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ABSTRACT 

 

Usability problems associated with electronic health records can adversely impact 

clinical workflow, leading to inefficiencies, error, and even clinician burnout. The work 

presented in this dissertation is concerned with understanding and improving clinical 

workflow. Towards that end, it is necessary to model physical and cognitive aspects of task 

performance in clinical settings.  Task completion can be significantly impacted by the 

navigational efficiency of the electronic health record (EHR) interface. Workflow 

modeling of the EHR-mediated workflow could help identify, diagnose, and eliminate 

problems to reduce navigational complexity.  

The research goal is to introduce and validate a new biomedical informatics 

methodological workflow analysis framework that combines expert-based and user-based 

techniques to guide effective EHR design and reduce navigational complexity. These 

techniques are combined into a modified walkthrough that aligns user goals and subgoals 

with estimated task completion time and characterization of cognitive demands. A two-

phased validation of the framework is utilized. The first is applied to single EHR-mediated 

workflow tasks, medication reconciliation (MedRec), and medication administration 

records (MAR) to refine individual aspects of the framework. The second phase applied 

the framework to a pre/post EHR implementation comparative analysis of multiple 

workflows tasks. This validation provides evidence of the framework's applicability and 

feasibility across several sites, systems, and settings.   

Analysis of the steps executed within the interfaces involved to complete the 

medication administration and medication reconciliation and patient order management 



ii 
 

tasks have provided a basis for characterizing the complexities in EHR navigation. An 

implication of the work presented here is that small tractable changes in interface design 

may substantially improve EHR navigation, overall usability, and workflow. The 

navigational complexity framework enables scrutinizing the impact of different EHR 

interfaces on task performance and usability barriers across different sites, systems, and 

settings. 
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1 INTRODUCTION TO DISSERTATION DOCUMENT 

 

1.1 Background 

 

A task typically contains a sequence of physical and mental activities completed by 

a person with an intention within a specific environment. When collection of tasks are 

arranged in a consecutive order, they form a workflow (1,2). These workflows can vary in 

their overall goals, types of tasks and sequence and the environment they are executed in. 

In the healthcare setting, a clinical workflow is the consecutive set of care-related tasks 

that are completed during patient management (2). To understand complexities associated 

with clinical workflow, workflow modeling can be applied to explore the details of 

individual tasks. This includes physical, coordination, computational and cognitive tasks 

that clinicians perform during routine patient care. The depiction of work in the clinical 

setting aims to maximize clinical workflow while minimizing clinician burden (3).  

Cognitive engineering (CE) can be applied to create interfaces that support 

practitioners workflow in a specific domain (4). CE achieves this through an 

interdisciplinary approach, developing methods and tools to assess and guide system 

design. User resource such as specialized knowledge, information type management and 

the use of various tools and artifacts within a system can be assessed through CE, leading 

to design changes. Because of the known complexity of clinical workflow and associated 

systems, a more systematic approach to evaluations is necessary.  

In the healthcare setting, EHR users divide their cognitive efforts between 

navigating a system’s interface and executing a workflow task (5). EHR navigation can 
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also contribute to complications with clinician decision-making processes involving access 

and organization of information, creating challenges to completing work (6,7). To achieve 

a more streamlined EHR-mediated workflow, bottlenecks within system design that 

impede task performance should be identified.  

EHRs have the intention of streamlining clinical workflow, resulting in 

improvement in quality of patient care and clinician user experience. EHRs have become 

a vital tool for clinicians to document patient information, aid in clinical decision making, 

and access knowledge and information (8). There are continuous efforts to ensure efficient 

utilization of EHRs because of their impacts on healthcare quality indicators, such as 

documentation quality, efficiency, and guideline compliance (9). However, while there 

have been improvements to the delivery of care, the quality of EHR design remains the 

same. Numerous reports show clinicians remain dissatisfied with EHRs, stating systems  

do not support their cognitive workflow and information needs (10,11).  

While EHRs can be a valuable tool for accessing and documenting patient 

information, studies have found that they are also a new contributing factor to clinician 

stress and burnout (12). The unintended consequences of EHRs, such as poor software 

design and workflow integration, create excessive cognitive load through inordinate 

documentation requirements. These unintended consequences of poor EHR  design and 

integration are a significant contributor to clinician dissatisfaction and, in turn, burnout 

(12–14). It has been found that an increase in clerical burden required by clinicians is 

associated with burnout. Micek et Al. found that burnout was directly related to the amount 

of EHR use during patient care sessions (15).  
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A point of concern raised during EHR implementation and use is the system’s 

usability: the extent to which the system can be used efficiently and to the clinician's 

satisfaction (16,17), and its effect on patient care. Poor usability of EHRs may introduce 

patient safety risks that could potentially lead to clinician frustration (17,18). With the 

widespread implementation of EHRs, documentation burden is also a new challenge. With 

the implementation of health IT requiring complex navigation and documentation, 

clinicians spend up to two hours on an EHR for everyone hour spent interacting with a 

patient and up to two hours outside working hours completing EHR-related tasks. While 

documentation burden can be cited as a primary contributor to increased EHR use, poor 

usability and design contribute to clinician dissatisfaction (15,19–21).  

