not have to 

be specially stored. Currently, the most 

widely used simulators for CVC are 

partial body manikin trainers, see 

Figure 5  for CAE Healthcare’s Blue 

Phantom [64]. These manikin systems 

include an upper torso and neck model 

with vascular anatomy, a hand pump for 

arterial pulsing, and the ability to use 

ultrasound while going through CVC on 

the model. While these simulators are useful for learning the steps of CVC, they provide minimal 

automated feedback to the user. Specifically, the feedback provided from the manikin alone is 

limited to what color liquid is retrieved from the introducer needle if access to the vessel is attained: 

blue liquid represents access to the IJV while red access represents arterial access.  Instead, these 

manikin models require a trained proctor to oversee the training, watch trainees, and provide 

feedback on performance along the way – a costly and inefficient method for providing feedback. 

This is problematic because numerous studies have pointed to the limited utility of SBT that fail 

to provide performance feedback. To put it in the researcher’s own words “no feedback, no 

learning” [66].  In addition, these simulators are limited in that they only simulate one patient 

anatomy, they lack accurate force profiles for different types of skin and bodies, and they degrade 

 

Figure 5: CAE Healthcare Blue Phantom [64] 

 

 

Figure 6: Simulab CentralLineMan [67] with red box indicating degradation over time that provides visual 
external evidence to residents on where to insert introducer needle 
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over time, providing visual evidence on where the introducer needle should be placed, see Figure 

6 for an example with Simulab’s CentraLineMan [67].  As such, it is not surprising that prior 

research has shown that after undergoing manikin-based SBT and a few clinical rotations, residents 

are still not comfortable performing even the most common bedside procedures, including CVC, 

on their own [68]. 

In order to overcome the deficits of existing training methods, the DHRT system, presented in 

Figure 2 was developed [69]. The DHRT includes a personalized learning interface with the goal 

of individualizing US-IJCVC training and removing the need for a trained proctor to give feedback 

[31], see Figure 7. Specifically, to provide automated feedback, the DHRT system collects 

performance data on the angle of the needle during insertion (degrees), the distance from the needle 

to the center of the vein (cm), number of attempts (whole number), percent of time spent aspirating 

and if the trainee punctures through the backwall of the vein [31], [46]. Higher performance in 

each of these factors contributes to higher chance of successful insertion and lower risk of 

complications [32], [46], [52]. In addition, the difficulty of the case is presented. Case difficulty is 

based on variables that impact how hard it would be for a doctor to insert a central line in a real 

patient case such as vein depth, skin thickness, vein diameter, and closeness between the IJV and 

the carotid artery [46]. This data is then aggregated into a final score.  

The DHRT has been demonstrated to be an improvement over existing training methods due 

to its ability to provide training on diverse patient anatomies, its elimination of durability issues of 

manikin trainers, and its integration of individualized, non-proctor-based feedback [46], [70]. 

 

Figure 7: Summary Screen for DHRT with metrics of interest boxed in red 
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Additionally, training on the DHRT is shown to move trainee’s performance toward expert 

performance over multiple training sessions; this is promising because it indicates notable 

procedural competence increases with the use of the system, see Figure 8 [46].  

While there have been large advances in CVC SBT in recent years, there remain key areas for 

improvement. First, existing SBT methods focus purely on the steps involved in US-IJCVC for 

related to inserting the needle, see table 1 for comparison. While these skills are crucial for 

reducing mechanical complications such as arterial puncture [5] or puncturing the backwall of the 

vein [54] they do not work to reduce the high number of infectious and other mechanical 

complications associated with US-IJCVC that can occur at other points in the procedure such as 

losing control of the guidewire [55]. Moreover, focusing only on the needle insertion portions of 

US-IJCVC related to identifying and accessing the IJV does not allow residents to learn or practice 

usage with the other required tools in the CVC kit, and lacks exposure to the full breadth of 

knowledge required to safely conduct the procedure [32], [71]. As such, there is a need for a US-

IJCVC simulator with more comprehensive learning, that includes a wider breadth of US-IJCVC 

skills.  

In addition, US-IJCVC is a complex skill involving both cognitive and motor skill 

development; however, both the DHRT and manikin trainers require residents to apply all facets 

of their knowledge on their first insertion trial with limited feedback on how to improve. This 

 

Figure 8: Graph taken from [46] showing novice performance over time compared to an expert standard 
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learning approach is in stark opposition to research on motor learning, which shows that motor 

skills are best learned in stages, and that complex tasks should be broken-down to increase 

effectiveness [60]. Sequential learning is the act of breaking down learning into small, incremental 

steps  [72]. This concept was first introduced as a potential to include in SBT in 1989, when 

surgeons were exploring simulation and the “see one, do one, teach one” approach wondering if 

surgical motor skills would be best learned in “graduated sequences” [12]. In addition, in more 

recent years medical students have been shown to prefer learning broken down into sequences 

rather than presented at once [73], and research has shown that complex skills should be broken 

down for effective learning [60]. Along with sequences and sequential learning, incorporating 

learning through multimedia, the cognitive theory surrounding how perceive and learn information 

through words and images [74], may also be a useful tool for improving CVC SBT. This is because 

prior research has applied this method to simulation through incorporating videos or interactivity 

into their simulation rather than reading and observation [74] and found that training was more 

effective for retention and more engaging for learners. However, one of the disadvantages of 

medical simulation training is that participants generally approach simulators differently than they 

would real-life scenarios [75], a phenomena that is likely made worse when the simulator is poorly 

designed. As such, medical simulators must be catered to adult learners through ideas like 

controlling the sequence of tasks and offering guidance throughout the simulation [76]. 

 

1.3.2 Assessment of learning in SBT 
 

To ensure that trainees are gaining skills and learning from SBT, there are several methods that 

have been employed to verify learning. Three of these methods that have been specifically applied 

in US-IJCVC SBT include self-assessment, checklist performance and learning curves. Self-

assessment focuses on the trainee evaluating their own performance [77] or confidence with a 

procedure or skill [78]. Performance checklists utilize mastery-based learning and are graded by 

expert observers to determine when a trainee is competent and/or proficient enough in a procedure 

or skill to see patients [79]. Learning curves focus on plotting performance over time and verifying 

that there is a significant change, usually assessing for skill increase toward a pre-defined mastery 

level [80].  
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1.3.2.1 Proficiency Checklists 
 

Performance checklists are usually graded by an expert observer and verify that the trainee 

is able to conduct all steps of a procedure proficiently before allowing them to practice on patients 

[81]. Checklists are used in many procedures [81], including US-IJCVC [82], and are sometimes 

referred to as Verification of Proficiency checklists. There are several variations of checklists used 

for US-IJCVC because of the lack of standardization of CVC curriculum. For example, one 

institution uses a 29-item checklist [83], while the DHRT and manikin training at another 

institution use a 24-item checklist [84]. This checklist used for the DHRT focuses on 24 actions 

that are required to successfully insert a central line from beginning to end, see table 1, and includes 

observer ratings for economy of time and motion, or how efficient hand and tool movements were 

during the procedure, and the number of insertion attempts, or how many times the person inserted 

the needle before achieving access to the vessel. For the DHRT, the US-IJCVC checklist has been 

employed to compare resident performance on a manikin trainer, finding that the DHRT is as 

effective as manikin training when it comes to mastery-based learning to a verification of 

proficiency [47]. While checklists can be useful to determine proficiency, there is some debate 

about subjectivity of observer ratings and  how well they accurately measure competence [85], and 

as such they should be used in conjunction with other assessment methods.  

1.3.2.2 Self-Assessment 
 

Self-assessment is used in medical education to determine how well trainees are gaining skills 

from SBT [86]. Self-assessment in medical education generally means either self-assessment of 

performance [87], or confidence . Self-efficacy, or task-specific confidence [88], has been utilized 

in many procedures to determine effectiveness of and motivation for learning [89], including in 

SBT for CVC on the DHRT [70]. Self-efficacy in particular is a useful measure because of the 

confidence-competence relationship observed in learning medical procedures [90], [91]. This 

relationship posits that confidence and competence tend to grow together in new trainees. For 

example, as a trainee gains procedural proficiency, they should also be gaining confidence, though 

this relationship is not definite and there are some drawbacks to using it. 

For example, there is an phenomena that has been observed with new trainees referred to as 

the Dunning-Kruger Effect [92]. In the late 1990’s, Dunning and Kruger did a study on people’s 
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ability to recognize their own performance and found that people with little experience tend to 

grossly over estimate their ability to perform [92]. In medical education, this manifests as initial 

exposure to a skill giving trainees an unwarranted jump in confidence that can only be tempered 

with additional practice allowing them to realized how unskilled they truly are relative to experts 

[93]. In addition to the Dunning-Kruger effect, another potential problem with using self-

assessment as the sole method for evaluating learning in medical education is the gender-

confidence gap [94]. The gender-confidence gap in medical education posits that even when men 

and women perform equally, women have lower confidence in their own abilities then their men 

counterparts [95]. This gender-confidence gap is evident in self-efficacy [96], self-assessment of 

performance [97], and overall well-being of medical residents [96], [98]. There is limited research 

exploring both the Dunning-Kruger effect or gender differences and confidence in CVC, and the 

DHRT has yet to be assessed for confidence differences between genders before after training.  

 

1.3.2.3 Learning Curves 
 

Learning curves are graphed representations of the acquisition of knowledge over a specific 

interval [99]. More specifically in the application of medicine, learning curves are the tracing of 

performance and its improvement over time as trainees learn and build new skills [100], [101]. 

The learning curve is often plotted and analyzed for the existence of learning in simulation, where 

significant curves indicate significant learning [102], [103]. Insignificant learning curves can 

indicate two things [101]: either the lack of learning [66] or the plateau of learning because mastery 

level performance has already been reached [104]. Learning curves in medical skill acquisition 

have been estimated using a variety of models including linear, logarithmic, and power analyses 

with benefits to each method. Linear learning curves are useful for giving a basic understanding 

of knowledge progression [102]. Logarithmic learning curves are useful because they are able 

represent initial skill gain which tends to have a large slope that levels over time [101], [105]. 

Finally, power curves are useful because they are able to represent diminishing returns, or 

plateauing due to mastery level being reached [102], but are only mathematically viable if there 

are no negative values or zero values. Because they can identify when mastery level performance 

has been reached, learning curves can also differentiate novices and expert performers [106]. As 

such, plotting the learning curve for new trainees is useful to see how they are gaining skills toward 
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a predefined level of mastery [101] and rates of the curve can vary depending on the difficulty 

level of the task being learned [80]. More complex procedures are noted to have more gradual 

learning curves because they are learned via small improvements over time, whereas simpler 

procedures will have steeper learning curves because the skills can be acquired faster [100]. SBT 

aims to minimize individual learning curves to improve patient safety and resident learning [107]. 

Finally, learning curves have also been assessed in US-IJCVC [108] and the DHRT [109]. More 

specifically, the DHRT has been shown to differentiate novices and experts based on learning 

curves, and significantly improved the performance of novices during training based on curve 

significance [109]. Using combinations of learning curves, proficiency checklists, self-assessment, 

and quantitative performance can give a strong indication of the presence and effectiveness of 

learning from SBT.  

 
1.4 Simulator validation methods 

 

SBT is only valid if the simulator elicits the same behavior as the real (clinical) environment 

[23], [110]–[112]. This is particularly important in medical education when the transfer of skills 

from simulator to patient has significant patient health implications. As such, for a simulator to be 

impactful in medical education, it must be able to develop residents’ key skills that transfer to the 

clinic. However, researchers have identified that there is a lack of evidence for proper validation 

of simulators [113], [114], along with no standardized procedure or guidelines for how simulators 

should be validated for skill transfer [37]. As such, there are many types of validation that have 

been applied in SBT.  

 

1.4.1 Types of Validity in SBT 
 

Validity in SBT is commonly recognized through face validity, construct validity, content 

validity, and predictive validity. Face validity is how real a simulation looks, construct validity is 

how accurately a simulation measures the simulated task, content validity is how well a simulation 

covers the subject matter being simulated, and predictive validity is how well a simulator can 

project future performance.  A breakdown of these types of validity with examples can be seen in 

Table 3.  
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While face validity is the easiest to assess because it can be done through survey [115], 

construct validity is a more objective measure than face validity. The main purpose of construct 

validity is to identify the extent to which the simulation accurately represents the real task and 

measures performance [116]. Construct validity has been shown to be a crucial piece for achieving 

transfer of learning, and a simulator with good construct validity is sensitive to variations in 

performance between individuals (e.g. novice and expert) [116], [117].  Content validity is often 

assessed with construct and face validity [118], also generally via survey or other measures [119]. 

Predictive validity is the hardest to measure and is used less often, however, it is closely related to 

construct validity. Generally, if construct validity is higher, a simulator is more likely to have 

predictive validity [39]. 

Many validation studies for surgical simulators focus solely on construct validity [120].   For 

example, one study compared the pass rates of CVC proficiency testing of residents who 

underwent a lecture-based didactic training to those who underwent both the didactic training and 

a simulation training.  This study indicated that over 25% of the people without simulation training 

failed the proficiency testing on their first attempt vs the 3% failure rate seen for those who 

attended the simulator training [121].  These results indicate that residents more adequately learned 

and understood the steps of the procedure when exposed to it via simulation. Similarly, a study on 

the effectiveness on the DHRT system indicated that the use of the simulator increased resident 

performance relative to that of an experienced doctor, who elicited no learning curve due to 

expertise [46]. A motion analysis study on the DHRT system also identified that the simulator was 

able to distinguish expert and novice movement patterns, and that novices approached expert 

performance throughout training [109], examples of construct validity. 

Table 3: Breakdown of the types of validity in simulated learning [39] 

Type of Validity Definition Example 
Face How real a simulation looks and 

feels  
A full-body simulator with 

accurate visual fidelity, anatomy, 
and skin 

Construct If the simulator truly measures the 
concept of interest 

A simulator that is able to 
differentiate between expertise 

levels  
Content The extent that a simulator covers 

the material of interest 
A simulator that covers all aspects 

of a specific procedure 
Predictive If a simulator is able to reliably 

predict future performance 
A simulator that is able to 

accurately reflect performance in 
the clinic or skill performance 

over time 
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As defined in Table 3, predictive validity refers to how well a simulator is able to determine a 

person’s performance in the true environment, and is considered the hardest type of validity to 

measure accurately [118]. Predictive validity is generally measured through skill-retention over 

time, proficiency checklists, or self-assess knowledge or confidence gains after simulation training 

[122], [123]. In this way, researchers have shown that CVC SBT with a manikin trainer can lead 

to long-term skill retention [124]. In addition, research on the DHRT identified simulation training 

as an effective means of improving trainee CVC skill and confidence [70].  This is relevant because 

prior work indicates that self-efficacy and performance are correlated [125], and that clinician 

procedural confidence could be used as a metric to determine the educational effectiveness of a 

simulator in mixed-fidelity simulation training [126]. While useful, these measures of predictive 

validity can be time consuming [124] and subjective [122], [123]. Another method of assessing 

predictive validity is the transfer of skills, yet few studies report the direct transfer of skills from 

simulators to a clinical environment [38] because it can be harder to measure. The validation 

methods here largely focus on the validation of simulators on resident mechanical skills and 

limited studies focus on actual clinical transfer or procedural skill gains, indicating a need for 

further validation of these items.  

 

1.4.2 Eye Tracking as a Validation Method  
 

One underutilized validation method for simulators is eye tracking. The idea behind tracing 

human eye movement goes back to the late 1800s when researchers began using mirrors to observe 

people’s eyes during a task [127]. The idea was that eye movement and mental processes were 

correlated, and tracing eye movements could give a better understanding of cognitive function 

[127]. After hundreds of years of innovation, modern eye trackers are devices that are used to 

monitor and record the gaze patterns of a person [128]. This type of research is useful because it 

can give an understanding into how a person’s cognitive process flows and also determine how to 

better help them learn [129], [130]. Eye tracking works by monitoring when the eye is moving and 

when it is still [128], [129]; this stillness is referred to as a fixation [129].  For fixations, the main 

metrics of interest are generally fixation duration, or how long a person was fixating, and fixation 

count, or how many times they fixated [131]. These fixations can be measured overall for a given 

task, referred to as scene-independent fixations [132], or on specific areas of interest (AOI), 
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referred to as scene-dependent fixations [21], [132]. In addition to fixation, eye tracking research 

also often refers to saccades, the rapid movement of eyes from point to point, which gives an 

understanding on the relationship between fixations [127]. Another common measure in eye 

tracking is time to first fixation, or how long from the beginning of the provided stimulus to the 

first fixation on the pre-defined AOIs [130]. Researchers utilizing eye tracking are often also 

interested in the scan path of a person’s eyes, also referred to as the fixation sequence, which gives 

an understanding of the flow of cognition during a given task [130], [133] by tracing fixations over 

time.  

In medicine, eye tracking has been used in a variety of ways such as understanding how critical 

care nurses to divide their attention throughout a shift in the ICU [134]. In this study, researchers 

identified areas of interest and focused on fixation time on these areas. Another study on nursing 

utilized eye-tracking to better understand workload and mental stress on nurses throughout a 

regular shift [135], focusing on fixations and saccades. In addition to nursing, eye-tracking has 

been applied to medical diagnostics, vision quality in children, medical treatment, skills 

assessment, and expertise distinction [133], [136]. Most often in medicine, eye tracking has been 

employed to understand expertise differences in perception during visual processing [137].  

For the application of medical education, eye tracking has been used to understand learning 

over time, feedback and assessment, perception during diagnostic interpretation, and expertise 

level [131], [138]. In fact, a plethora of prior literature in laparoscopic surgery [20], [139]–[144], 

urology [145], and microsurgery [146], [147], indicates that eye tracking can be used to distinguish 

expert performance, which can be used to determine construct validity. Eye tracking has also been 

found to be useful for monitoring the learning curve of novice surgeons, a useful tool to measure 

learning over time [145], [148].  Because of this, researchers have argued that eye-tracking 

technologies should be implemented into surgical education in order to improve surgeon 

performance [149]–[151] and provide an objective assessment of surgical skill.  

There are several occurrences in the recent literature of eye tracking being applied specifically 

to training for CVC. A group of researchers implemented eye tracking to analyze the effectiveness 

of the learning interface for the DHRT and determine if performance improvements on the 

simulator could be predicted with gaze pattern data [152]. In this study, areas of interest were 

defined and the eye tracking metrics used were variations of fixation duration and scan path. 

Similarly, another study using eye tracking and the DHRT indicated that the system is able to 
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differentiate between novice and expert performance, as seen in Figure 9 [153], demonstrating the 

construct validity of the system. Finally, a recent study exploring ultra-sound guided venipuncture 

indicated that experience level directly impacts gaze patterns during the procedure [154].  

A common fallback with the application of eye-tracking in medical education is the complexity 

of analysis. When assessing scene-dependent metrics on specific areas of interest, there is no 

readily available software that can do so efficiently, timely, or automatically [155]. Each added 

area of interest adds complexity to the analysis [156] and each application of analysis software is 

specific, heavily dependent on the parameters of the defined task, and unable to be transferred 

between tasks and procedures [157]. However, scene-independent fixations do not require AOIs 

and are valid methods of understanding cognition and measuring gaze in the clinical and simulated 

environments [158].  

Present day eye tracking is conducted non-invasively, and covertly through the examination of 

an individual’s eye movements using either light-weight glasses, see Figure 9, or a fixed bar eye 

tracker that is attached to a computer or desktop monitor. Despite this, there is limited evidence 

into the predictive validity of these measures for monitoring expertise acquisition and utilizing 

eye-tracking to validate simulator performance to actual clinical performance in an operating 

room. 

 

1.5 Summary of Areas for Investigation 
 

 

 Figure 9: Eye tracking apparatus, areas of interest, and expert-distinguished results from previous study [153] 
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Previous work in SBT for US-IJCVC has focused on improving needle insertion skills for 

vessel access and determining the utility of new training methods compared to traditional methods 

including didactic lectures and manikin trainers. However, there is limited work in US-IJCVC on 

increasing simulator teaching efficiency through learning methods, evaluating gender and 

confidence as it relates to SBT, developing simulation to expand hands-on US-IJCVC education 

past vessel access, or validating the transferability of skills from the simulator to the clinical 

environment with eye-tracking. Therefore, the goal of this dissertation was to fill these gaps 

associated with US-IJCVC SBT through a systems-thinking focused approach, see Figure 10 for 

a summary of investigation areas. More specifically, to contribute to the transformation of US-

IJCVC education, this dissertation focuses on multiple parts of the simulation design process 

through assessing existing methods of US-IJCVC SBT for efficiency, developing and evaluating 

the impact of a more comprehensive US-IJCVC simulator on skills and self-efficacy during 

training, and validating the comprehensive simulator both to the operating room environment and 

for the distinction between expert and novice physicians.  

 

Figure 10: Summary of the areas of research to be investigated in this dissertation and how they contribute to the 
primary contribution of this dissertation 
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1.6 Summary of Dissertation papers 
 

This dissertation focuses on the improvement and validation of US-IJCVC education. An overview 

of the four articles presented in this dissertation can be found below. 

 

Paper 1: Tapping into efficient learning: An exploration of the impact of sequential learning 

on skill gains and learning curves in central venous catheterization simulator training 

The first objective of this dissertation was to explore efficient learning methods for CVC 

on the DHRT and determine if the implementation of sequential learning improves the efficiency 

and effectiveness of skill acquisition. Therefore, Chapter 2 of this dissertation presents a 

manuscript to be submitted to the Journal of Medical Education and Curricular Development. This 

study evaluates CVC DHRT performance metrics for cohorts trained on the DHRT with and 

without the implementation of sequential learning. Before 2022, to use the DHRT system, 

residents would participate in an online training and then watch one approximately eight-minute, 

non-interactive, instructional video outlining how to conduct CVC on the DHRT.  For 2022 

training, sequential learning was added to the DHRT system in the form of an interactive tutorial 

style walkthrough made up of eight videos and activity assessments highlighting seven key aspects 

of CVC as agreed on by three expert physicians. The DHRT system focuses on needle insertion to 

gain vessel access, so the walkthrough breaks down the mechanical components for this portion 

of the procedure. The walkthrough starts with basic skills including understanding how the patient 

is oriented with the table and their neck anatomy, and build on one another to the final step which 

is inserting the needle into the body and recognizing venous access. The performance of 59 

residents who went through the sequential learning as part of their training was compared to that 

of 44 residents who did the DHRT training before sequential learning was implemented. All 

residents in the study participated in a pre-training online course. Results of this study showed that 

the introduction of sequential learning into the system gave residents a 3.58 times higher likelihood 

of successfully completing needle insertion on their first try without detrimental errors, such as 

puncturing the carotid artery by mistake or pushing the needle all the way through the vein. Results 

also indicated that sequential learning contributed to an overall reduction in the number of trials 
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needed to reach mastery performance and learning curves compared to the nonsequential learning 

group, signifying an increase in learning efficiency and effectiveness.  

 

Paper 2: Competence over confidence: gender-based differences in resident training for 

central venous catheterization  

The second objective of this dissertation was to assess if gender-based differences exist in 

self-efficacy and performance for Central Venous Catheterization Training on the DHRT. As such, 

Chapter 3 of this dissertation presents a manuscript to be submitted to BMC Medical Education. 

The study in this paper evaluates the gender-confidence gap and the Dunning-Kruger effect in self-

efficacy and performance on the DHRT system. Self-efficacy and self-assessment are widely 

integrated into medical training; however, new medical trainees struggle to accurately assess their 

performance, and women tend to rate themselves lower for clinical skills regardless if performance 

is equivalent to or better than their peers. In the central line training bootcamps where residents 

use the DHRT, they took a 14-item self-efficacy survey before and after training assessing their 

confidence on a 5-point Likert scale ranging from “not at all confident” to “extremely confident” 

in their ability for the skills and steps of the procedure, referred to as the Central Line Self-Efficacy 

(CLSE) survey. The skills asked about range from specific such as “using tactile feedback, 

identifying the correct vessel for puncture” to broad “conducting the entire procedure without any 

mistakes”. The gender differences for 61 women and 112 men were assessed for self-efficacy both 

before and after training (gender-confidence gap), simulator performance based on the number of 

needle insertions, backwall punctures through and through the vein, and successful venipuncture 

without arterial puncture, and correlation between self-efficacy and performance (Dunning-Kruger 

effect). Results showed evidence of the gender-confidence gap, with women rating themselves 

significantly lower than men for nine of the 14 variables, despite no performance differences found 

between men and women. Results also indicate evidence of the Dunning-Kruger effect, indicating 

that neither men’s nor women’s self-efficacy was significantly correlated to their performance.  

 

Paper 3: Evaluating the Effects of Comprehensive Simulation on Central Venous 

Catheterization Training: A Comparative Observational Study 
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The third objective of this dissertation was to evaluate the impact of the expansion of the DHRT 

into a comprehensive CVC simulator resident self-efficacy and performance. Therefore, Chapter 

4 of this dissertation is of a manuscript to be submitted to the BMC Medical Education. The study 

in this paper evaluates efforts to fill the gaps in current CVC education by covering a more 

comprehensive and wider breadth of the procedure. Most training programs focus solely on vessel 

identification and access and neglect the remainders of the procedure which covers a plethora of 

other skills that can help to prevent mechanical complications that can arise after vessel access is 

achieved. An extension to the DHRT system was developed, the DHRT+, which when used in 

combination with the DHRT provides more comprehensive training on CVC by adding additional 

procedural skill steps and hands-on training for complex mechanical skills involving the full scope 

of medical tools required for the procedure. Fifty-nine residents trained with a combination of the 

DHRT and the DHRT+, referred to as comprehensive training, in 2022 and 72 residents trained on 

the DHRT alone in the previous year. All residents filled out a 19-item Central Line Self-Efficacy 

(CLSE) survey before and after training, and underwent a expert-observed skills assessment using 

a US-IJCVC checklist to test their CVC proficiency on procedural and mechanical skills. Results 

indicated that for two items on the US-IJCVC checklist including verbalizing consent and making 

an incision with the scalpel the comprehensive training group performed significantly better. These 

results were also found for two of the items for self-efficacy, using the proper equipment in the 

proper order and securing the catheter with suture. For all other items on both the CLSE survey 

and the US-IJCVC checklist, there were no significant differences between training groups.   

 

Paper 4: Tracking success: Validating a novel central venous catheter trainer through eye 

gaze analysis in clinical and simulated environments 

The final objective of this dissertation was to evaluate the integrated comprehensive system 

(DHRT+) for predictive and construct validity in CVC training through analyzing expert and 

novice gaze in the operating room and on the simulator. Chapter 5 of this dissertation presents a 

manuscript to be submitted to the Journal of Surgical Research. The dual part study in this paper 

explores predictive and construct validity for the DHRT+ system. To assess predictive validity, 

five expert physicians conducted CVC wearing a Tobii Pro Glasses 3 eye tracker in the operating 

room during nonemergent cardiac procedures. The same five experts then conducted CVC on the 
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DHRT+ simulator wearing a Tobii Pro Glasses 3 eye tracker. To assess construct validity, 12 

novices also conducted CVC on the simulator while wearing a Tobii Pro Glasses 3 eye tracker. To 

account for variations in practice and align with previous research in the clinical environment, US-

IJCVC was divided into the six most standard segments of the procedure and each segment was 

assessed separately for fixation metrics, specifically fixation count and fixation duration. Fixation 

metrics for the expert physicians were compared between the operating room and the simulator. 

Results indicated that there were only significant differences between the environments for one of 

the six segments, demonstrating predictive validity of the simulator. Similarly, fixation metrics 

between the novices and the experts on the simulator were compared. There were significant 

differences between novices and expert fixation counts and fixation durations with novices being 

significantly higher for three out of six segments of the procedure, indicating construct validity 

within those segments and partial construct validity overall.   

 

1.7 Broader Impact and Contributions 
 

This dissertation focuses on improving medical education through the assessment of current 

training methods and the development and validation of a new comprehensive training simulator 

for central venous catheterization. This dissertation provides evidence that implementing 

sequential learning into simulation training for complex procedures can increase the efficiency of 

learning, and decrease learning curves. This is beneficial to medical training as a whole because it 

indicates that there are ways to speed up the acquisition of skills gained from simulators to lessen 

the burden of training that residents have and to help them be prepared to work on patients sooner. 

Second, this dissertation indicates that there are gender differences in confidence gains from SBT 

training, and that both men and women residents struggle to self-assess their performance. This 

finding is important because it indicates that the way that feedback is presented during simulation 

should be re-evaluated to ensure that it is clear to learners where their strengths and deficits are. 

Third, findings in this dissertation indicate the utility of developing comprehensive US-IJCVC to 

include more than just the vessel access steps. Many training programs still rely solely on manikin 

trainings and checklist observation for residents to get exposure to CVC. Including the real tools 

that are used for the procedure, more of the mechanical and procedural steps, and automated real-

time feedback without a proctor during the entire procedure can improve both retention of skills 
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to a US-IJCVC checklist, and self-efficacy of trainees with their comfort on performing steps of 

the procedure. Finally, using eye tracking, this dissertation was able to prove both the partial 

construct validity and predictive validity of the new comprehensive training simulator, the 

DHRT+, for CVC. In addition, this portion of the dissertation also provides an example for how 

eye tracking studies can be conducted in the operating room, and how eye tracking can be utilized 

to objectively explore multiple types of validity and the transferability of skills. Overall, the 

content of this dissertation builds on what is known about SBT that can be expanded to other 

complex procedures normally trained by simulation, and provides evidence-backed methods for 

transforming SBT for CVC.  

 

1.8 Document outline 
 

A total of six chapters will be included in this document. CHAPTER 1 is the introduction 

outlining the scope of the research, the problem being solved, and an outline of the remainder of 

this document. CHAPTER 2 will outline the execution and completion of goal 1 of the dissertation, 

the impact of sequential learning on CVC skill acquisition and learning curves. CHAPTER 3 will 

outline the execution and completion of goal 2 of the dissertation, assessing gender differences in 

simulator training for CVC. CHAPTER 4 will outline the execution and completion of goal 3 of 

the dissertation, the impact of a CVC comprehensive simulator on resident self-efficacy and 

proficiency. CHAPTER 5 will outline the execution and completion of goal 4 of the dissertation, 

validating a CVC full procedural simulator through clinical and simulator-based eye gaze patterns. 

Finally, CHAPTER 6 will conclude this document and further explain the impact of this 

dissertation.  
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Chapter 2 
TAPPING INTO EFFICIENT LEARNING: AN 
EXPLORATION OF THE IMPACT OF SEQUENTIAL 
LEARNING ON SKILL GAINS AND LEARNING CURVES 
IN CENTRAL VENOUS CATHETERIZATION 
SIMULATOR TRAINING 

This paper was submitted to the journal of Medical Education and Curricular 
Development in February of 2024. This work is multiple authored by Haroula Tzamaras, Dailen 
Brown, Dr. Jason Moore, and Dr. Scarlett Miller. Haroula Tzamaras was the lead author on this 
paper. Dr. Jason Moore and Dr. Scarlett Miller helped advise this work. Dailen Brown helped 
with programming behind the development of the sequential learning modules.  

2.1 Abstract 

Medical residents are expected to learn how to perform many procedures in a short amount of time. 

Sequential learning, or learning in stages, is a method applied to complex motor skills to increase 

skill acquisition and retention, but has not been widely applied in simulation-based training (SBT). 

Central Venous Catheterization (CVC) is a complex medical procedure that could benefit from the 

implementation of sequential learning. CVC is typically taught with task trainers such as the 

Dynamic Haptic Robotic Trainer (DHRT) This study aims to determine the impact of sequential 

learning on skill gains and learning curves in CVC SBT by implementing a sequential learning 

walkthrough into the DHRT. 103 medical residents participated in CVC training in 2021 and 2022. 

One group (N=44) received training on the original DHRT system with one long video instruction 

while the other group (N=59) received training on the DHRTsequential with interactive videos and 

assessment activities. All residents participated in online CVC training, pre- and post-training self-

efficacy surveys, and received training and were quantitatively assessed on (e.g. first trial success 

rate, aspiration rate, distance to vein center) the DHRT or DHRTsequential systems. Residents in the 

DHRTsequential group exhibited a 3.58 times higher likelihood of successfully completing needle 

insertion on their first DHRT trial than those in the DHRT only group., and required significantly 

less trials to reach mastery level performance. Finally, the DHRTsequential group has less learning 

curves compared to the DHRT only group.  Implementing sequential learning into the DHRT 
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system had significant learning benefits in CVC training by increasing the efficiency of initial skill 

gain and reducing the learning curve by reaching higher performance in a shorter number of trials. 

2.2 Introduction 

Central Venous Catheterizations (CVC) is a commonly performed medical procedure that 

typically uses ultrasound guidance to insert a catheter into the internal jugular vein (US-IJCVC)  

[50], [159] to allow for quick medication delivery [9]. While this procedure is performed more 

than five million times annually in the US [5], [160], US-IJCVC is plagued with a high 

complication rate of 15% [7], including complications caused by mechanical errors like accidental 

puncture of the carotid artery [49] or puncturing through the backwall of the vein [54]. These errors 

are significant because they can cause complications such as bloodstream infection, stroke, or 

hemothorax, among others [9]. The number one driver of these error rates is the  experience of the 

physician performing the procedure – a physician who has performed less than 50 lines is more 

than twice as likely to incur complications  [7], [8]. Therefore, more practice by trainees before 

transitioning to patients could significantly decrease patient risk, reiterating the need to 

continuously improve CVC training methods [8], [56]. 

In order to be successful in US-IJCVC, a sequence of actions requiring both hands and specific 

motor skills must be followed including: (1) utilizing an ultrasound probe to identify the 

appropriate vessel, (2) distinguishing the carotid artery from the internal jugular vein in the 

ultrasound, (3) identifying where to insert the needle with respect to the ultrasound probe, (4) 

identifying where the needle tip is in the ultrasound image, (5) identifying when the needle has 

been appropriately centered in the vessel and (6) understanding how to aspirate the needle and 

verify when the vein has been accessed [32]. Current simulation-based training (SBT) [13], [14] 
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in CVC education typically relies on 

residents to know and apply these critical 

steps in order without assessing 

individual skill mastery [161]. Skill 

mastery is an important concept in 

medical education [162], [163]. The idea 

of tailoring simulation training to 

achieving mastery performance has been 

seen in ventilator management [164], 

bronchoscopy [165], and pediatric 

cannulation [166], indicating that 

training to reach a predefined mastery 

performance level can improve skill 

acquisition and knowledge . 

One of the most recent advancements 

in US-IJCVC training, the Dynamic 

Haptic Robotic Trainer (DHRT), see 

Figure 11, relies on comprehensive 

knowledge assessment rather than 

sequential learning. The DHRT system is advanced compared to traditional manikin simulators in 

that it provides risk-free practice with the ultrasound probe and the needle [167], but also allows 

diverse patient anatomies by changing the locations, depths, and sizes of the IJV and carotid artery 

[46]. The DHRT includes a mock ultrasound probe and simulated, reactive ultrasound image, a 

haptic robot, a specialized retractable needle that provides force to the trainee to simulate insertion, 

and a feedback screen that provides a personalized performance summary for learning [31], [168].  

For each trial on the simulator, the DHRT tracks the aspiration rate, the number of needle 

insertions, needle centering in the vein, angle of insertion, and puncture through the backwall of 

the vein or of the carotid artery, and provides a total overall DHRT performance score and a post-

trial performance summary screen [169]. The DHRT has been shown to be as effective as manikin 

training without the need of a trained preceptor [170], and has also been shown to significantly 

improve learning over time and to also identify learning curve changes as levels of mastery are 

 

Figure 11: The DHRT system developed for US-IJCVC 
training 
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reached [109]. However, the DHRT requires residents to apply all facets of their knowledge on 

their first insertion trial without ensuring an understanding of steps. Additionally, the current 

training approach for the DHRT is for each resident to conduct six preset trials regardless of 

performance and level of proficiency reached [171]; however, literature indicates that medical 

education should be tailored to the individual’s learning and performance needs [172] for optimal 

outcomes.  

Assessing the effectiveness of skill mastery is essential in complex motor skills like CVC 

because prior work has shown that these tasks are best learned in stages rather than all at once [60]. 

In addition, prior work has shown that medical students prefer learning in a sequential style, or 

breaking down learning into small steps [72], [73], [173] with an incremental progression of steps 

[73], [174]. Prior work has also shown that sequential learning is useful for multiple learning styles 

[175]; however, some literature on sequential learning in SBT is mixed, with one study indicating 

that the implementation of sequential learning did not significantly impact learning outcomes of 

medical students for emergency skills after SBT [176]. Sequential learning has not been explored 

extensively in SBT for CVC, and research focused on implementing SBT into medical education 

at the residency level is limited.  

Sequential learning has also been shown to increase skill gain and reduce learning curves, or 

plots that show the number of repetitions required for a trainee to reach a desired level of 

performance [177]. The theory of learning curves posits that learning improves with experience, 

and can be plotted over time [101]. Learning curves have been studied in SBT. For example, 

learning curves have been plotted in CVC training [105] and in laparoscopic surgery [178], 

indicating that with SBT learning can improve significantly over a training period. In addition, 

learning curves have also been shown to differentiate expertise based on performance changes in 

laparoscopic simulation [19], simulated thoracentesis [179], and simulated US-IJCVC [108]. 

Learning curves also have been found to indicate the efficiency of learning by determining when 

mastery performance is reached based on curve plateaus [104], [180]–[182]. Minimizing and 

eliminating learning curves of new physicians by pushing them to reach mastery performance 

faster through robust SBT is important to optimizing patient safety [107], and applying sequential 

learning to CVC SBT has the potential to significantly improve learning curves in CVC.  

To expand the body of knowledge on sequential learning and learning curves in CVC SBT, the 

purpose of this study was to measure the efficiency and effectiveness of sequential learning in 



32 
 

CVC SBT through assessing initial skill gain, the impact of the number of trials, and learning 

curves on the DHRT. 

2.2.1 DHRTsequential Learning Development 

The design of the original DHRT system included one 7:30 video that trainees watched at the 

end of an online training required to be completed prior to attending an in-person training session 

on the DHRT, and a 27s refresher video that was played at the start of the in person DHRT training. 

The 7:30 video outlined how to log into the DHRT, the different parts of the system, and how to 

use and aspirate the needle. The 27s refresher briefly re-outlined how to use the DHRT system. 

Sequential learning was integrated into the DHRT system by breaking down US-IJCVC into seven 

key steps developed through guidance by three expert physicians and  taken from the New England 

Journal of Medicine (NEJM) [32] and the National Library of Medicine (NLM) [71].  

 Specifically, seven videos were developed as part of the DHRTsequential training ranging in time 

from 15s to 30s.  In addition, an eighth video was developed to explain the post-trial summary 

screen and did not include a learning task.  Figure 12 breaks down the flow of the assessment 

tasks included in the sequential learning walkthrough training. For each step in the sequential 

training, a video explanation was provided and followed up with a hands-on activity and 

assessment that the user had to complete. The initial activities and assessments focus on learning 

individual skills such as distinguishing the vein from the artery and using the ultrasound probe. 

These skills are then re-emphasized through learning assessment activities to guide the user 

through how to conduct all of the steps of CVC at once. For example, to teach the skill of using 

the ultrasound probe, the user would watch a video explaining how to use the probe and then be 

 

Figure 12: Flow of the learning assessment activities in the sequential learning walkthrough 
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prompted by the system to use the probe to scan the DHRTsequential surface until they saw the 

internal jugular vein and carotid artery. The system would not prompt them to the next activity 

until they accomplished this task. Trainees were able to re-watch the explanation video for as many 

times as needed during the assessment activity. The final task and assessment combined all the 

steps learned throughout the training and had the trainee do an entire practice needle insertion.  

In addition to the sequential learning, to better individualize learning to performance [172] the 

system was also modified for the sequential learning group to only require three successful 

insertions to finish the training depending on the user’s score on the performance metrics. The 

required minimum of three trials was found by assessing a subset of previous trainees and finding 

by which trial residents were beginning to score within expert range as determined by Pepley in a 

previous study on the DHRT [46].  If the trainee is struggling, they can continue going through 

trials until they do up to six preset trials [171]. The last trial for each person is referred to as the 

verification of proficiency (VOP). For the sequential learning group, to finish the training in three 

trials, they may score anything on the first trial, must score at least 70% with successful insertion 

on the second trial, and at least 70% with successful insertion on the VOP. If these requirements 

were not met, trainees would continue going through the cases until they reached the correct score 

and could continue to the VOP trial, or until they reached trial five and were forced to do the VOP 

for trial six regardless of previous score. If participants reached the VOP in three, four, or five 

trials but then got less than a 70% on the VOP, they would repeat the VOP until they either reached 

70% or reached six trials. The score required to move forward in training was not set to 100% 

because of normal variations in CVC technique that may differ from the optimal score 

programmed into the DHRT, and limitations of the system itself. Expert physicians are not likely 

to score 100% on the DHRT system [46] due to variations in angle of insertion, how often the 

needle is aspirated, overall procedural flow that is dependent on the physician, the patient anatomy, 

and CVC performance standards within a hospital. Additionally, students may have difficulties on 

the device that are not reflective of technical performance, but instead are reflective of limitations 

in the design and scoring of the system. Therefore, it would be difficult to expect new trainees to 

achieve a score of 100%. 

2.3 Methods 

The main objective of this study was to determine the efficiency and effectiveness of sequential 

learning in simulator training for CVC through assessing initial skill gain, the impact of the number 
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of trials, and learning curves on the DHRT. For the remainder of this paper, the residents who 

received training on the original DHRT will be referred to as the DHRT cohort and those with the 

sequential learning will be referred to as the DHRTsequential cohort. Specifically, this study aimed 

to answer the following research questions (RQs):  

RQ1: Does the integration of sequential learning in the DHRT impact first-trial success and 

performance?  