Increased EHR use also creates patient safety concerns that can be contributed to 

poor system usability. Patient safety concerns are adverse events or unsafe conditions that 

increase the likelihood of a safety event occurring (22–24). There is a lack of current data 

streams used to identify the nature of these patient safety concerns. There have been found 

to have EHR-related patient safety concerns regarding the use of  system-system interfaces 

and hidden dependencies within documentation (22,25). One of the important components 

to minimizing patient safety concerns is the implementation of standard interface design 

guidelines and functionalities (22,25). These guidelines are an essential foundation for 

user-centered design while minimizing patient safety concerns.  

User-centered design is not often considered in EHR construction by software 

designers, resulting in inconsistent design, poor readability and navigation, and substantial 

variation across different interfaces. Providers often perceive EHRs as difficult to use, and 
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usability analysts have cited issues with difficult-to-read interfaces, confusing displays, and 

iconography lacking consistency (26). The design and development of surgical-specific 

information systems often raise a variety of challenges for designers. The main issue is that 

an abundance of patient information is available through the narrow lens afforded by a 

computer display. This problem is known to represent a significant EHR usability 

bottleneck (27). 

The healthcare domain especially has demonstrated that careful attention needs to 

be paid to actual work practice. Otherwise, mismatches may appear between a tool’s 

workflow assumptions and how the tool works in reality (4,28,29). To understand users’ 

work strategies and system interactions, the co-dependency between the two must be 

detailed. Systems have constraints built into their design, facilitating a series of interactive 

behaviors by the user. The user must comply with these constraints and use microstrategies, 

a sequence or pattern of interactive behaviors (30), to navigate these constraints and 

complete their task. The constraints required by the system usually do not consider the 

complexity of the work domain and require the user to employ tradeoffs of working 

memory, perceptual-motor actions, and visual search, complicating the microstrategies to 

complete the task (17,31). Working memory is the ability to hold information temporarily 

when completing a task, perceptual-motor actions are physical actions when interacting 

with a system and visual search is the scanning of a digital environment for a piece of 

information.  

Working memory, perceptual-motor actions, and visual search provide a means of 

characterizing the cognitive complexities of task performance in a system design. While 
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the CE approach should be considered in design, there is also a need to evaluate existing 

systems to improve usability. Those evaluating systems, especially the implementation of 

HIT, are responsible for questioning the safety implications of system usability (32). 

During the design and development phases, integrated evaluation methods are needed to 

ensure the system functions to aid users and to ensure the system is appropriate for the 

work domain. There are existing frameworks that assist in the identification and use of 

evaluation methods for HIT.  

The task, user, representation, and function (TURF) EHR usability framework aims 

to describe, explain, and predict usability differences by drawing on objective, quantifiable 

measures (33). While these frameworks evaluate EHR usability and assess the 

effectiveness of evaluation methods, there is a lack of connection between static usability 

evaluations and workflow. Extensive usability testing and EHR-mediated workflow 

modeling may help address inefficient EHR design, reduce documentation burden, and 

explain how interfaces create complexities in EHR navigation (34,35). It is a measurable 

construct that reflects the degree of difficulty in executing the steps in an EHR task.  

EHR-based navigation is a primary aspect of system use. This can be defined as 

“desktop-based interaction with user interface presentation and controls that allow users to 

locate and access needed information” (36,37). Navigation is the path taken to complete a 

task, including the actions (e.g., mouse clicks) and the traversal through space (e.g., 

negotiating a sequence of screens). EHRs may require users to navigate through interfaces, 

seeking data to create an adequate mental model of a patient case. Two main types of 

navigation exist: between page and within-page (36,37). The difficulties users face with 
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the interactions required to navigate through the interface, referred to as navigational 

complexity, can create unnecessary cognitive load (37). Problematic EHR navigation, such 

as switching between interfaces or searching for patient information, can generate usability 

bottlenecks and user frustration.  

Navigational complexity is often impacted by unintuitive and tedious interface. 

Increases in navigational complexity require more resources to be devoted to interacting 

with the system and less to thoughtful task completion.  Often, interface design elements 

can create unnecessary complexities when navigating the system. The study of navigational 

complexity is a bridge between static usability evaluations and workflow. The term 

“complexity” has a wide range of meanings in informatics and more broadly in scientific 

research (38). In this context, navigational complexity is a narrowly construed measurable 

construct that reflects the degree of difficulty in executing the steps in an EHR task. If 

navigational complexity can be minimized, this can provide significant ease of use to 

clinicians without redesigning an entire interface. Because of ease of modifying navigation, 

it should be a primary area of focus for improvement.  

Traditionally, single method approaches, user-based and expert-based, have been 

used for analyzing navigational complexity (39–42). User-based methods involve 

analyzing real-world scenarios of clinicians interacting with an EHR to determine 

constraints users face. Expert-based methods analytic are completed by usability experts 

to model processes required to complete a task. By employing these two methods in 

concert, a more comprehensive picture of navigational complexity is possible.  
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The research goal is to develop and validate a new biomedical informatics 

methodological approach that combines expert-based and user-based techniques to 

guide more effective EHR design, improve usability, and reduce navigational 

complexity. The proposed methodology and its practical value are demonstrated when 

applying it to the study of EHR-mediated workflow completed by nurses in the pre-

operative (PreOp) setting. After an initial literature review, advantages, and disadvantages 

of single user-based and expert-based methods for analysis and identifying bottlenecks are 

presented versus a combination of methods. A variety of user-based and expert-based 

methods is then proposed to differentiate the performance of user interfaces across systems, 

users, and tasks.  

A two-phased validation of the framework is utilized: a  single, EHR-mediated 

workflow task and a pre- and post-implementation comparative analysis of multiple 

systems. The first phase of validation is small-scale to confirm that the selected methods 

are able to identify all bottlenecks in the workflow with a single task. This validation allows 

for fine-tuning of the framework. Once the combination of methods is confirmed, the 

second phase of validation applies the framework pre- and post-implementation of an EHR 

to determine differences in performance between the two systems. The second application 

phase of the framework validates that the framework can be applied across multiple 

systems, sites, settings, and tasks, and that the execution of the framework is streamlined. 

Data collection and framework validation was completed during the PreOp nursing 

patient checkin process. PreOp workflow was selected because the workflow is relatively 

routine and constant per patient case. With the cost associated with surgery in the 
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healthcare setting, it is important to have an in-depth understanding of the PreOp care 

process. This environment also requires a heavy documentation workload, leading to 

frequent use of the EHR in the PreOp department. Additionally, nurses are the primary care 

providers that interact with the EHR, so characterizing EHR use for this role can provide a 

deeper understanding of the overall PreOp workflow. Evaluation and validation are 

completed on in-situ observational data in the PreOp setting versus in the lab environment. 

This enables the scrutinization of interactive behaviors, identification of interface elements 

and other factors that contribute to task complexity.  

This scrutinization of interface elements and system navigation can be generalized 

to any number of clinical settings, tasks, or individual processes. The framework is 

structured in a way that it acts as a data collection and analysis handbook for anyone aiming 

to assess interface navigation. The frameworks detail the resources, steps and results for 

data collection and analysis, regardless of IT system or clinical setting. The main goal is 

consistency across the area of focus: to model and propose changes to EHR-mediated 

workflow. The data collection process describes pre-data processing and resources that are 

required of any organization and details regarding the type and quality of data necessary 

for analysis. In terms of data analysis, the framework describes the various data streams 

generated and how they can be leveraged regardless of existing interface design. A 

stepwise process of how to complete data analysis is provided as well to allow for any 

analyst, regardless of experience or knowledge level, to complete the analysis. Because the 

framework is based on identifying and focusing on the modes of interaction within a system 
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rather than the category of information being documented, it can be applied to any 

navigation path, regardless of site, system, or clinical setting.   

The framework leverages a combination of qualitative and quantitative data that 

provides high reproducibility while using a microanalytic approach to observe small 

changes in the interface and their significant impact. With the incorporation of both user-

based and expert-based analytic methods, there can be a multidimensional portrayal of 

interface design issues in the context of the real-world problems faced.  

Two of the main methods that are combined into a new analysis are cognitive 

walkthrough (CW) and the keystroke level model (KLM). The CW is a method that is 

amenable to extension and can be repurposed to study phenomena in a range of contexts. 

In its basic form, this method segments a task into a set of user actions, goals, and subgoals. 

Strengths and limitations are well understood (32). The KLM is a method that aims to 

predict user performance and aggregate a user’s cognitive functions during interaction with 

an interface (32). This combination of CW and KLM methods results in a new analysis as 

part of the framework. 

The combination of these two methods into a revised, innovative walkthrough 

process provides a thorough, comprehensive framework to assess the complexities 

involved in task completion by aligning the cognitive complexities associated with each 

action. This shows the impact that small, repeated actions have on documentation burden 

and efficient system use through specific interface design aspects. This combination also 

shows that small, simple changes in the interface can have a significant impact on clinical 

workflow.  
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1.2 Research Aims 

 

Aim 1: Formulate the navigational complexity framework for identifying differences in 

EHR interface systems and their impact on task performance.   

• Analyze and critique currently utilized methods used in assessing EHR-mediated 

workflow and usability assessments of interface design elements. 

• Propose a novel framework for identifying areas of navigational complexity 

within EHR systems with the goal of resolve challenges identified in interface 

design. 

Aim 2: Apply the proposed framework to the study of EHR-mediated workflows and 

validate whether it can differentiate performance in EHR-mediated workflow. 

• Complete the analyses detailed in the navigational complexity framework in a 

pre-operative setting to demonstrate that the framework can differentiate design, 

improved usability, and minimal navigational complexity  

• Apply to various systems with users performing two tasks: completing 

medication administration records and medication reconciliation at different 

clinical sites.  