Our first research question was developed to examine the impact of sequential learning on resident 

first trial insertion performance on the DHRT systems. Specifically, we sought to understand the 

impact of the training on whether or not the participant was able to obtain venous access without 

puncturing the carotid artery during their first trial. We hypothesized that  training type, distance 

to vein center, and aspiration rate would be  significant predictors of successful performance on 

the first trial (H1) based on the inclusion of sequential and multimedia learning  [73], [74] and 

prior literature on sequential learning in medical education in laparoscopic SBT [178]. 

 

RQ2: Does sequential learning in a CVC simulator impact number of trials required and 

performance at the end of training?  

This research question was developed to determine if the inclusion of sequential learning impacted 

the number of trials conducted between the DHRTsequential and the DHRT groups. We hypothesized 

that number of trials would be significantly different with the DHRTsequential group finishing in less 

trials (H2) and that there would be no performance differences for both metrics between groups 

(H3) because both groups should reach mastery performance by their last trial. These hypotheses 

are based on prior literature indicating that complex skills are better learned when broken down 

[60] and individualized to the learner [172], and that the effectiveness of sequential learning can 

be seen in mastery level performance being reached faster [178].  

 

RQ3: Does the integration of sequential learning into CVC SBT impact learning curves and 

time required for training?  

 

The third research question was developed to explore learning curves on the DHRT system 

between groups for the DHRT performance score based on the number of trials conducted, and to 
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determine if there was a difference in the amount of time required to complete training or reach 

the mastery level of performance. We hypothesized that the DHRTsequential group would have 

significantly less learning curves present than the DHRT group (H4) and that the overall training 

time would be reduced (H5).  This is because prior research has shown that sequential learning is 

a better method for efficiently building competence in complex procedures and that competence 

levels can be differentiated via learning curves [19], [73], [103], [182]. Additionally, prior research 

has indicated that the steepness of learning curves can be reduced through incorporating more 

structure and feedback into learning, and previous studies on the DHRT have indicated that the 

presence of learning curves on the system signifies learning by the trainee [107], [109].   

 

 2.3.1 Participants 

To answer our research questions, 103 participants were recruited from residency bootcamps 

at Hershey Medical Center in 2021 and 2022. Forty-four residents participated in the DHRT group, 

and 59 residents participated in the DHRTsequential group. A summary of demographic data broken 

down by DHRTsequential and DHRT groups can be seen in Table 4.  

 

Table 4:  Full demographic summary of residents included in the study 

 DHRTsequential DHRT 
Gender   
 Female 25 13 
 Male 34 30 
 Other 0 1 
Race   
 Black or African American 1 1 
 White 37 29 
 Asian 17 8 
 Other 0 3 
 More than one race 3 1 
 Prefer not to answer 1 2 
Specialty    
 Anesthesiology 12 10 
 Emergency Medicine 9 6 
 Internal Medicine 14 12 
 Other Non-surgery 5 7 
 General Surgery 13 3 
 Other Surgery 6 6 
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2.3.2 Procedures 

The data collected in this study is part of a larger investigation on residency training and CVC. 

As such, only the parts of the procedure that are relevant to the current study will be discussed. 

Before beginning training, residents consented to participate in this study by providing informed 

consent, as per the IRB protocol. Next, residents completed an online US-IJCVC training 

developed through prior work [84]. Specifically, the training includes eight video modules with 

embedded questions focused on teaching: (1) introduction to CVC, (2) an overview of CVC steps 

as defined by the New England Journal of Medicine [32], (3) an overview of the benefits and risks 

of each access site for CVC, (4) best practices to use CVC equipment, (5) rapid central vein 

assessment with ultrasound, (6) mechanical procedures for troubleshooting, (7) complication types 

and how to identify them, and (8) monitoring the patient and removing the catheter [84]. After 

completing the online training, participants completed a post-training US-IJCVC knowledge quiz 

which required a passing score of 80% or higher to attend in person DHRT training. Once the 

residents passed this assessment, they watched a 7:30 instructional video of how to use the DHRT 

system to conduct US-IJCVC. Then, DHRT residents watched a 27s recap video of how to use the 

DHRT system and then conducted 6 trials on the system. The DHRTsequential residents underwent 

the full sequential walkthrough training with activity assessments and then conducted 3-6 trials on 

the DHRT depending on performance. See the flowchart in figure 13 for a full breakdown of the 

procedures and how they differed between groups. 

2.3.3 Metrics  
 

 

 

 

Figure 13: Complete procedural flow for the DHRT and DHRTsequential training groups 
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The DHRT performance metrics used to answer our research questions included: needle distance 

to the center of the vein, aspiration rate, successful insertion, DHRT performance score, and last 

trial performance. These metrics were derived from previous work [171]. In addition, past training, 

DHRT performance score, predicted last trial, and patient case were also explored. Each of these 

metrics is detailed down below. 

Distance to vein center: This distance is calculated as the radial distance from the tip of the needle 

at its final position to the center of the vein [183]. This metric is important because inserting the 

needle off-center decreases the chance of a successful insertion due to the tissue compression and 

requires more skin incisions to be made. For this variable, a lower number indicates better 

performance. The ideal score for distance to the center of the vein is 0.  

Aspiration rate: Aspiration, or pulling back on the plunger of the syringe, is important because 

the influx of blood into the syringe, referred to as flash, is an indicator to the operator that the 

vessel has been accessed [32], [46], [52]. A higher percentage of aspiration time is beneficial for 

trainees so they understand when they have entered the vein; the ideal score for aspiration is 100%. 

Successful Insertion: To have a successful insertion, a participant needed to end the trial in the 

vein and not have punctured the carotid artery or inserted the needle through the backwall of the 

vein. An arterial puncture, a backwall puncture, or ending the procedure when the needle is not in 

the vein resulted in an unsuccessful insertion. 

DHRT Performance Score: For each trial on the DHRT, the participant was given a final score. 

This score is made up of their performance metrics and the difficulty of the trial [169]. The formula 

to determine the DHRT performance score is DHRT Performance Score= Is* (161.3 * (θs * Cs * 

as) – Bs – As) where Is refers to if the needle entered the artery or the vein, θs refers to the angle 

of the needle, Cs refers to the distance to the center of the vein, as refers to aspiration of the needle, 

Bs refers to puncturing the backwall of the vein, and As is the number of attempts. Refer to [183] 

for more details on how this was determined. If the artery is punctured, the score is automatically 

changed to zero (failing). A satisfactory score for progressing through the training in less trials is 

70% or higher with successful insertion.  

Number of Trials: To complete the training in the DHRT group, each participant was required to 

conduct between three and six trials on the DHRT depending on performance. This variable was 
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automatically computed for the DHRTsequential group; however, several participants did not see the 

GUI indicating they were finished training so their number of trials was corrected in post-

processing based on score. Additionally, to compare the DHRT and DHRTsequential last trial 

performance and normalize the trial in which the user ended, we post-processed the DHRT data 

by determining which trial the DHRT user would have ended their training based on their 

performance scores according to the process used on the DHRTsequential group described above.  

Past training: On the demographic survey conducted in the online training, residents were asked 

if they have had previous training in CVC. They could answer they had previous training through 

observation, manikin, robot, other, none, or more than one. Past training was treated as a binary 

metric for this study.  

Patient Case: The DHRT system was programmed with multiple patient profiles based on 

hypothetical anatomical variations that could be seen in live patients, as determined by expert 

physicians [169].  Each trial conducted on the system is a different patient case, with the first trial 

and the VOP (last) patient case matching for comparison purposes.  

Training Time: Training time (in seconds) was measured in the DHRT group as the time to watch 

the 27 second refresher video and undergo the 6 required trials and in the DHRT sequential group as 

the time required to undergo the walkthrough training and the required number of trials based on 

performance. The time on the system was recorded every time a case was actively running and 

during the walkthrough, and the instructional time was added after training for analysis. 

2.4 Results 

The main objective of this research was to determine if sequential learning impacts CVC skills 

gain and learning curves for CVC by answering the following RQs. All statistical analyses for this 

study were conducted in SPSS (v29).  

RQ1: Does the integration of sequential learning in the DHRT impact first-trial success 

and performance?  

The first research question was developed to determine if the likelihood of a successful 

first trial on the DHRT system, ending the procedure in the vein without puncturing the carotid 

artery or the backwall of the vein, could be predicted by the past experience and training type of 
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the participant. Our hypothesis (H1) was that the sequential learning on the DHRTsequential group 

would significantly impact first-trial success with the sequential learning group performing better 

[73]. To test this, a binomial logistic regression was performed with the dichotomous dependent 

variable, first trial success, being predicted based on the two dichotomous independent variables, 

past experience and training group (DHRT or DHRTsequential), and two continuous performance 

variables, distance to vein center and aspiration rate. Before running the regression model, the 

percentage of people failing within each group was determined. To achieve a successful insertion, 

the trainee must have ended the procedure in the vein without puncturing the carotid artery or 

through the backwall of the vein. In the DHRT group, 28 people (63.6%) failed their first insertion. 

Of those who failed, 9 (20.4%) failed due to both puncturing the carotid artery and the backwall 

of the vein, 10 (22.7%) failed due to puncturing through the backwall of the vein, 4 (9.1%) people 

failed due to ending outside of the vein, and 5 (11.4%) failed due to puncturing the carotid artery. 

In the DHRTsequential group, 15 (25.5%) people failed their first insertion. Of those who failed, 2 

(3.4%) failed due to both puncturing the carotid artery and the backwall of the vein, 9 (15.3%) 

failed due to puncturing through the backwall of the vein, 1 (1.7%) failed due to ending outside of 

the vein, and 3 (5.1%) failed due to puncturing the carotid artery.  

For the binomial regression, prior to computing the analysis, assumptions were verified. 

Past training was also included as a variable in this analysis to account for different exposure levels 

of trainees to CVC before attending the DHRT training.  The binomial logistic regression model 

was statistically significant χ2 (2) = 28.280, p < .001 with the model explaining 32.3% (Nagelkerke 

R2, a medium effect size [184]), of the variance in successful first insertion and correctly 

classifying 71.8% of cases. Specifically, the results showed that the training group (Wald χ2= 

7.168, p = .007) and aspiration (Wald χ2= 5.177, p = .023) were significant predictors of first trial 

success while past training (Wald χ2 = .047, p = .923), and distance to vein center (Wald χ2= 1.334, 

p = .320) were not. Specifically, DHRTsequential group was associated with an increased likelihood 

of first-trial success (odds ratio = 3.58, CI 95% [1.41 – 9.17]) compared to the DHRT group. This 

result aligns with our hypothesis (H1) that DHRTsequential would have a better first trial insertion 

performance.  
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RQ2: Does sequential learning in a CVC simulator impact number of trials required and 

performance at the end of training?  

The primary objective of RQ2 was to determine if the inclusion of sequential learning impacted 

the number of trials conducted between the DHRTsequential and the DHRT groups. We hypothesized 

that number of trials would be significantly different with the DHRTsequential group finishing in less 

trials (H2) and that there would be no performance differences for both metrics between groups 

(H3).This hypothesis is based on prior literature indicating that complex skills are better learned 

when broken down [60], and that skill mastery can be achieved through SBT [166]. Figure 14 

provides a breakdown of people in each training group that finished in each number of trials. For 

the DHRTsequential group, 64.4% of learners finished in less than six trials compared to only 38.6% 

in the DHRT group. To test for differences in the number of trials, a Mann-Whitney U test was 

conducted. Distributions of performance metrics were similar, as assessed by visual inspection. 

Results of the Mann-Whitney U test indicated that there was a statistically significant difference 

in the number of trials performed (U=1012.500, z=-2.033, p=.042) the DHRTsequential group (Md=4) 

and the DHRT group (Md=6). A follow-up analysis was done on the cumulative distributions of 

people finishing in each trial group through a Kaplan-Meier survival analysis with a log-rank test. 

All assumptions were met for this analysis. The results indicated that there was a significant 

difference (χ2 = 5.558, p = .018) in the cumulative distributions of people finishing at different 

 
Figure 14: A cumulative percentage graph indicating what percent of each training group was finished at each 

number of trials 
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timepoints between the people who received sequential learning (M=4.57 trials) and those who 

did not (M=5.56 trials). Mann-Whitney U tests were also run within each number of trials group 

for aspiration and distance to vein center to determine performance differences between the 

DHRTsequential group and the DHRT group. A Bonferroni adjustment was applied to account for 

testing for testing multiple performance variables  [185], resulting in an family wise error rate (α) 

of .025.  Distributions of performance metrics were similar, as assessed by visual inspection. For 

distance to vein center in the three-trial group, the median values were significantly different 

(U=23.5, z=-2.983, p=.002) for the DHRTsequential group (Md=.3200) compared to the DHRT group 

(Md=.4650). No other significant differences were found between groups for either performance 

metrics. These results align with our hypothesis that the number of trials would be significantly 

different with the DHRTsequential group finishing in less trials (H2). These results align with our 

hypothesis that there would not be significant performance differences at the end of training (H3), 

as a difference was only evident for a single performance metric in the three-trial group. 

 

RQ3: Does the integration of sequential learning into CVC SBT impact learning curves and 

time required for training?  

 

The objective of this question was to explore learning curves and training time on the DHRT 

system between groups. Learning was assessed as a group, so logarithmic and linear learning 

curves were calculated to account for individual differences [102].  We hypothesized that the 

DHRTsequential group would have significantly fewer learning curves and less training time than the 

DHRT group because prior research has shown that sequential learning is a more efficient method 

Table 5: Curve estimates for each trial in the DHRT and DHRTsequential groups 

 DHRT DHRTsequential 

Logarithmic B R2 F p B R2 F p 
3 48.909 .603 42.598 <.001* 9.502 .131 7.054 .011* 
4 34.854 .426 10.370 .006* 9.108 .095 5.665 .021 
5 32.794 .385 8.142 .014 13.108 .145 6.466 .015 
6 14.403 .059 10.000 .002* 2.360 .003 .338 .562 

Linear         
3 25.250 .521 30.463 <.001* 4.875 .118 6.268 .016 
4 15.725 .399 9.312 .009* 4.893 .126 7.812 .007* 
5 12.167 .328 6.349 .026 4.950 .128 5.596 .023 
6 4.564 .073 12.691 <.001* .904 .003 .395 .531 
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for building competence in complex procedures [73], [103], [182]. For time, a Mann-Whitney U 

test was conducted between the total time it took each person to go through the training in each 

group finding no significant differences (U = 1034.0, z = -1.760, p = .078) between the DHRT 

group (Md =494.3 seconds) and the DHRTsequential group (Md = 382.8 seconds).  To study learning 

curves, curve metric analyses were conducted. For each group, curves were analyzed separately 

for residents who finished the training in three, four, five, and six trials on the system to account 

for differences in learning speed. Linear and logarithmic curves were fit to each dataset and 

separately analyzed to determine significance. Specifically, a curve-fit estimation was conducted 

to identify statistically significant change in performance over time by modeling the DHRT 

performance score over the number of trials. A Bonferroni adjustment was applied to account for 

testing for multiple trial groups [185], resulting in an family wise error rate (α) of .0125. Table 5 

shows a breakdown of the results for this section. The DHRT group had 3 significant logarithmic 

learning curves and 3 significant linear learning curves. The DHRTsequential group had 1 significant 

logarithmic learning curve and 1 significant linear learning curve. See figure 15 for an example of 

the learning curves graphed for six trials in each group. These results align with our hypothesis 

that there would be less significant learning curves in the DHRTsequential group, indicating that 

trainees started at a higher point and therefore saw less of a significant change from beginning to 

end of training.  

 

 

 

Figure 15: 6 trial learning curves for the DHRT group (significant) and the DHRTsequential group (nonsignificant) 
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2.5 Discussion 

The goal of this study was to measure the efficiency and effectiveness of sequential 

learning in simulator training for CVC by assessing the initial skill gain, impact of the number of 

trials, and learning curves on the DHRTsequential compared to on the DHRT alone. The main findings 

of this study were that  

1) The DHRTsequential group was 3.58 times more likely to have a successful insertion on 

their first trial, which was significantly impacted by aspiration rate  

2) The number of trials required was significantly different between groups, but 

performance was not at the end of training 

3) The DHRTsequential group had fewer significant learning curves compared to the DHRT 

group.  

We hypothesized that the implementation of sequential learning would improve CVC 

simulator training by increasing first trial performance (H1) on the DHRT, based on previous 

literature indicating that sequential learning is useful for learning complex skills [60], [178]. 

Sequential learning did impact initial success of the procedure by significantly increasing the 

success rate of learners making them 3.58 times more likely to achieve successful venous access 

in their first trial. This indicates that the challenge of having to apply multiple skills at the same 

time on the first use of the system was lessened by the exposure and breakdown of skills introduced 

in the sequential learning walkthrough and assessment activities. For specific performance metrics, 

aspiration rate was a significant predictor of successful first insertion. This was surprising because 

the DHRTsequential group was explicitly taught how to align the needle to the center of the vein in 

the assessment activities and how to aspirate throughout the procedure and, so it was expected that 

both skills would have a significant impact on their ability to perform successfully.   

We also hypothesized that the number of trials required to finish training would be 

significantly lower for the DHRTsequential group than for the DHRT only group (H2) because 

indicating that complex skills are better learned when broken down [60] and individualized to the 

learner [172]. We also hypothesized that performance would not be significantly different between 

groups at the end of training (H3), because both groups should reach mastery performance by the 

end of SBT [166]. Number of trials was significantly different between groups (p=.042), as was 

the difference in the cumulative distributions finishing within each trial number (p = .018). The 
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DHRTsequential group had a higher percentage of people finishing in less than six trials (64.4%) 

compared to the DHRT group (38.6%), indicating an increase in the efficiency of training with the 

addition of sequential learning. Additionally, performance was not significantly different between 

the groups at the end of training, except for distance to vein center in the three-trial group. 

Performance not differing at the end of training indicates the utility of individualized learning, and 

further emphasizes that allowing the required number of trials range from 3-6 depending on 

performance is a valid training method. 

Finally, the we hypothesized that the number of significant learning curves would be 

lessened and that training time would be less in the DHRTsequential group (H4) due to previous 

literature indicating the utility of deliberate practice and sequential learning on minimizing 

procedural learning curves [19], [107], [178], and that sequential learning is a more efficient 

method for building competence in complex procedures [73], [103], [182]. Our findings refute out 

hypothesis that training time would be less for the DHRTsequential group; however, it is beneficial 

that there was no difference in training time between groups when considering the extra 

instructional time added with the walkthrough. Our findings align with our hypothesis that there 

would be less learning curves in the DHRTsequential group. Learning curves were assessed in each 

training group based on the number of trials and the DHRT performance score. For the DHRT 

group, there were significant linear and logarithmic curves for all trial groups except for five trials. 

For the DHRTsequential group, the only significant logarithmic curve was for three trials, and the 

only significant linear curve was for four trials. Overall, the learning curves indicated that the 

DHRTsequential group had less room to improve than the DHRT group, helping to minimize the 

learning curves for CVC simulation and aligning with prior research on how practice impacts 

learning in simulation for other procedures [19], [179].  

 

2.6 Conclusion 

The goal of this research was to determine if the addition of sequential learning into a CVC 

simulator could improve the efficiency of learning, the impact of the number of trials, and learning 

curves on the DHRT.  The first main finding of this study is that the implementation of sequential 

learning did significantly impact the rate of success of the first trial on a CVC simulator for the 

DHRTsequential group, indicating increased initial acquisition of skills. Secondly, the number of 

trails required to complete training was significantly lower for those in the DHRTsequential group. 
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Finally, the DHRTsequential group had fewer significant learning curves. These results indicate that 

the implementation of sequential learning into medical education is beneficial to increasing the 

efficiency of initial skill gain, and minimizing the learning curve. 

This study has several limitations that must be addressed. First, due to the nature of this 

study taking place during clinical training in medical centers, the sample sizes are limited and as 

such results from this paper should be considered exploratory. It is possible that with a larger 

sample size, differences between learning groups may have been more pronounced; future work 

will study this further. Second, this study took place at one U.S. medical center with one specific 

simulator and as such the generalizability of the findings is limited and further research would be 

needed to validate these findings for other simulators at other institutions. Third, the indication 

that training as completed for the DHRTsequential group on the GUI was not clear to all participants, 

requiring post processing to correct. Fourth, this study assessed learning from a medical simulator 

for CVC, and as such it is impossible to tell from this study alone if the participants were truly 

learning the procedure or if they were learning only the device; future work should focus on 

validating this with a longitudinal study into the clinical environment. When using a simulator for 

training, it is hard to verify if the test is a perfect measure of real-world practice. Since we are 

unable to assume that the simulator is perfect, the score to pass cannot be set to 100%. Adding to 

this, this study assessed time differences between cohorts; however, the DHRT cohort spent all of 

their time training whereas the DHRTsequential cohort spent part of their time learning with the 

walkthrough and part of it training. As such, future work should explore in more detail if it is the 

time spent learning or the time spent practicing that makes a bigger impact on learning efficiency.  