Aim 3: Extend testing of the framework to pre- and post-implementation of EHR  systems 

and evaluate differences in performance across systems, sites, and tasks to determine 

whether the proposed framework is more insightful than traditional approaches.  

• Apply the framework to EHR-mediated workflows collected during the 

implementation of a new EHR within a pre-operative setting 
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• Evaluate performance and efficiency for comparison and identification of 

bottlenecks and variations in workflow across system, sites, and tasks.  

1.3 Outline of Dissertation Document 

 

The introduction is an overview of the scope of the research, the aims and the research 

plan. In Chapter 2, a summary of literature regarding EHR-mediated workflow and 

implementation and the currently available methods used for analyzing usability and 

system interface design is presented.  The advantages and disadvantages of both expert-

based and user-based methods is analyzed. Chapter 3 presents the theoretical framework 

that was used to conceptualize the navigational complexity framework. Chapter 4 proposes 

the navigational complexity framework and expected outcomes. Chapter 5 relates initial 

testing in a pre-operative setting to assess task performance. Chapter 6 extends the 

framework validation to a pre- and post-EHR implementation process to evaluate the 

efficiency of the old EHR-mediated workflow compared to the newly implemented 

workflow.  

2 THEORETICAL FRAMEWORK AND METHODOLOGICAL REVIEW  

With widespread adaption of HIT, there is a need for a methodological framework 

that can leverage varying approaches to examining EHR-mediated workflows at a granular 

level. This collection of methods should be used to elucidate minor variations in design 

dimensions and reveal simple changes to support clinician’s work and minimize 

complexities in system use. To achieve this, it is necessary to understand how clinicians 

complete their work and make decisions, how users interact with different systems across 

settings, and how the technology can assist the user best. CE, human factors (HF), human-
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computer interaction (HCI), and usability engineering (UE) theories and frameworks allow 

for a microanalytic evaluation of system design and their ability to assist or hinder 

clinician's EHR-mediated workflows. This chapter will review constructs from each of 

these theories and how they can be applied to the analysis of interface navigation and 

design.  

2.1 Cognitive Engineering Theories and Frameworks 

CE is an interdisciplinary framework for the development of principles, methods, 

and tools. It is used to assess and guide the design of systems to support human 

performance. CE highlights the discrepancy between the user’s goals and the physical 

controls embodied in systems (30). The main goal is to perform work more efficiently by 

providing an improved connection between the user and the system. CE has the ability to 

allow cognitive functions and associated interactive behaviors to be supported through 

system design such as user interfaces (43). One unique characteristic of CE is that it has a 

dual focus on different aspects of work: 1) complexities inherent to the domain and 2) 

strategies enabling the practitioners to cope with the demands of the domain (4,44). 

Because domain complexities and individual strategies are identified and separated, it is 

possible to distinguish strategies resulting from suboptimal design versus strategies for 

effective coping with complexities inherent to the domain.  

With the dynamic nature of human use within computer systems, there is a need for 

systems to fit their area of work for the sake of the user and their workflow (45,46). Because 

of this increasing need, HCI has a need for a suitable theory that can conceptualize and 

support user perspectives for system design changes. Goal-directed design has been 
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proposed as a methodology to address issues where different users of a product express a 

desire for different interface functions (47,48). Through the application of a goal-directed 

analysis of workflow and interfaces, the intention is to understand the basics of users’ needs 

and the beahvior of a user to create an interface that satififies user workflow needs. The 

goal is to create user interaction strategies and crete a specific user model through 

structuring user interactions through their main goals throughout workflow (49).  

By focusing on the user goals and interactions, the design of interfaces can be 

scrutinized and determine characteristic behaviors and goals. This goal-directed design 

also allows for modeling beahvior patterns and goals that users complete. The main 

advantage to utilizing the goal-directed approach to workflow analysis is that by situating 

user interaction strategies in the form of goals and indiivudal steps a user completed, the 

interactions to achieve these goals can be tailored for efficiency while easing user burden 

(48–50). When the goals of a user are understood for task completion, a strategy to 

achieving these goals can be created that translated directly into interactions within the 

system.   

 When executing the clinical workflow, CE can be leveraged to structure workflow 

into tasks, goals, and subgoals associated with the work process. Workflow is comprised 

of individual tasks completed by the appropriate role. When executing these tasks, there 

are a number of goals that users leverage as checkpoints to track their progress. To divide 

each of these goals into manageable steps, the user allocates the required actions of the 

goal to subgoals. These are the physical and cognitive processes embodied in the system. 

The cognitive processes in these subgoals are the three cognitive constructs mentioned in 
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Chapter 1: working memory, visual search, and perceptual-motor actions. The physical 

processes in these subgoals can be quantified through interactive behaviors. The goals and 

subgoals associated with a task vary by the individual and are known as individual 

microstrategies (30,51).    

2.2 Human-Computer Interaction and Interactive Behaviors of Users 

There are detailed documented problems in human-computer interaction (HCI) 

theories identifying suboptimal clinical work processes, especially in EHRs. The work of 

various researchers into HCI has revealed the same three main cognitive constructs 

previously mentioned as the most prominent: perceptual-motor activity, visual search, and 

working memory (36,52,53). Although all three elements are necessary for any task, certain 

task-system combinations may be more memory-intensive or require more in the way of 

perceptual and motor behavior (30).  