Finally, this study focused on group learning curves and did not explore individual learning curves; 

future work should explore individual learning curves in   medical simulation for CVC to 

determine if findings would differ. 
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Chapter 3 
COMPETENCE OVER CONFIDENCE: GENDER-BASED 
DIFFERENCES IN RESIDENT TRAINING FOR 
CENTRAL VENOUS CATHETERIZATION  

This paper will be submitted to the BMC Medical Education in March of 2024. This work 
is multiple authored by Haroula Tzamaras, Dr. Lisa Sinz, Dr. Phillip Ng, Dr. Michael Yang, Dr. 
Jason Moore, and Dr. Scarlett Miller. Haroula Tzamaras was the lead author on this paper Dr. 
Jason Moore and Dr. Scarlett Miller helped advise this work. Drs. Sinz, Yang, and Ng were 
instrumental to the data collection for this study. 

3.1 Abstract 

While women make up over 50% of students enrolled in medical school, disparities in self-

efficacy of medical skills between men and women have been observed throughout medical 

education. This difference is significant because low self-efficacy can impact learning, 

achievement, and performance, and thus create gendered skill gaps. Simulation-based training 

(SBT) is one area that relies heavily on assessments of self-efficacy, however, the Dunning-Kruger 

effect in self-assessment posits that trainees often struggle to recognize their skill level. 

Additionally, the impact of gender on self-efficacy during SBT has not been as widely studied. 

The objective of this study was to identify if the gender-confidence gap and the Dunning-Kruger 

effect exist in SBT for central venous catheterization (CVC) on the dynamic haptic robotic trainer 

(DHRT) by comparing self-efficacy and performance between men and women residents. 

Residents completed a 14-item Central Line Self-Efficacy survey (CLSE) before and after CVC 

training on the DHRT. DHRT CVC performance metrics of the number of insertion attempts, 

backwall puncture, and successful venipuncture were also collected. Gender differences of 173 

surgical residents (Nwomen=61, Nmen=112) pre- and post-CLSE, DHRT performance were 

compared. General estimating equation results indicated that women residents were significantly 

more likely to report lower self-efficacy for 9 of the 14 CLSE items (p<.0035). Mann-Whitney U 

and Fisher’s exact tests showed there were no performance differences between men and women 

for successfully accessing the vein on the DHRT. These results indicate that despite receiving the 
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same SBT and performing at the same level, the gender-confidence gap exists in CVC SBT, and 

the Dunning-Kruger effect may be more evident for women than men.  

3.2 Introduction 

The percentage of women enrolled in medical school in the United States has been steadily 

increasing, from 27.9% in 2000 [186] to 54.6% in 2023 [187]. While medical school enrollment 

has been on the rise for women, so has their participation in clinical research. In 1986, the NIH 

enacted a policy encouraging researchers to use women participants in their clinical studies [188]; 

however, women were not required to be included in clinical trials until 1993 when it was written 

into law [188]. Since then, women account for around 40% of clinical trial participants for many 

diseases, often even if the disease is more prominent in women than men [189]. While science still 

has improvements to be made for gender parity in clinical research, despite reaching gender parity 

in medical education, researchers have identified a gender-confidence gap in medical training 

[190], [191]. This gender-confidence gap manifests as disparities in self-confidence where women 

underestimate and undervalue themselves compared to men [94]. This is worrisome because self-

efficacy, or task specific confidence [192], [193], has been shown to be vital in challenging 

environments, like medicine, due to its relationship with an individuals’ motivation to engage in 

tasks and to persevere when faced with training challenges [89]. In addition,  self-assessment of 

confidence and performance are often used throughout medical education as a means to examine 

the effectiveness of trainee learning [47], [86]. When self-assessment of performance or 

confidence and actual knowledge are not aligned, it can give faculty perceptions that the trainee is 

lacking competence [194], [195] while simultaneously making the trainees more likely to embody 

this belief themselves [196].     

It is important to note that  higher self-efficacy does not always correlate with improved 

accuracy and performance [197]. For example, research has shown that people with lower skill 

levels often overestimate their abilities, or people with higher skill levels underestimate their 

abilities, a phenomenon referred to as the Dunning-Kruger Effect [92]. This effect has been found 

throughout medical training, from medical students [198], to medical residency [199], to attending 

physicians [93] where underperformers often rate themselves higher than their actual skill levels 

while high performers often rate themselves lower. Recent research has indicated that there may 

be gender effects in this phenomenon [200]. For example,  women medical students often report  
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lower confidence than men in bedside procedures [201], and in self-rated performance on surgical 

clerkship [95] regardless of actual performance. Similarly, women in surgical residency often rate 

their knowledge on patient care [202] and general competency [97] lower than men despite no 

gender-based performance differences [203].  While it has been shown that women have 

disproportionately lower confidence than men, it is less known how different types of training may 

impact this.  

One area that frequently uses self-assessments of confidence is simulation-based training 

(SBT). SBT using imitations of real procedures and environments [14], [76], or simulators, to 

allow physicians to practice before working with live patients [204], [205]. SBT has been widely 

integrated throughout medical education due to its low-risk, hands-on practice [206], [207]. SBT 

often relies on self-assessments of confidence because it provides an indication of trainee learning 

[86], [89].  The primary means of measuring self-confidence in SBT is through self-efficacy [208] 

and/or self-rated assessments of performance [209]. Self-efficacy is an important construct in SBT 

due to its relationship with learning [86], [192] and achievement [125], [210], and many studies 

focus on how SBT can be used to increase trainee confidence. For example, in medical training, 

participation in SBT has been shown to significantly increase trainee self-efficacy for acute skills 

[211], emergency room preparedness [212], intercostal drain insertion [213], and central venous 

catheterization (CVC) [214].  However, the gender-confidence gap has been shown to manifest in 

SBT [36] with one study showing that women had lower self-efficacy for obstetric emergency 

after SBT training despite the fact that there were no gendered performance differences [215]. 

However, few studies exist that explore the relationship between gender, confidence, and 

simulation training.  Exploring these effects is important due to of the relationship between 

confidence and competence [90] in medicine. 

One procedure that is useful for exploring the impact of the gender-confidence gap in SBT 

in medical residency is central venous catheterization (CVC). CVC is a complex medical 

procedure where a catheter is inserted into a central vein for critical medication delivery to the 

bloodstream [7]. CVC is performed over 5 million times annually [7], however, over 15% of these 

end procedures end with a complication [9]. The complication rate with CVC is largely associated 

with experience level of the physician - a physician who was performed less than 50 

catheterizations is twice as likely to cause complications [7]. CVC is most commonly conducted 

with ultrasound guidance into the right internal jugular vein (US-IJCVC) [50], [111], and requires 
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a series of bi-manual steps to complete the procedure. These steps include manipulating an 

ultrasound probe in one hand while inserting a needle into the internal jugular vein, while avoiding 

other anatomy like the carotid artery [52]. Once the vein is accessed, a catheter can be inserted; 

however, most training for CVC focuses just on the initial needle insertion.  

CVC is typically taught using SBT [27] including 

one of the newest SBT systems, the Dynamic Haptic Robotic 

Trainer (DHRT) [24], see figure 16. The DHRT uses haptic 

robotic simulation and mock ultrasound to train residents on 

CVC needle insertion for multiple patient anatomies, 

because in live patients the location and depth of the internal 

jugular vein can vary [28]. The DHRT is as effective as 

manikin training for CVC in skill and self-efficacy gains 

[70], [216], and is more beneficial than manikin training due 

to its objective scoring and real-time feedback. Each time 

the trainee uses the system, they are presented with a 

graphical user interface (GUI) with personalized feedback 

on their performance, including number of insertion 

attempts and where to improve if insertion was not 

successful [31]. The focus of training on the DHRT is 

achieving successful venipuncture by inserting the needle 

into the vein in one attempt without puncturing through the 

backwall of the vein. The DHRT aims to reduce the 

likelihood of mechanical complications that are often caused 

by human error and training deficits [7] such as puncturing 

the vein backwall [54] or puncturing the carotid artery [7], 

[217].[7]  

In light of this previous work, the objective of this study was to assess if the gender-

confidence gap or the Dunning-Kruger effect exists in CVC SBT by comparing self-efficacy and 

DHRT performance between men and women residents. The DHRT is the focus of the current 

study because it objectively measures performance of an individual, allowing for comparison 

between people and to other metrics like self-efficacy.  

 

       
  

 

Figure 16:  The DHRT Trainer used in 
residency training 
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3.3 Methods 

The goal of this study was to identify if the gender-confidence gap or Dunning-Kruger 

effect exists in CVC SBT. This was achieved by comparing self-efficacy and DHRT performance 

between men and women residents. Specifically, we sought to explore the following research 

questions (RQs):    

RQ1: Is there a gender-confidence gap in CVC SBT pre- or post- training? 

The first research question was developed to examine if the gender-confidence gap exists 

for residents learning CVC before or after SBT. We hypothesized that women residents would 

have lower CVC self-efficacy than men residents both pre- and post-training (H1) and that there 

would be no difference between men and women resident’s self-efficacy gains pre- to post-training 

(H2). These hypotheses are based on previous work that indicated that women in graduate and 

post-graduate medical training rate themselves lower in perceived clinical skills [97], performance 

[95], and confidence [215] than men. To add to this, most SBT, including the DHRT, have focused 

on studying how SBT improves self-efficacy overall [70], [216], and not explored gender effects.   

RQ2: Are there gender-based performance differences in CVC SBT at the end of training? 

The second research question was developed to examine if there were gender-based 

performance differences in CVC SBT. We hypothesized that there would be no significant 

differences in CVC SBT performance between genders (H3). This hypothesis was based on prior 

work that found that men and women do not differ in performance for clinical knowledge or 

technical skills at the residency level in programs such as general and plastic surgery [97], and 

obstetric training [215]. Understanding if performance differences exist in SBT for CVC may 

allow further investigation into the equity of training methods.  

RQ3: Does the Dunning-Kruger effect exist in CVC SBT post-training? 

The final research question was developed to examine if the Dunning-Kruger effect exists 

post-CVC SBT training by exploring the relationship between self-efficacy and performance. We 

hypothesized that there would be no significant relationship between these variables for either 

gender, thus supporting the existence of the Dunning-Kruger effect in CVC SBT (H4). This 

hypothesis was based on prior literature that found that medical residents’ ability to accurately 
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self-assess skills was weak, with close to zero correlation between self-ratings and observed 

performance [199], and that medical trainees are often unaware of their actual skill level [92]. 

Lack of correlation between performance and self-efficacy for CVC SBT would provide insight 

into how to better provide feedback to trainees to increase understandings of performance 

strengths and deficits.  

3.3.1 Participants 
In order to answer these questions, 173 residents (Nwomen=61, Nmen=112) from two 

residency cohorts (N2021=72 and N2022=101) and two medical centers (NM1=103, NM2=70) were 

recruited from the new resident bootcamp over a span of two summers with trainings running 

from June through September, see table 6 for participant breakdown. While the bootcamp was 

mandatory for all residents, participation in this research was voluntary and only residents who 

consented to participate were included in this study.  
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3.3.2 Procedures 
At the start of the study, and prior to training, residents consented to participate in this 

research by providing informed consent, through an online platform. Next, participants completed 

an online central line training that consisted of a demographic survey, a pre-online training 

Table 6: Demographic Information for residents in this study 
  Women (N=61_) Men (N=112) 
 Demographic 

Information 
2021 2022 Total 2021 2022 Total 

Sp
ec

ia
lty

  
 3 11 14 3 7 10 
Urology 0 0 0 2 3 5 
Cardiothoracic 
surgery 

0 0 0 1 1 2 

Neurosurgery  1 0 1 0 1 1 
Orthopedic 
surgery 

1 1 2 3 2 5 

Otolaryngology  0 2 2 2 1 3 
Ophthalmology 1 0 1 1 0 1 
OBGYN 0 4 4 0 0 0 
Plastic surgery 0 0 0 1 2 3 
 11 14 25 16 15 31 
Anesthesiology 3 2 5 10 16 26 
Emergency 
medicine 

2 2 4 4 7 11 

Medical ICU 0 1 1 0 0 0 
Neurology 0 0 0 4 3 7 
Nephrology 0 1 1 1 0 1 
Pathology 0 0 0 0 2 2 
Radiology 0 1 1 0 0 0 
Podiatry 0 0 0 0 1 1 
Physical 
medicine and 
rehabilitation 

0 0 0 1 0 1 

Pulmonary and 
critical care 

0 0 0 1 0 1 

Pediatric critical 
care 

0 0 0 0 1 1 

        

Le
ve

l PGY1 22 35 57 47 54 101 
PGY2 0 1 1 0 2 2 
PGY3 or PGY4 0 1 1 3 1 4 
Did not report 0 2 2 0 5 5 

        

R
ac

e/
Et

hn
ic

ity
 

White 7 18 25 34 34 68 
Asian 7 15 22 11 18 29 
Hispanic 1 0 1 1 1 2 
Black or African 
American 

1 2 3 0 4 4 

Other 2 0 2 1 1 2 
More than one 
race 

2 4 6 2 3 5 

Prefer not to 
answer 

2 0 2 1 1 2 
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knowledge assessment, eight interactive video modules that focused on CVC content and steps of 

the procedure, and a post-online training knowledge assessment, see [84] for detailed description 

of training protocol. Specifically, the eight video modules trained residents on: (1) introduction to 

CVC, (2) an overview of CVC steps as defined by the New England Journal of Medicine [32], (3) 

an overview of the benefits and risks of each access site for CVC, (4) best practices to use CVC 

equipment, (5) rapid central vein assessment with ultrasound, (6) mechanical procedures for 

troubleshooting, (7) complication types and how to identify them, and (8) monitoring the patient 

and removing the catheter. To pass the online training, residents needed to receive a post-training 

assessment score of 80% or higher, multiple attempts were allowed. 

After completing the online training, residents attended an in-person training session. At 

the start of the training, residents completed a pre-training central line self-efficacy (CLSE) survey. 

Next, each resident completed a set of trials on the DHRT. In the 2021 cohort, residents at both 

medical centers performed a total of six trials on the DHRT regardless of performance. In 2022 

the system was updated so that the number of trials each resident completed was based on previous 

performance. To complete training, residents in 2022 had to complete two successful 

venipunctures on the DHRT after a mandatory training trial, defined as vessel access with minimal 

insertion attempts and no serious error (e.g. arterial puncture). Thus, the minimum number of 

insertions per 2022 resident was 3 and the maximum was 6. Additionally, surgical residents at 

medical center 1 in 2021, and trainees at medical center 1 in 2022 received additional hands-on 

procedural practice covering the steps of CVC in greater depth than provided on the DHRT system. 

For this extra procedural training, the DHRT was extended so residents had a full CVC kit and 

interactive feedback on steps of the procedure past the needle insertion that is covered on the 

 
 

 
Figure 17: Procedural flow for medical residents in CVC training 
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DHRT. Finally, residents completed a post-training CLSE survey. See Figure 17 for the complete 

procedural flow.  

 

3.3.3 Metrics  

In order to answer our research questions, the following metrics were computed. 

Performance Metrics 

The DHRT measures performance on each trial based on previous research [24], [183]. For 

the current study, the performance on the last trial was used as this was the Verification of 

Proficiency test. The performance variables of interest for the current study were number of 

insertion attempts, backwall puncture, and successful venipuncture without arterial puncture. 

These metrics are defined below. 

Insertion attempts. Insertion attempts was computed by the system as the number of 

insertions it took to achieve access to the vein. For example, if the trainee pierced the needle into 

the DHRT and then removed the needle fully and re-insert it to readjust, two insertion attempts 

were computed. Limiting insertion attempts is important to reduce the likelihood of infectious 

complications associated with multiple needle sticks [218]. 

Backwall puncture. A backwall puncture was computed every time a resident inserted the 

needle into the vein but also punctured the back side of the vessel. Avoiding backwall puncture is 

necessary to limit the risk of accidental arterial puncture and decrease the risk of treatment 

complexity caused by mechanical complications [7]. 

Successful Venipuncture. A successful trial was computed when a resident accessed the 

vein without puncturing the carotid artery or through the backwall of the vein. Puncturing the 

carotid artery can lead to serious complications like stroke and death [7] and potentially the 

insertion of the catheter into the wrong vessel and as such needs to be avoided [217].  

 

Central-Line Self-Efficacy (CLSE) 

A five-point, 14-item Likert-scale CVC self-efficacy, referred to as the Central-Line Self-

Efficacy (CLSE) developed in prior work [39] was used to assess resident confidence on the 

procedure. On the CLSE, residents rated themselves in their belief in their ability where a one 

represented not at all confident and five represented extremely confident. The first ten items on 
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the CLSE survey focused on the specific steps of the procedure such as “modifying the needle 

trajectory” while the last four questions related to broader aspects of the procedure such as 

“conducting the entire procedure on a simulator”.  The full CLSE survey can be found here, 

however, please note that in later trainings the CLSE was updated to 19-items, so only the first 14 

items are relevant to the current study.  

 

3.3.4 Statistical Analysis 

To assess gender-confidence gaps in CVC SBT (RQ1), a general estimating equation 

(GEE) was computed with gender and self-efficacy type (pre- or post-training) and their interaction 

as the independent variables and the 14 CLSE questions as the dependent variables. To account 

for any potential effect of the additional procedural training in 2022 on self-efficacy, training year 

was also included as a variable. A GEE was used to extend the standard generalized linear 

regression model and account for the repeated measures of the pre and posttest. All assumptions 

were met for the GEE. To assess gender-based performance gaps (RQ2), a Mann-Whitney U test 

was conducted for the continuous variable, insertion attempts. Fisher’s exact test was conducted 

for the dichotomous performance variables, backwall puncture and successful venipuncture. All 

assumptions were met for both of these analyses. Finally, to assess the Dunning-Kruger effect 

(RQ3), regression analyses were conducted to determine if there was a correlation between self-

efficacy and performance. Prior to this, the internal reliability of the CLSE was verified 

(Cronbach’s alpha = .952) justifying the aggregation of the 14 items on the CLSE into one average 

score. For each regression analysis, the performance metric was the response variable and post 

self-efficacy, gender, and their interaction were the predictor variables. Linear regression was 

conducted for the continuous variable, insertion attempts, and binary logistic regression was run 

for the two dichotomous variables, backwall puncture and successful venipuncture. The analysis 

was conducted with the entire dataset to determine the significance of the interaction term and then 

the dataset was split and a follow-up analysis was run within each gender to determine if one had 

a stronger significant relationship than the other. Assumptions were checked and outliers were 

found for all three variables, determined true outliers, and kept in for the analysis. All other 

assumptions were met for all regression models.  

https://pennstateoffice365-my.sharepoint.com/:b:/g/personal/shm13_psu_edu/EQBUozybBr5DssX9HvX8DbkBA_zicwVc32CU06M04nY7VA?e=Y5m6Ht
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3.4 Results 

The main the objective of this study was to identify if the gender-confidence gap or the Dunning-

Kruger effect exist in CVC SBT on the DHRT. The following results are broken down by research 

question.  

RQ1: Is there a gender-confidence gap in CVC SBT pre- or post- training? 

The first research question was developed to determine if the gender-confidence gap 

existed in CVC self-efficacy for men and women in SBT on the DHRT. We hypothesized that 

women residents would have lower CVC self-efficacy than men residents both pre- and post-

training (H1) and that there would be no difference between men and women resident’s self-

efficacy gains pre- to post-training (H2). A Bonferroni adjustment was applied to account for 

repeated measures on the CLSE survey [185], resulting in an family wise error rate (α) of .0035. 

GEE results indicated that gender was a significant predictor with women ranking lower for 9 of 

the 14 variables including using tactile feedback during placement (Wald χ2 =18.814, p<.001), 

using tactile feedback to identify the vessel (Wald χ2 =20.045, p <.001), advancing the introducer 

needle (Wald χ2 =11.053, p<.001), modifying the needle trajectory (Wald χ2 =12.492, p<.001), 

identifying the needle in location (Wald χ2 =8.733, p =.003), using tactile feedback to guide the 

needle (Wald χ2 =14.216, p<.001), placing the needle in one attempt (Wald χ2 =17.888, p<.001), 

placing the needle in multiple attempts (Wald χ2 =9.314, p=.002), and conducting the entire 

procedure without mistakes (Wald χ2 =9.975, p=.002), aligning with our hypothesis (H1). 