When considering technology and how users interact with devices, there are two 

main components: the device into which user commands are inputted and the object that 

received the commands. The form in which information is presented by the technology to 

the user, the interface, facilitates functions or activities to be executed by the user, 

interactive behavior is combined into microstrategies. The different microstrategies 

developed by a user are a result of interface design features that influence the ways in which 

users reach their workflow goals. Although these differences in interface dimensions are 

small, by observing the individual microstrategies at an action-by-action level, bottlenecks 

in the workflow can be revealed (30).  
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Problematic interface interactions can carry cognitive consequences, such as the 

“keyhole effect,” a well-documented problem in HCI research (36,54). The keyhole effect 

can occur when an abundance of information is made available through the narrow lens 

afforded by an interface. This is analogous to peeking through a keyhole in a door to see 

what is in a room. This problem can create a significant usability bottleneck that can have 

a consequent effect on workflow. A well-designed interface can place knowledge that 

exists in-the-world in a readily available location at the moment that a user needs it rather 

than a user having to retrieve it from in-the-head (51). There is a balance between the 

constructs priorities during system design.  

More or less interactive behavior often can be required of a user based on system 

design. To determine that, task-system interactions can be observed to create the most user-

friendly process. Users divide their cognitive resources between performing tasks and 

navigation, which is constrained by the pre-determined sequences of operations imposed 

by the system. There are two types of constraints put on users by a system: hard constraints 

and soft constraints. These constraints dictate the interactive behaviors completed by users. 

Hard constraints are non-negotiable actions within an interface that users must complete. 

Soft constraints offer flexibility in the process, seeking the fewest and most routine 

interactive behaviors.  

 

2.3 Conclusions 
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There is a need for a framework that can evaluate how well technology can and 

should support users in a real-world setting (4). By combining the theoretical of HCI, 

microstrategies, and CE, a combination of methods can surface to act as an engine for 

discovery while presenting compelling findings regarding the issues users face. Although 

the frameworks presented here each focus on a single aspect of system design and user 

work, they only capture a subset of the issues in system interaction.  

By drawing on all of these frameworks, a theoretically grounded methodological 

approach for elucidating navigational complexity can be created. The study of navigational 

complexity could benefit from a granular approach that captures the moment-by-moment 

experience of the user. A combination of quantitative and qualitative data could offer a 

method of higher precision and reproducibility. The framework proposed in this research 

could illuminate the nature of the design decisions and inform future design solutions at a 

granular level that stretches beyond the current methods and frameworks. The framework 

presented here could aid in identifying bottlenecks in EHR-mediated workflow and address 

the gap in knowledge of currently used, single-method approaches.  

3 LITERATURE REVIEW 

 

To effectively adopt HIT into practice, clinical workflow must be understood and 

analyzed from a user’s perspective. This is especially true with EHRs, which can either 

hinder or facilitate clinical workflow (42,43). With the implementation of EHRs, the 

expectation is that there will be streamlined task processes, improved efficiency, and most 

importantly, enhances in system usability (33). However, a persistent problem that affects 
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workflow is that EHR interfaces are unnecessarily complex and often confusing to use, 

compromising the user experience (26,33,55). These usability issues within interfaces are 

cited as a significant obstacle to widespread adoption and improvement (55,56). The 

chapter presents literature related to EHR-mediated workflow and methods used for 

analyzing usability and system interface design.  

A number of different methodological approaches have been proposed to analyze 

EHR-mediated workflows through a single-method or multi-method approach. The current 

literature typically applies a single method to a single EHR-mediated workflow task in a 

single setting. The literature review presented here covers the methods used for analyzing 

usability and system interface design within EHR-mediated workflow analysis and the 

advantages and disadvantages of each method. The main areas of literature presented are 

as follows:  

1) Problems with interface design, EHR-mediated workflow navigational complexity in 

systems, and the effects on the user 

2) User-based and expert-based approaches used in assessing EHR-mediated workflow 

and interface design  

3) Technologies and approaches available to assess EHRs and challenges faced when 

using a single evaluation method versus multiple methods 

3.1 Problems with Interface Design, EHR-Mediated Workflow and Navigational 

Complexity and the Effects on the User 

 

Interface design complexity often results in an information system providing poor 

usability, resulting in overall dissatisfaction with EHRs and increasing safety challenges 



 

18 
 

and burden of use (57). Often, providers perceive EHRs as difficult to use, and usability 

analysts have cited issues that include confusing displays, lack of consistency and intuitive 

meaning of iconography, and illegible displays (58). A majority of EHR users complain 

that systems seems largely tailored for clinical transactions rather than clinical care, 

affecting patient safety due to inefficient and unintuitive interactions with the EHR (59,60). 

The usability issues cited, such as poor interface design aspects, can lead to increased 

cognitive load and can surface during interaction, causing disruptions to workflow and 

efficiency (61,62).  