Parameter estimates for the nine CLSE items where gender was a significant predictor indicated 

that a resident who identified as a woman was more likely to rate themselves lower than their men 

counterparts, see table II. Additionally, the interaction between self-efficacy type (pre or post) and 

gender was significant for conducting the entire procedure without mistakes (Wald χ2 =12.350, 

p<.001) meaning that the impact of gender on this variable varied based on the test condition, 

though gender was not a significant predictor for this variable (p=.004). Positive parameter values 

[.987(.2822), <.001] for women indicate that identifying as a woman impacted pre-CLSE more 

than post-CLSE for this variable, though both were lower than for men. Training year did not have 

a significant impact on any of the 14 variables. See Table 7 for full significant results. For all 14 

CLSE questions, there were significant increases pre- to post-test for both genders (p<.001), 
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aligning with our hypothesis (H2). These results indicate that the gender-confidence gap is evident 

in CVC training both before and after exposure to SBT. 
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Table 7: Significant model effects of the GEE * indicates a significant value p < 0.0035 

Self-Efficacy Item Predictor Wald χ2 df p Women Parameter Estimates 
[B(SE), p-value] 

Using tactile feedback 
during placement 

Gender  18.814 1 <.001* [-.704(.1619), <.001*] 
Pre or Post 115.894 1 <.001*  
Year 1.955 1 .162  
Interaction 2.717 1 .099  

Using tactile feedback to 
identify the vessel 

Gender  20.045 1 <.001* [-.766(.1710), <.001*] 
Pre or Post 98.891 1 <.001*  
Year 4.622 1 .032  
Interaction 4.314 1 .038  

Advancing the introducer 
needle 

Gender  11.053 1 <.001* [-.416(.1431),.004*] 
Pre or Post 84.239 1 <.001*  
Year 4.166 1 .041  
Interaction .008 1 .927  

Modifying the needle 
trajectory 

Gender  12.492 1 <.001* [-.494(.1352),<.001*] 
Pre or Post 134.188 1 <.001*  
Year 1.656 1 .198  
Interaction 1.178 1 .278  

Identifying the needle in 
location 

Gender  8.733 1 .003* [-.405(.1438),.006*] 
Pre or Post 158.631 1 <.001*  
Year 2.761 1 .097  
Interaction .125 1 .723  

Using tactile feedback to 
guide the needle 

Gender  14.216 1 <.001* [-.673(.1572), <.001*] 
Pre or Post 79.977 1 <.001*  
Year 4.226 1 .040  
Interaction 4.439 1 .035  

Placing the needle in one 
attempt 

Gender  17.888 1 <.001* [-.710(.1612), <.001*] 
Pre or Post 149.848 1 <.001*  
Year 1.214 1 .271  
Interaction 3.803 1 .051  

Placing the needle in 
multiple attempts 

Gender  9.314 1 .002* [-.858(.2990), .004*] 
Pre or Post 115.584 1 <.001*  
Year .523 1 .469  
Interaction .009 1 .924  

Conducting the entire 
procedure without mistakes 

Gender  9.975 1 .002* [-.701(.1719), <.001*] 
Pre or Post 80.437 1 <.001*  
Year 2.171 1 .141  
Interaction 12.350 1 <.001* [.522(.1326), <.001] 
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RQ2: Are there gender-based performance differences in CVC SBT at the end of training? 

The second research question was developed to determine if performance differences 

existed between men and women for CVC SBT. We hypothesized that there would be no 

significant differences in CVC SBT performance (H3) [97]. Statistical tests were run based on the 

variable type of the performance metric (backwall puncture, successful venipuncture, and number 

of insertion attempts). A Bonferroni adjustment was applied to account for repeat testing for the 

three performance variables [185], resulting in an family wise error rate (α) of .017. For backwall 

puncture, 95.5% of men avoided backwall puncture and 95.1% of women avoided backwall 

puncture, with Fisher’s exact test finding no statistically significant difference (p = 1.00).  For 

successful venipuncture, 84.8% of men successfully accessed the vein and 90.1% of women 

successfully accessed the vein, with Fisher’s exact test finding no significant difference (p = .360). 

Finally, for the number of insertion attempts, a Mann-Whitney U-test found no significant 

differences between men and women (U = 271.94, z = .507, p = .612). These results support our 

hypothesis (H3) that no gender differences in performance in CVC SBT exist post-training.  

RQ3: Does the Dunning-Kruger effect exist in CVC SBT post-training 

 

The final research question was developed to determine if the Dunning-Kruger effect 

existed for men and women in CVC SBT. We hypothesized that there would be no significant 

relationship between self-efficacy and performance for either gender, indicating the existence of 

the Dunning-Kruger effect (H4) [199]. To test this, regression models were used based on the 

variable type (continuous or dichotomous) to determine if performance could be predicted based 

on the aggregated post CLSE. A Bonferroni adjustment was applied to account for repeat testing 

for the three performance variables [185], resulting in an family wise error rate (α) of .017. For 

insertion attempts, the linear regression model was unable to significantly predict performance for 

the whole population based on gender, self-efficacy, and their interaction F(3,169) = 2.719, p = 

.046. When divided by gender, the linear regression models for insertion attempts were unable to 

significantly predict performance for men, F(1,109) =4.214, p = .042,  or for women, F(1,58) = 

3.308, p = .074 based on self-efficacy. For backwall puncture, the binary logistic regression model 

was not significant for the whole population χ2(3) = .720, p = .869. When divided by gender, the 

binary logistic regression models for backwall puncture were not significant for men, χ2(1) = .570, 
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p = .450 or for women χ2(1) = .604, p = .437. For successful insertion, the binary logistic regression 

model was not significant for the whole population χ2(3) = 4.306, p = .230. When divided by 

gender, the binary logistic regression models for successful insertion were not significant for men, 

χ2(1) = 1.349, p = .245 or for women χ2(1) = .2.473, p = .116. The results indicating that no models 

were able to significantly predict performance based on the aggregated post CLSE support our 

hypothesis (H4) that neither men nor women would be able to accurately assess their performance 

based on confidence. These results indicate that the Dunning-Kruger effect may exist for both 

genders in CVC SBT.  

3.5 Discussion 

The objective of this study was to identify if the gender-confidence gap or the Dunning-

Kruger effect existed in CVC SBT by comparing self-efficacy and DHRT performance between 

men and women residents.  

The main findings of this study were: 

(1) The gender-confidence gap was evident for seven self-efficacy variables on the CLSE 

with women rating themselves lower both before and after training, 

(2) there were no significant differences in CVC SBT performance differences between 

men and women,  

(3) the Dunning-Kruger effect was evident for both men and women 

These results support previous literature in obstetrics [215] and general and plastic surgery 

[97] that found that women had lower self-efficacy than men in training despite there being no 

performance differences [16-17], leading us to hypothesize that women would rate themselves 

lower than men [190], [191]. While this was not true for all 14 variables, over half of the variables 

on the CLSE survey aligned with our expected findings. For all seven significant variables, there 

were significant negative relationships for women indicating that identifying as a woman leads to 

a decrease in self-efficacy of varying rates per question. Of the variables that women had lower 

self-efficacy for, three were related to using tactile feedback, five were related to using the needle, 

and one was related to overall procedural confidence. Importantly, despite having lower self-

efficacy for items related to the use of the needle, there were no actual differences in the ability to 

achieve successful venipuncture, avoid backwall puncture, or reduce insertion attempts on the 

DHRT, making these lower self-efficacy ratings unfounded and aligning with previous research 
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[97], [215], [219]. Additionally, the variable “conducting the entire procedure without mistakes” 

was significant (p=.002), with women rating themselves lower for this variable, indicating that 

women may be less confident in their overall ability regardless of SBT exposure and performance. 

Future work should explore how performance feedback is presented in the DHRT system to 

combat this finding. 

Finally, previous literature has indicated the existence of the Dunning-Kruger effect in 

medical training for decades [92] positing that new medical trainees are unable to accurately assess 

their performance [198] regardless of gender [14], [34].  Our results align with previous literature 

in this area, finding that neither men nor women were able to accurately assess their performance. 

Regardless of inaccuracies, women still rated themselves lower on the majority of items on the 

post training CLSE compared to men, suggesting a potential variance in self-rating between 

genders. To fully explain this finding, a follow-up study should be conducted with a larger, more 

balanced sample size.  

This study focused specifically on self-efficacy and performance for CVC SBT based on 

training with the DHRT, but the results are reflective of a greater problem with the gender-

confidence gap in residency training. Programs have started to highlight resources for physicians 

to utilize to help fix gender disparities in medicine, including The American Medical Association 

(AMA) [220]. The field of medical education would benefit greatly by lessening the gender-

confidence gap for trainees due to the relationships between confidence and competence in the 

medical profession [90]. 

3.6 Conclusion 

While medical education has reached gender parity, the gender-confidence gap and the 

Dunning-Kruger effect are still found to impact self-efficacy at the residency level for SBT. SBT 

relies on self-efficacy and self-assessed performance to determine if trainees are learning 

effectively. Self-efficacy has also been shown to impact performance and achievement. As such, 

this study aimed to identify if the gender-confidence gap or the Dunning-Kruger effect existed in 

CVC SBT on the DHRT by comparing self-efficacy and performance between men and women.  

We found that women were significantly more likely to have lower self-efficacy for half of the 

CLSE survey items, there were no performance differences between men and women on the 

DHRT, and neither gender was able to predict performance based on self-efficacy for all three 

performance metrics. Men’s self-efficacy did predict insertion attempts, indicating that the 
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Dunning-Kruger effect was not found for that variable. Overall, the results of this study provide 

evidence of both the gender-confidence gap and the Dunning-Kruger effect in CVC SBT on the 

DHRT.  These results indicate an increased need to evaluate gender-differences in resident SBT. 

Future work should be conducted to further evaluate these findings.  

There are several limitations in this study that must be addressed. One limitation of this 

study was that we did not evaluate gender and race/ethnicity interactions due to the limited sample 

size in race/ethnicity. Another limitation is that the dataset lacked adequate representation for 

genders other than men and women and therefore we were only able to study gender as binary. 

Future work should explore larger sample sizes with more demographic representation to analyze 

self-efficacy on a larger scale. In addition, this study contained data from only two U.S. medical 

centers that integrated the DHRT training. As such, the generalizability of the findings is needed 

across training systems and across institutions. Another limitation of this work is the duality of the 

Dunning-Kruger effect meaning that it is impossible to know from this study if women were rating 

themselves lower than men for self-efficacy because they were truly less confident, or if it could 

be because they were learning more and more aware of where their skills lacked. To validate this, 

future work should include a longitudinal study to follow their progression of learning throughout 

training.  Finally, the system flow of the DHRT changed between training years modifying how 

many trials each person needed to complete which may have contributed to changes in self-efficacy 

between years. As such, this should be explored in future work. 
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Chapter 4 

 

EVALUATING THE EFFECTS OF COMPREHENSIVE 
SIMULATION ON CENTRAL VENOUS 
CATHETERIZATION TRAINING: A COMPARATIVE 
OBSERVATIONAL STUDY 

This paper will be submitted to the journal of BMC Medical Education in March of 2024. 
This work is multiple authored by Haroula Tzamaras, Dailen Brown, Dr. Jessica Gonzalez-
Vargas, Dr. Jason Moore, and Dr. Scarlett Miller. Haroula Tzamaras was the lead author on 
this paper. Dr. Jason Moore and Dr. Scarlett Miller helped advise this work. Dailen Brown 
assisted in data collection and Dr. Gonzalez-Vargas helped with data collection and editing. 

 

4.1 Abstract 
Simulation-based training (SBT) is vital to complex medical procedures such as Ultrasound 

Guided Central Venous Catheterization (US-IJCVC), where the experience level of the physician 

impacts the likelihood of incurring complications. The Dynamic Haptic Robotic Trainer (DHRT) 

was developed to train residents in CVC as an improvement over manikin trainers, however, the 

DHRT and manikin trainer both only provide training on one specific portion of CVC, needle 

insertion. As such, CVC SBT would benefit from more comprehensive training. An extended 

version of the DHRT was created, the DHRT+, to provide hands-on training and automated 

feedback on additional steps of CVC. The DHRT+ includes a full CVC medical kit, a false vein 

channel, and a personalized, reactive interface. When used together, the DHRT and DHRT+ 

systems provide comprehensive training on needle insertion and catheter placement for CVC. This 

study evaluates the impact of the DHRT+ on resident self-efficacy and CVC skill gains as 

compared to training on the DHRT alone. 47 medical residents completed training on the DHRT 

and 59 residents received comprehensive training on the DHRT and the DHRT+. Each resident 

filled out a central line self-efficacy (CLSE) survey before and after undergoing training on the 

simulators. After simulation training, each resident did one full CVC on a manikin while being 

observed by an expert rater and graded on a US-IJCVC checklist. For two items on the US-IJCVC 
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checklist, verbalizing consent and aspirating blood through the catheter, the comprehensive 

training group performed significantly better than the DHRT only group. While both groups 

showed significant improvements in self-efficacy from before to after training, training group was 

a significant predictor for using the proper equipment in the proper order, and securing the catheter 

with suture and applying dressing with the comprehensive training group showing higher post 

training self-efficacy. Learning gains and self-efficacy were significantly higher for the group with 

comprehensive training on the DHRT+ for several skills.  

 

 4.2 Introduction 

For over a decade, simulation-based training (SBT) has been integrated into medical 

education because it is an imitation of real-life events and procedures that can provide hands-on 

practice [14] without putting patients at risk [221] and prevent harmful situations caused by 

unskilled trainees [222]. SBT allows educators to control the situations and tasks that are presented 

to learners [76]. This control exposes learners to typical and atypical patient cases, increasing their 

level of preparedness for the variations of patients encountered in the clinical environment [76], 

[223]. However, SBT is recommended by most residency programs, but it is not required [61]. As 

a result, there is currently no standardized approach to SBT in medical training [14], [224]. 

Although not standardized, one procedure that has seen an increase in the use of SBT is Central 

Venous Catheterization (CVC). With over five million CVCs conducted annually in the United 

States [5], this procedure involves a catheter insertion for quick and efficient medication delivery 

through the heart [5], [7]. Typically, CVC is inserted into the right internal jugular vein (IJV) [50], 

often assisted with ultrasound guidance [6] (US-IJCVC). To conduct US-IJCVC, a series of steps 

must be followed in order. Figure 18 illustrates the four main steps and their sub steps, as outlined 

by the New England Journal of Medicine [32]. Mechanical skills require the manipulation of CVC 

tools, while procedural knowledge involves the ordering of CVC steps and management of 

complications [55], [56]. Due to its complexity, CVC is associated with high rates of complication 

[5], including mechanical complications related to catheter insertion, infectious complications 
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related to infection, and thrombotic complications arising from clotting in the bloodstream caused 

by the catheter [9]. One factor contributing to these prevalent complication rates is the experience 

level of the person conducting the procedure [5], [7], [49]. A physician who has performed less 

than 50 catheterizations is two times more likely to incur complications than someone with more 

experience [7]. To reduce these complications, SBT is critical for providing more hands-on 

practice before performing CVC on patients [34].  

Commonly, SBT for CVC includes a manikin trainer with a hand-pump arterial pulse and 

ultrasound guidance [5], [7] that allow trainees to practice real procedural skills [225] and are 

physically realistic [205]. However, manikin simulators have several limitations. First, manikin 

simulators are manufactured to represent only a single patient anatomy, limiting the diverse patient 

cases presented in the clinical environment. Second, they rely on an instructor to provide 

performance feedback to the learner [25], [27]. This is challenging as there is currently no 

standardized approach to training or assessing CVC trainee performance [27], [226], [227]. Instead 

CVC training and proficiency are determined individually by program [228], leading to potential 

discrepancies in competence between and within institutions [121]. Lastly, manikin simulators 

only train residents on vessel identification and access, see Figure 1. Consequently, manikin 

simulators do not provide practice in all the mechanical skills required for conducting US-IJCVC, 

 

             

 

Figure 18: The main steps of CVC and which simulators cover which steps 
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including use of the guidewire, 

scalpel, dilator, and catheter (Figure 

1, steps 3 and 4). This training gap is 

crucial, since a lack of practice on 

mechanical steps may impact 

increase the likelihood of mistakes 

among novice physicians’, such as 

arterial puncture [7] or guidewire 

mismanagement [55]. 

To improve upon manikin 

trainers for US-IJCVC training, 

researchers developed the Dynamic 

Haptic Robotic Trainer (DHRT), see 

Figure 19 [30]. Specifically, the 

DHRT provides users with a step-by-

step realistic training experience of 

performing US-guided needle 

insertion (Figure 1, step 3) [46]. The DHRT 

includes 17 patient  cases that differ based on the IJV size, depth, and location [167], [183]. These 

variations and force changes during US-guided needle insertion are achieved by using force tissue 

profiles, a haptic robotic arm, simulated ultrasound screen, and mock ultrasound probe [46]. In 

addition, the DHRT has a personalized learning graphical user interface (GUI) [31] that provides 

automated performance feedback on  angle, number of insertion attempts, rate of aspiration, and 

needle centering [229], see figure 2. The DHRT was also validated for training, indicating that is 

was as effective as manikin simulators based on a US-IJCVC checklist [230]. Moreover, the 

DHRT distinguishes expert and novice users based on gaze patterns [153], and lessens the learning 

curve for CVC skills [109]. The DHRT has also indicated that self-efficacy, defined as confidence 

in oneself for specific tasks and outcomes [125], increases pre to post training [47].  Self-efficacy 

is a critical measure because evidence shows that performance and self-efficacy can be directly 

related, and can gauge the effectiveness of learning by the trainee [88] In CVC SBT, a correlation 

has been observed between confidence, performance, and simulation, indicating that SBT leads to 

 

 

         

 

Figure 19: The DHRT system used for CVC training 
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confidence and performance increases [126], [210]. However, this correlation has limitations, and 

trainees may be overconfident or underconfident compared to their actual performance [90], [199], 

[231]. 

While the DHRT has been proven to be effective [230], it also only focuses on the 

mechanical skills for US-guided needle insertion (Figure 1, step 3). To improve upon this and since 

prior work demonstrated that comprehensive training can accelerate residents experience than 

those not trained with simulation [232], we sought to develop the DHRT+. The DHRT+ provides 

in-depth procedural knowledge and mechanical skills training on catheter placement (step 4), see 

Figure 1. Specifically, the DHRT+ allows users to interact with a real CVC kit (e.g. guidewire, 

dilator, catheter, scalpel, and suture) and includes an interactive screen that provides patient vitals 

that react based on performance, see Figure 20. Since learning in CVC is not effective without 

feedback [25], the DHRT+ provides automated performance feedback. Feedback is provided by 

tracking the order of tools that are used with computer vision, the accuracy of the tool usage (e.g., 

depth of catheter or guidewire insertion in the vessel) with a false vein channel, and a GUI that 

provides post-insertion feedback. 

To provide a comprehensive US-IJCVC SBT, when used together, the DHRT and DHRT+ 

create a comprehensive training that allows trainees to practice with automated and reactive 

feedback, covering the critical mechanical skills for US-IJCVC (figure 1, steps 3 and 4). Building 

 

             

 

Figure 20: The DHRT+ system (not pictured: overhead camera for computer vision tracking) 
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on the foundations of this previous work, the main objective of this study was to evaluate if the 

comprehensive training impacted resident performance and self-efficacy compared to DHRT only 

training. 

 

4.3 Methods 

Data for this study was collected at Hershey Medical Center (HMC) in the summers of 

2021 and 2022 at resident training bootcamps during July through September of each year. This 

study sought to evaluate if the comprehensive training impacted resident performance and self-

efficacy compared to the DHRT system alone. The remainder of this section highlights the 

methodology used to accomplish this objective.  

4.3.1 Research Questions  

Specifically, the study was designed to answer the following research questions (RQ)s: 

RQ1: Is there a difference in performance on a US-IJCVC checklist between residents with 

comprehensive training on the DHRT+ and residents trained only on the DHRT? 

The first research question was developed to determine if adding the DHRT+ to DHRT training 

led to differences in performance between the two training groups according to expert-observed 

performance scores on a US-IJCVC.  The checklist includes economy of time and motion, the 

number of insertion attempts taken by the resident, and 24 pass/fail items on the steps of the 

procedure. We hypothesized that residents in the comprehensive training group would have more 

efficient movements, lower number of insertions, and higher pass rates on the US-IJCVC checklist 

than those who had  training on the DHRT alone because prior work in other fields of medical 

education has shown that focusing SBT on the whole procedure positively impacts learning gains 

and improves trainee performance [233], [234]. 

 

RQ2: Is there a difference in self-efficacy between residents with comprehensive training on 

the DHRT+ and residents trained only on the DHRT? 

The second research question was developed to determine if adding the DHRT+ to DHRT 

training led to differences in self-efficacy between the two training groups, as measured by a 

central line self-efficacy (CLSE) survey. We hypothesized that self-efficacy would increase pre to 
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post training for both groups, but would be higher for the comprehensive training group post 

training. This is because more steps required for CVC  [32] were covered with the comprehensive 

training, and prior research in other medical fields has indicated that more comprehensive exposure 

to simulation training can increase procedural confidence [126], [235]. 

 

4.3.2 Participants 

A total of 106 medical residents at Hershey Medical Center participated in the study. In total, there 

were 42 female participants and 63 male participants. One resident reported their gender as other. 

Seventy-one residents identified as White, 23 identified as Asian, 3 identified as Black, 2 identified 

as Hispanic, 1 identified as North African, 3 declined to answer, and 3 identified as more than one 

race. Of all residents in this study, 14 were general surgery, 25 were anesthesia, 35 were internal 

medicine, 15 were emergency medicine, and the remainder were various other specialties, see 

Table 8.  

 

 

Table 8: Summary of participant medical specialties 

 
 

DHRT only Comprehensive training 
group 

TOTALS 

     
MEDICAL SPECIALTY     
ACUTE CARE 0 1 1 
ANESTHESIOLOGY 12 13 25 
EMERGENCY MEDICINE 7 8 15 
GENERAL SURGERY 0 14 14 
INTERNAL MEDICINE 18 17 35 
ICU 0 1 1 
NEPHROLOGY 1 2 3 
NEUROLOGY 3 1 4 
OPHTHALMOLOGY 2 0 2 
PEDIATRIC CRITICAL CARE 0 1 1 
PHYSICAL MEDICINE AND 
REHABILITATION 

1 0 1 

PRELIMINARY MEDICINE 1 0 1 
PULMONARY 2 0 2 
RADIOLOGY 0 1 1 
TOTAL 47 59 106 
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4.3.3 Procedures 

 For all participants, informed consent was obtained according to an Institutional Review Board 

(IRB) approved protocol. Before coming to the in-person simulation training, all participants 

completed a pre-simulator online training including a demographic survey, a pre-test on CVC 

knowledge, eight interactive video modules covering CVC content, and a posttest on CVC 

knowledge, see [84] for more details on this training protocol. The eight interactive modules 

included: (1) an introduction to CVC, (2) an overview of CVC steps as defined by the New England 

Journal of Medicine [32], (3) the benefits and risks of each access site, (4) best practices for CVC 

equipment, (5) rapid vein assessment with ultrasound, (6) mechanical procedures for 

troubleshooting, (7) complication types and identification, and (8) patient monitoring and catheter 

removal. After completing the online training with a posttest score of 80% or higher, residents 

were able to attend the in-person simulation training. Upon entering the simulation training, 

residents completed a 19-item 5-point Likert scale central line self-efficacy (CLSE) survey to 

assess their pre-training confidence on specific skills needed to successfully perform CVC. Next, 

all residents conducted trials on the DHRT system. In the DHRT only group in 2021, all residents 

conducted six trials on the DHRT and then went on to fill out the post training CLSE. In the 

comprehensive training group in 2022, the system was modified to include an interactive 

walkthrough of the procedure on the DHRT that showed residents how to use the simulator, and 

to modify the number of trials each resident completed on the DHRT based on performance. 

Residents who received a 70% or higher and avoided puncturing the carotid artery or backwall of 

the vein each trial were able to finish the training in as little as three trials, but could do up to six 

trials if more practice was needed. After the DHRT training, the comprehensive training group did 

one full US-IJCVC through to the final step of inserting the catheter using the DHRT+ system. 

After the full US-IJCVC on the DHRT+ system, the comprehensive training group filled out the 

post training CLSE form. Finally, each resident did one full US-IJCVC on a manikin trainer and 
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were scored by an expert observer using a US-IJCVC checklist. The procedure and how it differed 

between training cohorts can be seen in Figure 21. 

4.3.4 Metrics 

The following metrics were used to assess differences between the comprehensive training and 

DHRT groups. 

US-IJCVC Checklist 

The US-IJCVC checklist is a verification of proficiency checklist evaluated by an expert observer, 

someone who is trained on how to conduct the steps of the procedure. The US-IJCVC checklist is 

an assessment metric used to determine when a resident is proficient and can move from CVC 

simulation training to supervised CVC on patients [84]. The checklist includes 2 continuous 

variables. The first is insertion attempts, or how many tries it took with the needle before the 

resident was able to successfully insert it into the vein. The second is economy of time and motion, 

or the efficiency of the hand motion of the resident. The US-IJCVC checklist also includes 24 

dichotomous items outlining all the mechanical and procedural steps and sub steps (refer to figure 

1). For each dichotomous item, the observer would mark 1 for pass if the resident remembered to 

do the step and conducted it correctly or mark 0 for fail. The full checklist can be found here. If a 

resident passed every item on the checklist, they were considered competent in the procedure, 

otherwise they were recommended for further practice. 

 

Central Line Self-Efficacy (CLSE) Survey 

 

 

 

Figure 21: The methodological process of the training flow between the DHRT only and the comprehensive training 
groups 

https://www.engr.psu.edu/britelab/resources/Post%20Test%20VOP%20Checklist.pdf
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The 19-item 5-point Likert scale central line self-efficacy (CLSE) survey is used to assess 

confidence on skills needed to successfully perform CVC. These items include specific skills such 

as “locating vessels in an ultrasound image” or “securing the catheter with suture”, to more general 

skills such as “conducting the procedure without mistakes” or “conducting the entire procedure on 

a simulator”. The full CLSE survey can be found here.  

 

4.3.5 Data Analysis 

All analysis was conducted in SPSS (v. 29.0). To analyze differences on the US-IJCVC 

checklist, different statistical tests were run for each variable type. For the continuous variable, 

number of attempts, and the ordinal variable, economy of time and motion, Mann-Whitney U-tests 

were run to determine if there were differences between the DHRT and comprehensive training 

groups. To analyze differences in the 24 dichotomous pass/fail variables, a Pearson Chi-Square 

was used to test for significant differences in proportions. Fisher’s Exact Test was used in place of 

chi-square for any variable that did not have at least 5 residents fail in both the DHRT only and 

comprehensive training groups. All assumptions were met for both of these analyses. 

To analyze differences in self-efficacy, a General Estimating Equation (GEE) was 

computed. Training group, CLSE type (pre or post-training), and their interaction were the 

independent variables and the CLSE questions were the dependent variables. All assumptions were 

met for GEE. For each variable with a significant interaction term, post hoc pairwise comparisons 

were conducted via an analysis of estimated marginal means.   

 

4.4 Results 

The main objective of this research was to evaluate if comprehensive impacted resident 

performance and self-efficacy compared to the DHRT system alone. The following results are 

presented by research question.  

RQ1: Is there a difference in performance on a US-IJCVC checklist between residents with 

comprehensive training on the DHRT+ and residents trained only on the DHRT? 

The first research question was developed to determine if comprehensive training with the 

DHRT+ led to differences in performance for residents. We hypothesized that the additional 

training would lead to better performance on the US-IJCVC checklist.  For insertion attempts, a 

https://pennstateoffice365-my.sharepoint.com/:b:/g/personal/shm13_psu_edu/EQBUozybBr5DssX9HvX8DbkBA_zicwVc32CU06M04nY7VA?e=Y5m6Ht
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Mann-Whitney U test found no significant differences (U=1101.5, z=-.401, p=.688) between the 

DHRT (Md=1) and the comprehensive training group (Md=1) groups. For economy of time and 

motion, a Mann Whitney U test found no significant differences (U=1466.5, z=.696, p=.486) 

between the DHRT (Md=3) and the comprehensive training group (Md=3) groups. For the 24 

dichotomous items on the US-IJCVC a Bonferroni correction was applied to account for repeated 

measures [185], resulting in a family-wise error rate adjusted alpha value of .002. With the 

Bonferroni correction, Pearson’s chi-square indicated that two items on the US-IJCVC checklist 

differed significantly between the DHRT and comprehensive training groups. For “verbalizing 

consent”, there was a statistically significant difference (χ2 =14.252, p<.001) between the 

proportion of residents who passed in the comprehensive training group (86.4%) compared to the 

DHRT group (53.2%).  For “aspirating blood through the catheter”, there was a statistically 

significant difference (χ2 =11.229, p<.001) between the proportion of residents who passed in the 

comprehensive training group (81%) compared to the DHRT group (50%). Differences for all 

other dichotomous variables were nonsignificant. These results confirm our hypothesis for two 

items on the US-IJCVC checklist that the comprehensive training group would have a significantly 

higher pass rate, and indicate that comprehensive training with the DHRT+ may positively impact 

performance. Full results from the Pearson Chi-Square and Fisher’s Exact test can be found in the 

appendix.  

 

RQ2: Is there a difference in self-efficacy between residents with comprehensive training on 

the DHRT+ and residents trained only on the DHRT? 

The second research question was developed to determine if comprehensive training with 

the DHRT+ led to differences in self-efficacy. We hypothesized that self-efficacy would be higher 

for the comprehensive training group due to comprehensive training in more steps of the procedure 

covering more mechanical skills and procedural knowledge. To account for the repeated measures 

of the 19-item CLSE, a Bonferroni correction was applied [185], resulting in a family-wise error 

rate of .0026. GEE analysis revealed that for two of items on the CLSE survey, treatment was a 

significant predictor with the comprehensive training group rating higher than the DHRT only 

group for each one. These variables included “using the proper equipment in the proper order” 

(Wald χ2 =12.258, p<.001), and “securing the catheter with suture” (Wald χ2 =16.343, p<.001). 

While the change from pre to post test was significant for all variables (p<.001), there were 
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significant interactions between the self-efficacy type (pre or post) and training group (DHRT or 

comprehensive) for one of the items on the CLSE survey, “placing the needle in multiple attempts” 

(Wald χ2 =10.173, p=.001).  Post hoc analysis via estimated marginal means (SE= .3403, p=.001, 

95% CI [-1.752, -.418]), revealed that while the pre-CLSE for this variable was significantly higher 

for the DHRT group than for the comprehensive training group (Mean difference = .51, p=.011), 

there were no significant differences after training. Overall, these results confirm our hypothesis 

that the comprehensive training group has higher self-efficacy for two items on the CLSE survey, 

and indicate that the DHRT+ positively impacts self-efficacy.  

 

4.5 Discussion 

The DHRT+ system was developed because existing training methods used in US-IJCVC SBT 

focus only the US-guided needle insertion portion of  CVC (refer to figure 1) [25], [27], indicating 

a dire need to continuously create more comprehensive US-IJCVC education by covering more 

steps of the procedure. The main objective of this study was to evaluate if comprehensive training 

impacted resident self-efficacy and performance rated compared to training on the DHRT system 

alone. The main findings of this study indicated that  

• The comprehensive training group had better US-IJCVC checklist performance for 

verbalizing consent and aspirating blood through the catheter 

• The comprehensive training group had higher self-efficacy for using the proper 

equipment in the proper order and securing the catheter with suture 

• For all other items on the CLSE survey and the US-IJCVC checklist, comprehensive 

training was as effective as DHRT group since there were no significant differences 

between the training groups 

For the US-IJCVC checklist, we hypothesized that the comprehensive training group 

would perform better on the checklist with more efficient movements, a lower number of 

insertions, and a higher pass rate for dichotomous items. This hypothesis was based on prior 

literature, which indicated that exposure to a more comprehensive training with more steps of US-

IJCVC covered would lead to more successful performance [126], [234]. Specifically, since the 

DHRT+ included training in tool usage and equipment required for US-IJCVC for catheter 

placement, it was expected that the comprehensive training group would have more efficient hand 
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motions. On the US-IJCVC, there no differences in economy of time and motion or number of 

insertion attempts between groups, refuting this part of our hypothesis. For two pass/fail items on 

the US-IJCVC checklist, “Verbalizing consent” and “Aspirating blood through the catheter”, the 

comprehensive training group had a significantly higher pass rate than the DHRT group, aligning 

with our hypothesis that there would be a higher pass rate on the US-IJCVC. For the other 22 

dichotomous pass/fail items on the US-IJCVC checklist, the DHRT only and the comprehensive 

training groups performed similarly. While aspirating blood through the catheter was explicitly 

taught in the comprehensive training during step 4, catheter placement, verbalizing consent was 

not. This may have been due to residents thinking about the procedure as a whole since more steps 

were covered; however, further experimentation should be done to verify this effect of 

comprehensive training. Overall, these results provide evidence that a comprehensive CVC 

training with more steps of the procedure and automated performance feedback [25], [66] may be 

more effective for learning than trainers that focus only on needle insertion [233].  

 For the CLSE survey, we hypothesized that both groups would improve on self-efficacy 

pre to post training, but that the comprehensive training group would have higher self-efficacy 

post training because of exposure to comprehensive training. This hypothesis was based on prior 

literature indicating that SBT leads to confidence increases post training [47], and that more 

extensive procedural training can better increase procedural confidence [126], [235]. Our results 

indicated significant improvement from pre to post training for both groups, aligning with previous 

literature indicating the utility of SBT for US-IJCVC [47]. For two items on the CLSE survey, 

“Preparing the proper equipment in the proper order” and “Securing the catheter with suture”, 

the comprehensive training group had significantly higher self-efficacy after training than the 

DHRT only group. For all other items on the CLSE, the DHRT and comprehensive training group 

groups both improved significantly from pre to post training with no significant differences in 

effectiveness. These findings align with prior work that has showed that medical trainee 

confidence increases with more exposure to simulation and hands-on training [125], [235], [236]. 

Although, prior work has also indicated that confidence and proficiency in surgical skills 

increase together [91], this was not the case for the comprehensive training. Specifically, self-

efficacy items with higher ratings were not related to higher performance on the US-IJCVC 

checklist. For example, the residents in the comprehensive training group had a higher pass rate 

for “verbalizing consent”, but did not have higher self-efficacy for this item on the CLSE. These 
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findings require further experimentation to determine if comprehensive training may overinflate 

resident confidence in their ability to perform parts of the procedure [92], as observed in prior 

work on medical residents and training [93]. Overall, the integration of a comprehensive training 

by adding the DHRT+ training on the DHRT, shows potential for improving US-IJCVC education.  

 

4.6 Conclusion 

The main objective of this paper was to evaluate if the integration of a comprehensive 

training impacted resident performance and self-efficacy. We found that the inclusion of 

comprehensive DHRT+ training increased self-efficacy for “preparing the proper equipment in 

the proper order”, and “securing the catheter with suture”. We also found that performance was 

improved for this group for “verbalizing consent” and “aspirating blood through the catheter”. 

Future work should focus on validating these findings with a larger sample size, and the integration 

of the DHRT and the DHRT+ into one comprehensive training tool instead of two separate devices 

used together.  

There were some limitations of the study that must be addressed. For the US-IJCVC checklist 

and the self-efficacy survey, the data is filled on paper and is prone to human error and sections 

being skipped or missed. This led to small sample size changing slightly between variables if an 

observer missed a checkmark on the US-IJCVC; this can be observed in the appendix. 

Additionally, since they were multiple expert observers for the US-IJCVC checklist, there can be 

subjectivity in grading. Another limitation is the modification in required trials between training 

groups, which may have impacted self-efficacy in ways that were not evident from this study. 

Finally, data was collected at only one medical center in the United States which may limit the 

generalizability of these results.  
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Chapter 5 
TRACKING SUCCESS: VALIDATING A CENTRAL 
VENOUS CATHETER TRAINER THROUGH EYE GAZE 
ANALYSIS IN CLINICAL AND SIMULATED 
ENVIRONMENTS 

This paper will be submitted to the journal of Simulation in Healthcare in March of 2024. 
This work is multiple authored by Haroula Tzamaras, Joseph Mast, Dr. Lisa Sinz, Dr. Jason 
Moore, and Dr. Scarlett Miller. Haroula Tzamaras was the lead author on this paper. Dr. Jason 
Moore and Dr. Scarlett Miller helped advise this work. Drs. Sinz was vital to the data collection 
in this study. Joseph Mast assisted in video segmentation.  

5.1 Abstract 

Simulation-based training (SBT) is commonly used in medical education to teach residents 

before they conduct complex procedures on patients. While SBT is a valuable tool, a common 

criticism is the lack of robust validation of existing simulators. Two common types of validity are 

predictive validity and construct validity. Predictive validity is how well future performance can 

be projected, and can be measured as skill transfer from the simulator to the clinic. Construct 

validity is how accurately a simulation measures a task, and can be measured as distinction of 

expertise levels. Validity can be difficult to measure in simulation because there is no standard or 

expectation for how it should be conducted. Eye-tracking can be used to determine differences in 

gaze patterns between the clinical environment and a simulator (predictive validity), as well as 

between novices and experts (construct validity). This study aims to utilize eye tracking to assess 

predictive and construct validity of a simulator for central venous catheterization, the DHRT+.  

Experts physicians (N=5) conducted CVC wearing an eye tracker in the operating room for 

nonemergent cardiac procedures, and on the DHRT+. Novice residents (N=12) conducted CVC 

wearing an eye tracker on the DHRT+. For analysis, CVC was divided into six standard segments 

and gaze metrics, fixation count and fixation duration, were assessed. The gaze metrics were 

compared for experts between the two environments, operating room and simulator, and between 

experts and novices on the simulator. Paired sample t-tests between the operating room and the 

DHRT+ indicated predictive validity (p<.05) for five out of six segments of CVC. Mann-Whitney 
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U tests between novices and experts on the DHRT+ indicated construct validity (p<.05) for three 

out of six segments of the procedure. Based on gaze metrics, the results of this study indicate 

evidence of both predictive and construct validity on the DHRT+, and help to lay the groundwork 

for conducting clinical research for simulator validation.   

5.2 Introduction 

Simulation based training (SBT) has been heavily integrated throughout medical education 

and residency training [237]–[239], because it allows residents to practice procedures risk-free and 

build skills and confidence before working with patients  [14], [240]. However, a common 

criticism of SBT is the lack of robust validation from the simulator into the clinical environment 

[38], [241].  Validation in medical education is important because it ensures that simulators being 

used to teach new physicians complex medical procedures are teaching them the correct procedure 

the correct way every time [120], [242]. Two types of validity used for SBT are construct validity, 

or how accurately a simulation represents the simulated task, and predictive validity, or how well 

a simulator can project future performance [39], [40], [243].  These two types of validity measures 

are vital because they are closely related to how well a trainee’s skills will transfer from the 

simulator to the clinical environment [39]. 

Construct validity is generally measured by variations in performance between individuals 

(e.g. novice and expert [117]), and the majority of validation studies for simulators focus on 

construct validity [116], [117], [120], [121], [244], [245]. One way to measure construct validity 

is through eye tracking as it can be used to determine expertise distinction[137], [138], [143]. 

Mobile eye trackers are glasses that are worn by a participant and measure when the eye is moving 

and when it is still; the stillness of the eye is referred to as a fixation  [129].This type of eye tracking 

application has been seen in simulated nerve block insertion [246], laparoscopic simulation [145], 

[247],  anesthesia [248], and healthcare in general[249].  On the other hand, while there has been 

less focus on predictive validity of medical simulators, it is generally measured through skill gain 

toward expert level, [250] skill retention, [251] or resident confidence increases [252], [253]. For 

simulators in other fields, such as driving, predictive validity has been assessed based on 

performance and observation over time [254], but also to predict workload [255]. Finally, while 

eye tracking is not a common method of measuring predictive validity in medical simulation, this 
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method has been applied to predict user performance in information technology [256], failure 

detection [257], and human-robot interaction [258].  

 Few studies in medical simulation directly compare performance in the operating room 

(OR) and on a simulator to assess predictive validity through direct skill transfer [38]. One study 

on intubation compared the performance for intubating actual patients of residents who received 

simulation training to those who did not, finding that residents trained with simulation were scored 

higher by expert observers [259]. Another study utilizing eye tracking compared fixations between 

experienced physicians in the OR and on a simulator for transurethral resection of the prostate, 

finding that physician gaze metrics did not align between environments and indicating a lack of 

simulator predictive validity [158]. SBT is used for many medical procedures in training, yet most 

simulators have not been validated for predictive validity or clinical skill transfer [37]. 

Understanding clinical transferability of skills is important for knowing when residents are ready 

to transition from simulators to patients [260]. 

One such procedure that has lacked validation of SBT is central venous catheterization 

(CVC). CVC is a complex procedure used to get direct venous access to the heart through the 

insertion of a catheter [5], [7]; most commonly into the right internal jugular vein using ultrasound 

guidance (US-IJCVC) [50], [159].  In US-IJCVC, the physician goes through a series of steps to 

insert a catheter into the IJ. [32]. These steps can vary depending on the physician performing the 

procedure, but the steps that are most standardized between physicians [71] include (1) using an 

ultrasound probe to identify the vein, (2) accessing the vein through inserting the needle into the 

neck, (3) inserting a guidewire through the needle to trace the vessel to the heart, (4) using a scalpel 

to make a larger incision in the neck where the needle is inserted, (5) using a dilator to widen the 

IJV, and finally (6) inserting a  triple-lumen catheter [261] or a Swan-Ganz [262], [263] in more 

complex patients [32]. CVC is typically trained with manikin trainers which are beneficial in that 

they allow hands-on practice with vessel identification and access, indicate if the IJV was properly 

accessed with a colored liquid, are physically realistic [205], and have been evaluated for construct 

validity [264]. However, these trainers lack automated performance feedback to allow learning 

without supervision [27] and variation of patient anatomy [27], [265] reflective of what will be 

seen in the clinical environment [28]. While construct validity has been proven for manikin 

trainers, the predictive validity of skills from manikin trainers into the clinical environment is less 

studied; less than 25% of commercially available simulators specifically provide evidence of 
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predictive validity [38]. To combat the gaps associated with manikin trainers, the Dynamic Haptic 

Robotic Trainer (DHRT) was developed. The DHRT trains residents in the vessel access and 

identification steps of CVC using haptic robotic simulation and a mock ultrasound probe [28].  The 

DHRT has been shown to be as effective of a method for learning CVC as manikin trainers [266], 

but improves upon manikins by providing objective scoring and real-time feedback [31] without 

the need for a trained proctor to  observe. The DHRT has also been evaluated for construct validity 

with findings indicating that the system could distinguish expertise based on performance [24] and 

gaze patterns [109], but has not been evaluated for predictive validity and clinical skill transfer.  