Often specific interface design aspects such as screen layout, information density, 

and widgets can contribute to inefficiencies within system interaction. Such poor interface 

design elements create a significant impact on efficiency and effectiveness in accessing 

and documenting patient information. These challenges surface most commonly when 

transitioning from one system or interface to another, causing disruptions to workflow and 

efficiency (62,63). To identify these challenges in design, there needs to be an effective 

process for evaluating EHR usability.  

 In a recent publication by Roman et al., EHR  navigation was defined as interactions 

with the user interface presentation and controls that allow the user to locate and access the 

information they need within a system to complete a task (36). Roman et al. distinguish 

between two different types of EHR navigation: between-page navigation (action to move 

to a new page in an EHR) and within-page navigation (actions to move within a given 

page) (36). To add more theoretical background to the definition Roman et al. established, 

navigation should be guided by function that is constrained by its form. The form in which 
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interface elements are presented can contribute to varying levels of complexity with system 

navigation, delaying workflow progress. There is considerable variation in form across 

EHRs for the same task, such as medication reconciliation (10,36). Optimizing the form in 

which information is displayed, accessed, and edited is predicated on identifying and 

understanding the flow of specific tasks. However, often these forms restrict the actions 

available to users during system interaction.  

Systems, especially EHRs, often have constraints built into their design, allowing 

for a series of interactive behaviors to be performed to complete a goal or task. 

Microstrategies are often guided by specific interface design aspects and constraints 

through poor interaction. The constraints implemented by the system require a user to rely 

on working memory, a finite resource that, when utilized too often, diminishes human 

performance. There is a tradeoff between the level of interactions that can be stored in 

working memory to complete a task versus the intensity of tasks that can be completed. 

There is a belief that increased perceptual-motor actions effort, the skill of successfully 

obtaining and understanding information with the appropriate reaction, is favored over 

memory effort (64). An example of a high burden on working memory and a known issue 

contributing to suboptimal EHR design is crowded screen designs. Specifically, EHR 

navigation of different menu screens create a high memory demand in the navigation 

between the interface for task execution and increases the complexity of use.  

To understand the microstrategies of users, there must first be a thorough analysis 

of the cognitive, perceptual, and motor operations used to complete a task (51,65). 

Comprehension of these microstrategies provides a better understanding of the 
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complexities users face in interacting with an interface. This allows for redesigning of 

optimal systems, promoting efficient system use and maximizing patient safety. In a recent 

study, Ratwani et al. compared clinician’s performance on a controlled task (using the same 

clinical cases) across systems and sites. The study found substantial differences in 

measures such as mouse clicks, duration, and error rate. The results highlighted the wide 

variability in the use of EHRs across sites and systems and the need for optimization. 

System assessments can provide unique insights into the user experience and identify 

features that exemplify best practices and those that do not meet that standard. 

The rapid adoption of EHRs has created high variability in the modes of interactions 

of EHRs. This rapid adoption has surfaced unintended patient safety concerns particularly 

related EHR design and use in the form of work-arounds (66–69). These varying modes of 

interaction, couples with fast adoption rates, often facilitate unsafe conditions for a patient 

interaction (22). The detection of these patient safety concerns related to EHR use is 

difficult because they often not only involve EHR design and interface complexities, but 

also the individual user behaviors associated with system use and organizational 

characteristics (22,25,70). Studies that aim to observe patient safety concerns within EHR 

use is often one-sided, not considering the workflow of the setting, the individual users, 

and the complexities of the technology (22,37,71). These all can contribute to the origin of 

the safety issue within the system, relating back to not only technology-related issues but 

also workflow issues.  While many studies identify complexities with system use, there is 

a need to shift these observations into actionable changes into designing a safer EHR  
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(22,70). It has been found that user interface designs can have a substantial impact on user 

productivity, adding burden to clinicians and minimizing   

Several observational studies have identified interface complexities, the mediating 

effects that various EHR designs have on patient safety, and the impact on EHR-mediated 

workflow and, more importantly, interaction patterns during system navigation (37,72,73). 

Duncan et al. compared specific task performance on different EHR interface designs and 

the navigation and workflow involved with task completion, specifically in the medication 

reconciliation task (MedRec). The study characterized EHR-mediated workflow before a 

system-wide EHR conversion, comparing interface designs for task completion across two 

different EHRs (37,42). The interfaces were found to differ in modes of interaction and 

cognitive support based on specific interface design elements (10). 

A recent study by Horsky et al. compared the accuracy of two different electronic 

medication reconciliation tools to determine the cognitive consequences of specific 

interface designs. It was found that significantly fewer errors were made in EHRs with 

single-column medication lists than systems with side-by-side lists. The authors suggested 

the need for MedRec tool usability testing and comparison tools for various EHR interface 

designs (74).  