The DHRT was updated in 2022 to a 

comprehensive training simulator, the 

advanced DHRT (DHRT+) which extends the 

original DHRT to include a full CVC medical 

tray, computer vision to track the usage of 

tools and the order of steps, patient vitals, and 

a false vein channel to track insertion depth, 

see Figure 22.  The DHRT+ is a mixed reality 

simulator, meaning that while the ultrasound 

screen and patient vitals are simulated and 

reactive to trainee performance, the tools used 

to carry out the procedure are the same as those 

used in the OR. The following study aims to 

evaluate the predictive and construct validity 

of the DHRT+ through gaze comparisons of 

experts on the DHRT+ and in the clinical 

environment, and gaze patterns of novices and 

experts on the DHRT+.  

 

5.3 Methods 

To answer these research questions, an empirical study was conducted to compare eye gaze 

patterns during US-IJCVC across the following conditions: expert in a clinical environment, expert 

in a simulated environment, and novice in a simulated environment.   

         
  

 

Figure 22: The updated DHRT system used for training 
CVC 
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5.3.1 Research Questions 

The objective of this study was to evaluate the predictive and construct validity of the DHRT+. 

Specifically, the study was designed to answer the following research questions (RQs): 

RQ1: Does the DHRT+ exhibit predictive validity between the OR and the simulated 

environment? 

The first research question was developed to determine if the DHRT+ exhibits predictive validity 

based on the transferability of gaze between the OR and the DHRT+. A simulator has predictive 

validity when it is able to accurately predict clinical performance for a specific procedure [39]. 

Previous studies comparing expert gaze patterns in simulated versus the clinical environment for 

other procedures found that there were more fixations in the clinical environment but they were 

shorter than in the simulated environment, and that simulators tend to lack predictive validity to 

the OR due to the level of distraction and movement in the surgical environment [158].Therefore, 

we hypothesized that there would be significantly more fixations in the OR with significantly 

shorter durations for all of the segments of the procedure, indicating a lack of predictive validity 

and aligning with previous studies.  

RQ2: Does the DHRT+ exhibit construct validity as defined by differences in gaze patterns 

between novices and experts? 

The second research question was developed to determine if the DHRT+ exhibits construct 

validity. Prior research has indicated that construct validity of simulators can be demonstrated 

through distinguishing novices and experts [116], [117] including research on the original DHRT 

indicating that eye tracking on the system could distinguish between expert and novice gaze 

patterns [109], [153]. The purpose of this research question was to examine if the new DHRT+ can 

distinguish expert and novice performance using eye gaze broken within specific procedural 

segments. Therefore, we hypothesized that there would be significant differences in gaze between 

novices and experts for all segments of the procedure, aligning with results of previous studies. 

 
5.3.2 Case selection in the OR 

Only non-emergent cardiac cases with pre-planned central lines were considered for inclusion in 

the study per IRB protocol, subject to both patient and physician consent. Only expert physicians, 
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defined as attendings or fellows having conducted at least 50 central line insertions into the internal 

jugular vein were recruited for the OR portion of this study.    

5.3.3 Participants 

The expert participants were five anesthesiologists from one east coast medical center. One 

participant identified as female and the rest identified as male. The participants previous 

experiences with central lines ranged from 75 to 1000+ insertions. The novice participants were 

12 PGY1 residents at two medical centers on the east and west coasts of the United States. Of the 

novice participants, six identified as female and six identified as male. The novice physicians had 

a range of previous CVC experience with two never having received any training on CVC, two 

having observed CVC on a person, four having practiced CVC previously on a manikin, three 

having both observed and practiced on a manikin, and one not reported. A demographic summary 

of participants can be found in Table 9.  

5.3.4 Procedure 

Three separate procedural flows were followed depending on the level of expertise of the 

participant and the environment of the study. Figure 23 outlines the experimental flows followed 

in this study. 

Table 9: Participant demographics for experts in the operating room, experts on the simulator, and novices on the 
simulator 

 Experts Novices 
Gender   

Male 4 6 
Female 1 6 

Race   
Asian 2 2 

Hispanic 0 1 
White 3 9 

More than one race 0 1 
Specialty   

Anesthesia 5 0 
Internal Medicine 0 3 

Neurology 0 1 
Pathology 0 1 

General Surgery 0 4 
Urology 0 1 

Plastic Surgery 0 1 
Otolaryngology 0 1 
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5.3.4.1 Expert Physicians – Clinic and Simulator 

For the clinical portion, at the start of the study, the appropriate Summary Explanations of 

Research form was disseminated to both the patient and the physician. Physicians were pre-

screened to be experts as per the definition of having inserted 50 central lines. After both parties 

consented, the participating expert filled out a prior experience and demographics survey. After 

entering the OR, the physician was fitted with Tobii Pro Glasses 3. Proper fit was checked and 

calibration was run. The physician then underwent the full CVC procedure on the patient. Once 

the central line insertion was finished and the doctor de-gowned, and the eye tracker was removed. 

After conducting CVC in the OR, physician then went to the simulation center at a predetermined 

time. Physicians provided verbal consent for participation in the simulator portion of this study, 

and were compensated with $50 gift cards, as per IRB protocol. In the simulation center, they were 

refitted with the Tobii Pro Glasses 3 which was subsequently calibrated to the new environment 

with the DHRT+. Next, the physician did up to three trials on the DHRT+. Because physicians 

have a tight clinical schedule, some participants were paged away after one or two trials an unable 

to complete the three trials. Once the physician completed the trials, the were tracker was removed. 

5.3.4.2 Novice Physicians – Simulator Only 

The novices in this study participated during their new resident central line bootcamp. The data 

collected during this study was part of a larger investigation on residency training and CVC. Only 

the parts of the procedure that are relevant to the current study will be discussed. Upon arriving 

for training, residents who were randomly selected to participate in novice eye tracking data 

collection verbally consented to have their eye tracking video and gaze recorded, as per IRB 

protocol. Then, residents were fitted with the Tobii Pro Glasses 3, fit was checked, and calibration 

 

Figure 23: Experimental flow for novices and experts between environments 
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was run. Following the calibration of the eye tracker, residents underwent a training module on 

the DHRT+ to teach them how to do the procedure and use the simulator. After the training 

modules, the novice did one full CVC trial on the DHRT+. Finally, the eye tracker was removed.   

5.3.5 Metrics  

Prior to analysis, the eye tracking recordings, saved as videos, were cleaned so that only fixations 

actively in the surgical field, ultrasound screen, patient vitals, or medical tray were used. Next, 

the video was segmented and analyzed as outlined in the remainder of this section. All statistical 

analysis for this study was conducted in SPSS (v. 29.0). 

5.3.5.1 Eye Tracking Video Segmenting 

Each eye tracking video was segmented by two independent raters by identifying the start and end 

point for the US-IJCVC procedure as outlined by the New England Journal of Medicine [32] and 

the National Library of Medicine [71].  Specifically, the segment breakdown was as follows: (1) 

“vessel identification” - locating the correct anatomy on the ultrasound screen, (2) “vessel access” 

- inserting the needle into the IJV, (3) “guidewire insertion”- inserting the guidewire through the 

needle into the IJV and removing the needle , (4) “scalpel incision” - making an incision in the 

skin, (5) “dilation” - inserting the dilator into the IJV and removing it, (6) “catheter insertion” - 

inserting the catheter into the IJV and removing the guidewire. For cases where a Swan-Ganz 

catheter was used, the sixth segment was removed due to the differences in how this is inserted 

and where it rests in the body compared the standard triple-lumen catheter [262], [263].  In order 

to segment the video, two independent raters coded three eye tracking videos into segments in 

Microsoft Excel by watching videos in Windows Media Player and identifying beginning and 

ending points of each segment for the clinic (kappa=.718), and for the simulator (kappa=.708). A 

single rater coded the remainder of the videos to facilitate segmental procedure analysis, or 

analysis focusing on specific segments based on what is the most standard for the procedure 

regardless of the patient scenario [267], [268].  

5.3.5.2 Eye Tracking Metrics 

Eye tracking metrics for both the clinic and were analyzed within each video segment using Tobii 

Pro Lab (Version 1.171). In Tobii Pro, a fixation was defined by a pause in the movement of the 
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eyes of at least 60 milliseconds with eye movement less than 70 degrees per second (°/s), as 

recommended for increased effectiveness of eye tracking recording in dynamic situations [269]–

[272]. Times of interest based on the defined beginning and ending points of each segment were 

created in Tobii to assess the fixation metrics within each segment. The fixation metrics of interest 

for this study were fixation duration and fixation count.  

Fixation duration refers to the total amount of time that a person was fixating in seconds 

[128], [129], [158], in this case, the times of all the individual fixations within a segment 

summed.  

Fixation count refers to the total number of fixations [128], [129], [158], in this case, within 

each segment.  

Each recording was separately analyzed for fixation duration and count within each segment, and 

then averages were aggregated for each participant within each segment across recordings to 

account for differences in the total number of trials done by each person according to the clinical 

schedule and time.  

5.4 Results 

The main objective of this research was to evaluate the predictive and construct validity of the 

DHRT+ system through analyzing expert and novice gaze patterns in the OR and on the simulator. 

The following results are broken down by RQ.  

RQ1: Does the DHRT+ exhibit predictive validity between the OR and the simulated 

environment? 
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The first research question was developed to determine if the DHRT+ exhibits predictive 

validity based on the transferability of gaze between the clinical environment of the OR and the 

simulated environment of the DHRT+. We hypothesized that there would be differences in the 

count of fixations and the overall duration of fixations for each segment of the procedure based on 

similar findings in prior literature [158]. In order to answer this question, a paired samples t-test 

was used to examine if there was a statistically significant mean difference between experts in the 

OR and in the clinic for fixation duration and fixation count, see Figure 24 for visual summary. 

Prior to the analysis, assumptions were checked - no outliers were detected and the assumption of 

normality was not violated, as assessed by Shapiro-Wilk’s test (p > .05) for each segment. The 

results showed that for segment 2, vessel access, expert participants fixated significantly longer 

with the simulator (M = 20.7, SD = 2.9) than in the OR (M = 13.9, SD = 1.4), a statistically 

significant mean difference of 6.79 seconds, 95% CI[3.95, 9.63], t(4) = 6.649, p < .003, d = 2.973. 

For segment 2, vessel access, participants also had a higher fixation count with the simulator (M 

= 41.4, SD = 10.9) than in the OR (M=16.9, SD=4.3), a statistically significant mean difference of 

24.43, 95% CI[8.92, 39.93], t(4) = 4.375, p = .012, d = 1.956. No other significant differences 

were found between environments in any other segments (p > .05). Summary statistics for each 

 

 

 

Figure 24: Graph of time measured in seconds depicting the length of time spent fixating by expert physicians in 
the operating room (left) and on the simulator (right) on each segment of the procedure 
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environment broken down by segment can be seen in Figure 25. For five of the six segments, these 

results indicate predictive validity of the DHRT+, and refute our hypothesis that fixation duration 

and count would be different in the OR than on the DHRT+. 

RQ2: Does the DHRT+ exhibit construct validity as defined by differences in gaze patterns 

between novices and experts? 

The second research question was developed to determine if the DHRT+ exhibits construct validity 

through distinguishing novices and experts based on gaze. We hypothesized that there would be 

significant differences in gaze between novices and experts for all segments of the procedure, 

aligning with results of previous studies indicating that simulators can distinguish expert 

performance based on eye tracking metrics [153].  Summary statistics for novices and experts for 

each segment can be found in Figure 26.  

 

 

Figure 25: Mean values for fixation duration and fixation count with standard deviation bars for experts in the 
operating room and on the DHRT+ 

 

 

 

 
Figure 26: Median values fixation duration and fixation count for experts and novices on the DHRT+ 
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To answer this question, a Mann-Whitney U test was run to determine if there were 

differences between novices and experts for fixation duration and fixation gaze. Distributions of 

the gaze patterns were similar, as assessed by visual inspection. The results showed that median 

fixation duration for segment 2, vessel access, was significantly higher (U = 1.00, z = -3.057, p = 

.001) for the novices (44.7s) than the experts (21.9s). Median fixation count for vessel access was 

also significantly higher (U = 4.0, z = -2.744, p = .004) for novices (71.5 fixations) than for experts 

(37 fixations). For segment 4, scalpel incision, median fixation count was significantly higher (U 

= 2, z = -2.672, p = .004) for novices (25 fixations) than for experts (9.5 fixations). For segment 

5, dilation, median fixation duration was significantly higher (U = 0, z = -1.9792, p = .082) for 

novices (32.2s) than for experts (14.3s); Similarly, median fixation count was significantly higher 

(U = 1, z = -2.793, p = .002) for novices (63.5 fixations) than for experts (23 fixations). There were 

no significant differences between novices and experts found for segment 1, 3, or 6 (p > .05).  

These results align with our hypothesis that the DHRT+ exhibits construct validity, but refute our 

hypothesis that construct validity would be evident for all segments of the procedure.   

 
5.5 Discussion 

The main objective of this study was to evaluate the predictive and construct validity of 

the DHRT+ system through analyzing expert and novice gaze patterns in the OR and the DHRT+. 

The main findings of this study were 

(1) the DHRT+ exhibits predictive validity for 5 of 6 segments of the procedure  

(2) the DHRT+ exhibits construct validity in 3 of 6 segments of the procedure 

The first hypothesis of this study was evaluating the predictive validity of the DHRT+. 

Based on limited prior literature directly comparing physician gaze between the OR and a 

simulator [158], we hypothesized that the simulator would not exhibit predictive validity due to 

the distractions of live surgery significantly changing the  physician’s gaze during the procedure. 

Unexpectedly, the results of this study indicate that physician gaze was not significantly different 

between the DHRT+ and the OR. Segment 2, vessel access was the only segment that had a 

significant difference between environments for both count and duration showing both a 

significantly higher average count (41.4 vs 16.9) and duration (20.7 vs 13.9) on the simulator. 

Theneedle insertion portion of CVC on the simulator involves the use of a modified syringe and 

requires the participant to hold the needle steady after venous access for five seconds while a bar 
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on the screen fills up to indicate success. It is possible that this requirement contributed to the 

added duration and count on the simulator for this step. Additionally, it is likely that more time 

was needed to identify and track the needle on the ultrasound screen due to the differences between 

a real ultrasound and the simulated ultrasound; further experimentation is needed to verify this 

finding. However, the lack of difference between gaze in the OR and the simulator for all other 

segments indicates the utility of including real tools with simulated training to increase the 

transferability to the OR and predictive validity of the simulator. These findings indicate that the 

DHRT+ demonstrates predictive validity based on gaze patterns [25], [39], and provides 

information for future studies about methods for assessing predictive validity through clinical skill 

transfer between the OR and a simulator. 

There were significant gaze differences between novices and experts for segment 2, vessel 

access, segment 4, scalpel incision, and segment 5, dilation, of the procedure as identified by 

both fixation duration and fixation count. These results indicate construct validity for these 

segments, aligning with previous literature indicating that gaze distinguishes expertise in 

simulation training [137], [246], [267], [268]. For these differences, the novices had higher fixation 

durations and counts. For all other segments, there were no significant differences between novices 

and experts, refuting our hypothesis of construct validity for segment 1, vessel identification, 

segment 3, guidewire insertion, or segment 4, catheter insertion. These results also refute 

previous research on gaze with the original DHRT system [153], which indicated gaze distinction 

between novices and experts for vessel identification and vessel access. The lack of significant 

differences between novices and experts for all segments in the current study is likely due to the 

uneven sample size leading to the study being too underpowered to see significant results across 

segments. Future experimentation with a larger sample size should be conducted to further validate 

this finding. Overall, these findings align with our hypothesis that the DHRT+ demonstrates 

construct validity several of segments of the procedure [117]. These findings also add to previous 

literature on the use of eye tracking for prediction of future performance, and the application of 

this method to medical simulation. 
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5.6 Conclusion 
The goal of this research was to evaluate the predictive and construct validity of the 

DHRT+ system through analyzing expert and novice gaze patterns in the OR and the DHRT+. The 

first main takeaway from this study is that the DHRT+ exhibits predictive validity between the OR 

and the simulator based on expert gaze patterns for five of six segments of CVC. Secondly, 

construct validity is evident in the DHRT+ for half of the segments of the procedure based on 

comparisons between novices and experts. Overall, these results indicate that the DHRT+ is a valid 

teaching method for CVC based on both construct and predictive validity, and that including 

hands-on components in virtual simulator training may increase the transferability of clinical skills 

from the simulator to the OR. This study also helps lay the groundwork for conducted research in 

the OR to contribute to the current state of simulator validity in medical education.  

This study has several limitations that must be addressed. Due to the nature of part of this 

study taking part in the clinical environment, one limitation was that the data collection was 

dependent on the availability of clinicians for nonemergent procedures, which in this case biased 

all expert participants into one specialty. Another limitation of the study was reading errors with 

the Tobii Pro Glasses. The glasses can only capture gaze when the participant was looking directly 

through the lenses; if they were looking above or below the rim of the glasses, the glasses did not 

register their gaze caused missing datapoints, or if the participant had dry eyes or other eye 

problems their gaze was not tracked accurately and data had to be voided. Additionally, sample 

size of the expert population was largely limited by the number of non-emergent CVC procedures, 

the availability of the onsite researcher, and the availability of the expert physicians. The initial 

recruited sample size of physicians was larger, but some ultimately had to be cut due to issues with 

the eye tracking. A larger sample size should be explored in future work. Adding to this, due to 

the focus of this paper being the tool usage in the six segments of the procedure, and the complexity 

of analysis when wanting to include multiple areas of interest, this paper focused on independent 

gaze metrics and did not breakdown fixations into areas of interest within each segment. This 

should be visited in future work. Finally, this paper focused on just fixation duration and segments, 

and did not include other useful gaze metrics such as pupil dilation or saccades.  
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Chapter 6 
Conclusions 

Based on rates of complication associated with US-IJCVC [52], the focus of current 

training methods on vessel identification and access[25], [30], [32], and the lack of simulator 

validation in medical education [39], [120], there exists a clear need for innovative training 

methods to be explored to transform US-IJCVC. Improved training methods can ensure that 

physicians are learning efficiently and effectively, and that the skills being taught through SBT are 

adequately transferable from the simulation center to the operating room when trainees begin to 

work with patients. Previous work in these areas has shown the benefits of increasing the usage of 

SBT in medical education [181], [273], focusing on mastery-based learning [80], [213], and 

validating simulators for learning to ensure that they are teaching the correct constructs [116], 

[158].  The lack of validation of new simulation technology for prediction of skill transfer into the 

operating room is a big criticism of SBT in medical education [38]; despite this, there is still limited 

research on this US-IJCVC. It is necessary to assess current training methods, and develop a more 

comprehensive, validated US-IJCVC SBT to ensure skill transferability, efficiency of learning, 

and effectiveness of SBT. To improve the state-of-the-art of SBT for CVC, this dissertation 

focused on the transformation of US-IJCVC education with a systems-thinking approach, through 

the assessment of existing US-IJCVC SBT methods, and the development and validation of an 

improved, comprehensive SBT US-IJCVC simulator. Figure 27 summarizes the main findings of 

this dissertation as they relate to assessment, development, and validation.  

Specifically, paper 1 (chapter 2)  explored methods of efficient learning by assessing the 

impact of a sequential learning-based interactive walkthrough for US-IJCVC on initial skill gain 

and performance learning curves of residents trained with and without sequential learning. Paper 

2 (chapter 3) explored the gender-confidence gap and the Dunning-Kruger Effect in SBT for US-

IJCVC and how they relate to resident performance. Paper 3 (chapter 4) introduced a new, 

comprehensive version of the DHRT system, the DHRT+, that contains more steps of US-IJCVC 

than previous simulators, and compared the proficiency and self-efficacy of residents trained with 

the comprehensive training to those without. Finally, paper 4 (chapter 5) utilized eye tracking and 
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gaze metrics to validate the comprehensive DHRT+ by assessing both how well the simulator 

measured the construct being trained through comparing expert and novice gaze (construct 

validity), and if the simulator could predict how someone would perform in the operating room 

based on simulator performance (predictive validity).  

This dissertation provides a roadmap for how SBT for US-IJCVC can be structured to be 

efficient, comprehensive, and validated. It lays groundwork for conducting validation studies in 

the operating room using eye tracking devices, which there is limited existing research on. The 

results found in this dissertation have been disseminated in conferences and will be submitted as 

journal articles to add to the existing body of knowledge surrounding SBT and US-IJCVC. 

Conferences where this research has already been presented include the Association for Surgical 

Education, American College of surgeons, the International Meeting of Simulation in Healthcare, 

and the Annual Meeting for the Human Factors and Ergonomics Society. Hopefully, the 

dissemination of these results will inspire other researchers to explore learning methods for SBT, 

clinical validation methods, eye tracking, and more comprehensive simulation training for various 

procedures.  

 

 
Figure 27: Summary of the areas of research investigated in this dissertation and the main findings of each paper 
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6.1 Contributions 
 

The following sections of this chapter summarize the contributions of the four papers presented 

in this dissertation and provide insight into future areas of research.    

6.1.1 Adding sequential learning to the DHRT significantly increased initial skill 
gain, decreased the number of trials required to complete training, and reduced 
learning curves  

The first contribution of this dissertation was a demonstration that sequential learning is a 

more efficient method for teaching US-IJCVC on the DHRT. Paper 1 (chapter 2) exhibits that 

residents trained with sequential learning had a significant higher likelihood of successfully 

inserting the needle on their first trial on the DHRT system. This result provides evidence that 

utilizing sequential learning is more efficient for training, because residents are able to recognize 

patient anatomy and adequately use the needle and ultrasound faster than they were with traditional 

DHRT methods.  Results from this paper also showed that the number of trials required to reach 

proficient performance on the DHRT was significantly reduced with the implementation of 

sequential learning. This result provides evidence that implanting sequential learning can allow 

residents to progress through training faster, which also has the potential to lessen the strain on 

resident training hours. Lastly, results also showed that sequential learning improved the efficiency 

of skill gains by demonstrating fewer significant learning curves than training on the original 

DHRT. This provides evidence that sequential learning can minimize the learning curve and allow 

residents to reach an expert level of performance at a faster rate. Overall, these results provide 

evidence that sequential learning is a more efficient training method for SBT than traditional 

teaching methods. These results could also be applied to simulators to help minimize the learning 

curves of other procedures.   

 

6.1.2 The Gender-Confidence Gap and the Dunning-Kruger Effect exist in SBT for 
US-IJCVC despite no significant performance differences  

The second contribution of this dissertation provides evidence of the gender-confidence 

gap and the Dunning-Kruger effect in SBT for US-IJCVC. Paper 2 (chapter 3) demonstrates that 

despite men and women both having significant increases in self-efficacy on the 14-item CLSE 

survey from pre- to post-SBT, women residents rated their self-efficacy significantly lower than 

their peers both before and after training for 9 out of 14 items. This result indicates that SBT is 
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useful for increasing self-efficacy in US-IJCVC; however, there is a gender-confidence gap in this 

increase and women have lower self-efficacy for US-IJCVC skills. This provides evidence that 

even when receiving the same training, women will still rate themselves lower than men. The 

second result of this paper showed that there were no performance differences on the DHRT 

between men and women for any metric. This result provides evidence that men and women can 

both learn effectively from SBT for US-IJCVC, despite women having lower self-efficacy. Finally, 

the last finding from this study indicated that neither men or women’s self-efficacy is significantly 

correlated with their performance, demonstrating the existence of the Dunning-Kruger Effect. This 

provides evidence that at the residency level, men and women are unable to accurately assess their 

own performance, therefore, more objective performance measures other than self-efficacy should 

be used for evaluation. Overall, the results of this paper provide evidence that the gender-

confidence gap exists in SBT for US-IJCVC despite no differences in performance and that 

medical residents cannot accurately self-assess for US-IJCVC.  

 

6.1.3 Comprehensive simulation with the DHRT and DHRT+ system is more 
effective than the original DHRT training focusing solely on vessel access and 
identification 

The third goal of this dissertation demonstrates the effectiveness of comprehensive 

simulation for US-IJCVC over the original DHRT that focused only on two main parts of the 

procedure. Paper 3 (chapter 4) indicates that on a 24-item US-IJCVC proficiency checklist, 

residents trained on the combined DHRT and DHRT+ performed significantly better than residents 

trained on the DHRT system alone for two items on the checklist, and no significant differences 

were found for other items. This result provides evidence that more comprehensive simulation has 

the potential to improve overall US-IJCVC proficiency and make residents more prepared for the 

clinical environment. This study also showed that for self-efficacy assessments on the 19-item 

CLSE survey, residents trained with the DHRT and DHRT+ had significantly higher self-efficacy 

for two of the items on the CLSE, and no significant differences were found for other items. This 

result indicates that the more comprehensive training with the DHRT+ exposing residents to more 

parts of the procedure can improve US-IJCVC self-efficacy. Overall, these results indicate the 

utility of expanding and developing US-IJCVC to be more comprehensive with the DHRT+ by 

demonstrating that comprehensive training is more effective for improving US-IJCVC checklist 

performance and self-efficacy than the original DHRT system.  
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6.1.4 The DHRT+ system exhibits construct validity by distinguishing expert and 
novice gaze and predictive validity by aligning expert gaze between the DHRT+ 
and the operating room 

The fourth and final contribution of this dissertation demonstrates the predictive validity 

between the DHRT+ and the operating room and construct validity of the DHRT+ system between 

novices and experts. Paper 4 (chapter 5) indicates that the DHRT+ exhibits predictive validity for 

5 out of 6 procedural segments of US-IJCVC in the operating room by finding no significant 

differences between environments for expert physicians. This result indicates that skills gained 

through training on the DHRT+ should transfer from the simulator to the clinical environment. 

Results also indicated construct validity of the DHRT+ by showing that for 3 of 6 procedural 

segments of US-IJCVC, expert and novice gaze patterns significantly differed. This result provides 

evidence that the DHRT+ is able to accurately differentiate expert and novice performance based 

on gaze. Overall, these results provide methodology for conducting predictive validity studies in 

the operating room, and provide evidence that the novel, comprehensive DHRT+ system exhibits 

predictive and construct validity.  

 
6.2 Limitations and Future Directions 

While this dissertation provides valuable evidence for sequential learning, the gender-

confidence gap, comprehensive training, and validation of SBT in US-IJCVC, there are several 

limitations to this dissertation that should be noted. First, data collected in this dissertation was 

from two medical centers on the east and west coast of the United States that have implemented 

the DHRT and DHRT+ simulators into their residency trainings. As such, the generalizability of 

these findings to other medical centers and training devices may be limited. Second, the sample 

size for many of these studies is small. This is due to the data being collected as part of existing 

residency trainings at these medical centers limiting the availability of medical residents to 

participate. Third, for research conducted in the clinic, the hours and availability of physicians, as 

well as the surgical schedule, largely dictated when data could be collected and which physicians 

would be performing US-IJCVC, biasing the participants to one specialty. Fourth, the US-IJCVC 

checklist and the CLSE survey are both filled out on paper, and as such are prone to human error 

and people skipping questions. This both limited the sample size, and caused changes in population 

sizes for some parts of this study. For the eye tracking portion of this dissertation, eye tracking 
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analysis focused on independent fixations, and did not breakdown fixations into areas of interest. 

Future work should add this to further understand differences between expertise levels and 

environments. Finally, this dissertation employed Tobii Pro Glasses, which have limitations in 

function including those dependent on the dryness of the participant’s eyes, which caused some 

data to be unusable.   

 There are several future directions that this work could take. First, the results on sequential 

learning could be used within the DHRT to modify training. When considering the result that the 

training takes the same amount of time on average when including the walkthrough as it does when 

residents just immediately start on trials, it is possible that the walkthrough could be expanded 

without impacting training time significantly. One potential avenue could be to add another 

module that walks the trainee through their own performance and ensure that they understand the 

portions that they need to improve on. Another avenue could be finding a way to better help the 

people who are still struggling after maxing out the training with 6 trials. For example, introducing 

another walkthrough type of module or help for residents who are scoring below a certain amount 

each trial before they reach trial 6. Future work on the DHRT+ should also include analysis of the 

parameters set for passing the training, including both the 70% score required to move forward 

and the 3-trial minimum. Based on the increase in efficiency from the sequential learning, it is 

possible that the 3-trial minimum could be decreased. A large-scale assessment of resident learning 

after the sequential learning has been used in further training sessions would be useful for re-

evaluating these parameters. A future study, once more people have been trained on the sequential 

learning system, comparing if the number of trials conducted during sequential learning the score 

on the US-IJCVC checklist could be useful to further validate the adaptive learning method. This 

could also be useful for further verifying that the DHRT is a fair measure of real-world practice 

and clinical skill. Better understanding the accuracy of the DHRT as compared to actual clinical 

skill transfer would give insight into whether the passing score could be set to 100% for future 

training. Additionally, the sequential learning method could be applied to other procedures and 

simulators. While this dissertation focused on US-IJCVC, there are other needle-based and non-

needle-based procedures that could benefit from increasing the efficiency of learning and 

decreasing learning curves. It would also be interesting to see sequential learning studies with 

larger sample sizes to evaluate how sample size may impact learning gains and learning curves. 

This dissertation also focused on group learning curves rather than individual learning curves, 
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which could be another direction for future research. Second, continued exploration of the gender-

confidence gap in US-IJCVC and in SBT in general would likely benefit women residents by 

further evaluating how the gender-confidence gap could be mediated. Self-efficacy and confidence 

are sometimes used as evidence of learning, and women are at a detriment in this case because 

even though they perform the same as their men counterparts, their self-efficacy is lower, likely 

due to external factors. A longitudinal study to determine if there is a true gender-confidence gap 

or if women may actually be learning better would be beneficial for better understanding why there 

were gender differences in self-efficacy before and after CVC simulation training. Third, for 

comprehensive training on the DHRT+, a study with a larger sample size may provide even more 

evidence of the utility of this learning method. Additionally, future work could focus on the 

expansion from part task training to comprehensive training in other procedures. Additionally, this 

dissertation explores taking a systems-thinking approach to simulation by considering the design 

process as a whole from development, to validation and actual use in training. Further exploration 

of this approach as well as including the lifecycle approach and more stages of medical education 

would be interesting and potentially beneficial to medical education as a whole. Finally, this 

research lays groundwork for conducting validation studies for SBT in the operating room. There 

is little research on this in the literature. For this type of research, it would be interesting to 

incorporate more metrics of gaze, including pupil dilation. A follow-up study focused on pupil 

dilation and cognitive load would be interesting to understand if the mental load on physicians is 

the same in the operating room and on the simulator. This study would need to be controlled for 

environmental factors such as lighting of the room, and baseline measures would need to be taken 

for each participant. Utilizing these metrics could help get an even fuller understanding of 

simulator validity. Future work could focus on increasing the amount of studies utilizing eye 

tracking to measure predictive validity and clinical skill transfer to ensure that we are teaching 

medical residents as accurately as possible. Overall, this research provides several avenues for 

future work that could be explore in SBT for US-IJCVC and beyond. This work was supported by 

the national Heart, Lung, and Blood Institute of the National Institutes of Health (NIH) under 

Award Number RO1HL127316. The content is solely the responsibility of the authors and does 

not necessarily represent the official views of the NIH. Coauthors Dr. Moore and Miller owns 
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 Complete results of the chi-square analysis to compare pass rates on the IJ-CVC Checklist from chapter 4 

Checklist Item Treatment  Fail Pass Chi-square  p-value 

Verbalizes Consent  Comprehensive 8 (13.6%) 51 (86.4%) 14.252 <.001* 

DHRT 22(46.8%) 25 (53.2%) 

Prepares Kit Comprehensive 15 (27.3%) 40(72.7%) 5.970 .015 

DHRT 23 (51.1%) 22(48.9%) 

Sterile Technique Comprehensive 1 (1.7%) 57 (98.3%) NA .170 

DHRT 4 (8.5%) 43 (91.5%) 

Appropriate Site Comprehensive 1 (1.7%) 57 (98.3%) NA 1.00 

DHRT 1 (2.1%) 46 (97.6%) 

Applied Anesthesia Comprehensive 7(12.1%) 51(87.9%) 2.514 .113 

DHRT 11(23.9%) 35(76.1%) 

Ultrasound Orientation Comprehensive 3 (5.2%) 55 (94.8%) NA .462 

DHRT 5 (10.6%) 42 (89.4%) 

Ultrasound Clear Image  Comprehensive 0 (0%)  59 (100%) NA .194 

DHRT 2(4.3%) 45 (95.7%) 

Distinguish Anatomy Comprehensive 2 (3.4%) 57 (96.6%) NA .502 

DHRT 0 (0%) 47 (100%) 

Needle Insertion Angle Comprehensive 7(11.9%) 52(88.1%) NA .507 

DHRT 3 (6.4%) 44 (93.6%) 

Locating Needle on Ultrasound Comprehensive 7 (12.1%) 51 (87.9%) NA .751 

DHRT 4 (8.5%) 43 (91.5%) 

Advancing Needle Comprehensive 5 (8.6%) 53 (91.4%) NA .750 

DHRT 5 (10.6%) 42 (89.4%) 

Successful Venipuncture Comprehensive 2 (3.6%) 53 (96.4%) NA .402 

DHRT 4 (9.1%) 40 (90.9%) 

Confirm Entry with Aspiration Comprehensive 5 (8.5%) 54 (91.5%) NA 1.000 

DHRT 3 (6.5%) 43 (93.5%) 

Remove Syringe Comprehensive 22 (37.9%) 36 (62.1%) 1.284 .257 

DHRT 23 (48.9%) 24 (51.1%) 

Guidewire Insertion Comprehensive 10 (17.5%) 47 (82.5%) .044 .833 

DHRT 9 (19.1%) 38 (80.9%) 

Guidewire control Comprehensive 8 (14%) 49 (86%) .036 .850 

DHRT 6 (12.8%) 41 (87.2%) 

Needle Removal Comprehensive 5 (8.8%) 52 (91.2%) 1.715 .190 

DHRT 8 (17.4%) 38 (82.6%) 

Verbalizes Incision Comprehensive 1 (1.7%) 57 (98.3%) 7.752 .005 

DHRT 8 (17.0%) 39 (83.0%) 

Verbalizes Dilation Comprehensive 1 (1.7%) 57 (98.3%) NA .170 

DHRT 4 (8.5%) 43 (91.5%) 

Catheter Insertion and Wire Removal Comprehensive 4 (6.9%) 54 (93.1%) NA .723 

DHRT 4 (9.1%) 40 (90.9%) 

Verbalizes Catheter Distance Comprehensive 14 (24.6%) 43 (75.4%) 6.517 .011 

DHRT 22 (48.9%) 23 (51.1%) 

Aspirates Blood through Catheter Comprehensive 11 (19%) 47 (81.0%) 11.229 <.001* 

DHRT 23 (50%) 423 (50%) 

Verbalizes Suture Comprehensive 4 (6.9%) 54 (93.1%) NA .126 

DHRT 0 (0%) 47 (100%) 

Verbalizes X-ray Comprehensive 2 (3.5%) 55 (96.5%) NA .135 

DHRT 6 (13.0%) 40 (87.0%) 

Note: Fisher’s exact test was used for all chi-square columns of NA; * indicates significant p values for p <.05 

 



118 
 

VITA  
EDUCATION 

The Pennsylvania State University, University Park, PA      
PhD, Industrial Engineering (Focus: Human Factors)                June 2020 to May 2024 
MS, Industrial Engineering       June 2020 to December 2021 
 
University of Maryland, College Park, MD     August 2014 to May 2018    
BS Mechanical Engineering, Minor International Engineering, Departmental Honors   
        Study Abroad: Nanyang Technological University, Singapore, 2017  

FELLOWSHIP 
Diefenderfer Entrepreneurial Fellowship (August 2022 – August 2023) and two follow up scholarships 
 
JOURNAL ARTICLES 
Tzamaras, H.M., Gonzalez-Vargas, J.M., Brown D., Moore, J.Z., and Miller, S.R., “Evaluating the 

effects of comprehensive simulation on central venous catheterization training: A comparative 
observational study”. BMC medical Education. In Preparation to be submitted March 2024 

Tzamaras, H.M., Brown D., Moore, J.Z., and Miller, S.R., “Tapping into efficient learning: An 
exploration of the impact of sequential learning on skill gains and learning curves in central 
venous catheterization” Medical Education and Curricular Development. Under Review as of 
February 2024 

Tzamaras, H.M., Sinz, L., Mast, J, Moore, J.Z., and Miller, S.R., “Tracking success: validating a central 
venous catheterization trainer through eye gaze analysis in clinical and simulated environments” 
Journal of Simulation in Healthcare. In Preparation to be submitted March 2024 

Tzamaras, H.M., Sinz, L., Ng, P., Yang, M., Moore, J.Z., and Miller, S.R., “Competence over 
confidence: gender based-differences in resident training for central venous catheterization” BMC 
Medical Education. In Preparation to be submitted March 2024 

 
PEER REVIEWED CONFERENCE ARTICLES 
Tzamaras, H. M., Wu, H., Moore, J. Z., & Miller, S. R. (2023). “Shifting Perspectives: A proposed 

framework for analyzing head-mounted eye-tracking data with dynamic areas of interest and 
dynamic scenes”. In Proceedings of the Human Factors and Ergonomics Society Annual Meeting.  

Tzamaras, H.M., Hicks, S., Sallai, G., Cummings, C., Dennis, L., Nolte, H., Restrepo, A., Reed, C., 
(2023). “Fostering community at the graduate level: one university’s student-led approach.” In 
2023 ASEE Annual Conference & Exposition.  

Tzamaras, H. M., Brown, D. C., Gonzalez-Vargas, J. M., Moore, J. Z., & Miller, S. R. (2022). “Slow 
and Steady: Examining the impact of hands-on instructions on learnability of a training simulator 
to enhance development of core skills in Central Venous Catheterization”. In Proceedings of the 
Human Factors and Ergonomics Society Annual Meeting (Vol. 66, No. 1, pp. 1867-1871). Sage 
CA: Los Angeles, CA: SAGE Publications.  

Tzamaras, H. M., Brown, D., Gonzalez-Vargas, J. M., Moore, J., & Miller, S. R. (2021). “Sensorization 
of Medical Trays for Tray-Based Surgical Procedure Simulation.” In Frontiers in Biomedical 
Devices (Vol. 84812, p. V001T13A004). American Society of Mechanical Engineers. 

Tzamaras, H. M., Martinez, J., Brown, D. C., Gonzalez-Vargas, J. M., Moore, J. Z., & Miller, S. R. 
(2021). “Fun and Games: Designing a Gamified Central Venous Catheterization Training 
Simulator.” In Proceedings of the Human Factors and Ergonomics Society Annual Meeting (Vol. 
65, No. 1, pp. 267-271). Sage CA: Los Angeles, CA: SAGE Publications.  


	ABSTRACT
	LIST OF FIGURES
	LIST OF TABLES
	ACKNOWLEDGMENTS
	Chapter 1
	1.1 Dissertation Goals
	1.2 Central Venous Catheterization Procedure and Complications
	1.3 Simulation based training (SBT)
	1.3.1 Current State of SBT for CVC
	1.3.2 Assessment of learning in SBT
	1.3.2.1 Proficiency Checklists
	1.3.2.2 Self-Assessment
	1.3.2.3 Learning Curves


	1.4 Simulator validation methods
	1.4.1 Types of Validity in SBT
	1.4.2 Eye Tracking as a Validation Method

	1.5 Summary of Areas for Investigation
	1.6 Summary of Dissertation papers
	1.7 Broader Impact and Contributions
	1.8 Document outline

	Chapter 2
	2.1 Abstract
	2.2 Introduction
	2.2.1 DHRTsequential Learning Development

	2.3 Methods
	2.3.1 Participants
	2.3.2 Procedures
	2.3.3 Metrics

	2.4 Results
	2.5 Discussion
	2.6 Conclusion

	Chapter 3
	3.1 Abstract
	3.2 Introduction
	3.3 Methods
	3.3.1 Participants
	3.3.2 Procedures
	3.3.3 Metrics
	3.3.4 Statistical Analysis
	3.4 Results
	3.5 Discussion
	3.6 Conclusion

	Chapter 4
	4.1 Abstract
	4.2 Introduction
	4.3 Methods
	4.3.1 Research Questions
	4.3.2 Participants
	4.3.3 Procedures
	4.3.4 Metrics
	4.3.5 Data Analysis

	4.4 Results
	4.5 Discussion
	4.6 Conclusion

	Chapter 5
	5.1 Abstract
	5.2 Introduction
	5.3 Methods
	5.3.1 Research Questions
	5.3.2 Case selection in the OR
	5.3.3 Participants
	5.3.4 Procedure
	5.3.4.1 Expert Physicians – Clinic and Simulator
	5.3.4.2 Novice Physicians – Simulator Only

	5.3.5 Metrics
	5.3.5.1 Eye Tracking Video Segmenting
	5.3.5.2 Eye Tracking Metrics


	5.4 Results
	5.5 Discussion
	5.6 Conclusion

	Chapter 6
	6.1 Contributions
	6.1.1 Adding sequential learning to the DHRT significantly increased initial skill gain, decreased the number of trials required to complete training, and reduced learning curves
	6.1.2 The Gender-Confidence Gap and the Dunning-Kruger Effect exist in SBT for US-IJCVC despite no significant performance differences
	6.1.3 Comprehensive simulation with the DHRT and DHRT+ system is more effective than the original DHRT training focusing solely on vessel access and identification
	6.1.4 The DHRT+ system exhibits construct validity by distinguishing expert and novice gaze and predictive validity by aligning expert gaze between the DHRT+ and the operating room

	6.2 Limitations and Future Directions

	REFERENCES
	APPENDIX