Plaisant et al. contrasted a conventional interface design with a novel design 

(Twinlist), using animations to split an interface versus an interface using side-by-side lists 

to compare task efficiency. Traditional comparative usability evaluations showed that 

Twinlist’s multicolumn design facilitated the faster completion of MedRec with substantial 

reductions in the number of clicks (63). Tamblyn et al. designed and assessed the 
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implementation of a new electronic MedRec tool to determine optimal functionalities by 

assessing the time spent on the task, providing insight into optimal interface design. 

Required modifications to the interface were identified, reducing task completion time by 

nearly half (75).  

While there have been multiple studies that analyzed interface design aspects and 

their overall usability, usability also largely contributes to the EHR-mediated workflow in 

the use of these systems. To analyze both EHR-mediated workflow and interface usability, 

different approaches to analysis are required from the perspective of the user interacting 

with the interface. These should the form of user-based testing and expert-based 

evaluations of systems. 

3.2 User-Based and Expert-Based Evaluation Methods for Assessing EHR Usability and 

EHR-Mediated Workflow 

There is often tension during EHR usability evaluations and improvements between 

the systems efficiency and patient safety (42,60). There can be a balance achieved between 

these two pieces, a goal that the American Medical Informatics Association (AMIA) Task 

Force 2020 aims to achieve. One significant recommendation of the AMIA 2020 Task 

Force was decreasing documentation burden; poor system usability can significantly 

contribute to documentation burden. Poor usability can create barriers to clinical workflow 

due to a lack of consistency across interface design, generating interaction complexities 

during data entry and navigation. By modeling the steps in clinical workflow and assessing 

the associated interfaces, areas with high cognitive load and usability barriers may be 

further explored through comparative analysis. Comparative analyses of different interface 
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layouts that clinicians utilize may yield valuable insights into the sorts of changes needed 

to streamline EHR design to enhance user performance (55,76).  

Comparative system analyses can be used effectively and efficiently to assess 

usability. They are typically conducted in two categories: user-based testing and expert-

based testing. Expert-based testing is conducted by usability experts, who systematically 

inspect EHR  designs to identify design violations and may enhance the explanatory power 

of the empirical results of user studies (77). The methods leveraged include 

representational analysis (RA), KLM, and CWs. User-based testing is conducted by 

monitoring end-users utilizing the system in real-world settings (77). The methods 

leveraged include analysis of cognitive processes, interactive behavior measures, and 

clickstream data.  

RA is the first of the three interrelated expert-based analysis methods used in the 

navigational complexity framework to model the completion of an EHR task while 

assessing task performance. RA describes and evaluates the appropriateness of the 

representations for a given task and a given type of user (33,39). The focus of RA is on the 

form of a section of a display, how it may impact cognition and its connection to the 

workflow. However, one of the main flaws with RA is that the dimensions that are used 

for analysis are based on a standard task taxonomy for computer vision tasks. While this 

taxonomy determines what interfaces are appropriate, it lacks the ability to evaluate which 

interfaces are appropriate for a specific task completed by a designated type of user (33).  

The KLM analytic method evaluates the set of operations and the time required to 

complete a task. In the KLM model, there are six operators: key button press and release 
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(K), mouse pointing (P), moving hands to the home position on the keyboard or to the 

mouse (H), button press (B), mentally preparing to perform an action (M), and typing a 

string of characters (T(n), n x K seconds) (78).  Each action has an estimated time for 

execution: K is 0.20 seconds, P is 1.10 seconds, H is 0.40 seconds, B is 0.10 seconds, M is 

1.20 seconds, and T(n) is 0.20 * n seconds. Thus, the KLM model for a specific task can 

be constructed by identifying each operation needed to complete the task and summing 

together the execution time for each operation. The KLM, therefore, represents the time 

taken to complete a task if it were done with no errors or interruptions. The constructed 

KLM can then be compared with observed user data.  

Saitwal et al. utilized KLM to evaluate the user interface of an EHR when 

completing 14 prototypical tasks across various interfaces to gather ideal task execution 

times (50). The goal of utilizing the KLM was to show the high percentage of mental 

operations required for complex interfaces and the long execution times. The results 

showed that if the clinician completes all tasks, the system is ineffective for users; nearly 

50% of the time is spent performing mental operations during interface navigation and 

interaction.  

We also (42) studied vital signs documentation and medication reconciliation tasks 

in the EHR, characterizing how different charting interfaces mediate task performances 

across clinical sites (55,79). Our study documented how the configuration of interface 

elements created unnecessary navigational complexities when interacting with the system. 

Markowitz et. al. employed graphical user interface design guidelines to create a MedRec 

prototype (80). The prototype was compared with two other MedRec systems using KLM. 
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The prototype also proved to be less cognitively taxing than the other systems, as measured 

by KLM analyses, showing nearly a 1.5-second difference between the prototype and the 

original system. The prototype, informed by design guidelines, was shown to be more 

efficient overall in completing MedRec (80).  

CW is a commonly used method for analyzing interface complexity and usability 

(41,81). It involves characterizing a sequence of actions and goals for completing a task. 

To assess the cognitive aspects involved in a user’s interaction with a system, the CW 

offers the advantages of tracking and logging user issues. The interactions between the user 

and interface are recorded, and the relationship between the goals the user has, the required 

goals to complete a task, and how the interactions with the system facilitate these goals are 

all shown in detail.  

There are three main user-based, interrelated analytic methods for modeling the 

process of completing an EHR task while assessing task performance overall: cognitive 

processes, interactive behavior measures, and clickstream data. User-based methods are 

particularly important for revealing problems where the interface design affords more 

degrees of interaction freedom and where, within an interface layout, there are higher 

chances to observe greater variation in processes. Design tradeoffs often surface through 

the three main cognitive processes that can affect EHR-mediated workflow: visual search, 

working memory and perceptual-motor actions.  

The severity of an interaction’s complexity can often be revealed through the 

processes that mediate task performance. Interactive behavior measures provide insight 

into task performance with the goal of quantifying documentation burden. In this case, this 
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is due to navigational complexity. These behaviors are typically represented in mouse 

clicks, screen transitions, and time to complete a specific step or series of steps when 

interacting with an interface. Clickstream data is user data modeled on a timeline showing 

the series of clicks users completed throughout task completion. This visualization clearly 

and concisely reveals the variations between individual users.   

In many interactions with an application, hard constraints are imposed by the 

system. The subgoals in EHR-mediated tasks—for example, engaging a dialogue box—

necessitate fixed patterns of behaviors and permit no degrees of freedom. Hard constraints 

should not be impacted by the host of variables, such as case complexity, that influence 

EHR-mediated workflow. Hard constraints can be described by expert-based methods. In 

contrast, soft constraints in the interface suggest which of the possible patterns are likely 

to be chosen and executed but may afford considerable latitude (65). These can only be 

revealed in user-based methods. Variation in the clickstream as evidenced in our results is 

indicative of users negotiating soft constraints. The pattern of behavior is subject to a range 

of influences beyond the interface including the individual differences of clinicians using 

an EHR. 

While leveraging single methods for usability evaluations, there are benefits and 

drawbacks to each of these individual assessments (77). Single approaches do not provide 

a cohesive picture of usability and cannot answer every question regarding system design 

and use, only a subset. However, with the combination of multiple methods utilizing both 

experts and real-world users for analysis, a clear picture of bottlenecks in interface design 
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and workflow can be identified and more effectively remedied from design, ease-of-use 

and patient safety standpoints. 

3.3 Technologies and Approaches Using Single Versus Multiple Evaluation Methods 

 

Expert and user-based methods can be used independently, as they have been in 

many studies, but employing them in concert provides a more comprehensive picture of 

navigational complexity. Expert-based methods provide guidance to the source of 

navigational complexity at a granular level and enhance the explanatory power of the 

empirical results of user studies. They can also be used to predict differences in system 

comparisons. User-based methods provide a real-world acid test for expert analyses and 

provide additional insights into navigational complexity.  Expert-based methods are ideal 

for modeling relatively fixed navigational pathways: for example, where the interface 

determines the action sequence.  

There has been research regarding the usefulness and necessity of leveraging 

multiple methods for analyzing interface usability and EHR-mediated workflows. One of 

the main issues that are faced in usability assessments is the selection of an appropriate 

method or the use of a combination of methods. The specific selection can depend on a 

number of factors, from resources available to insights desired (55,82,83). To assess 

usability problems, user-based methods and expert-based methods are used (37,55). While 

each of these methods is useful in a number of situations to identify interface complexities, 

many of the studies that utilize them focus on a single measure that cannot provide a 

complete view of the barriers to usability (37,55). A combination of techniques will 

complement each other and would provide more insight into system design solutions (77).   
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There have been multiple studies that address the selection of the appropriate 

method to effectively assess EHR  interface usability and bottlenecks in workflow (77). 

Walji et al. found that a combination of usability methods is superior when identifying 

EHR issues compared to a single approach. With user-based methods, deeper insights into 

the specific problem with interactions on computer systems that users face is provided. Soft 

constraints—loose guidelines for interaction steps—can be identified with user-based 

methods while hard constraints—rigid paths of interactions—can best be described by 

expert-based methods. Because system design enforces both soft and hard constraints, to 

evaluate EHRs, the combination of different usability and workflow testing techniques that 

complement each other is necessary (77). 

EHR navigation for a single task is a relatively finite topic, and there are a small 

number of routes to task completion. Often to assess the routes to task completion provided 

by the interface, a single method of analysis is leveraged to discover the bottlenecks in 

workflow from a user standpoint, facilitated by the interface for task completion. The 

literature has provided justification that a combination of expert-based and user-based 

methods is more effective and efficient in identifying these bottlenecks in workflow. 

Through the combination of multiple methods of analysis, a clear picture of problems with 

interface design and workflow can be identified and more effectively remedied from a 

patient safety standpoint by improving the design of EHR interfaces.  

3.4 Conclusions 

 

Navigational complexity has an undeniable impact on the burden experienced by 

clinicians when using EHRs. While expert and user-based methods provide specific 
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insights, there is a gap in the usability issues that may be identified in interface design by 

a single method. To clarify the range of complexities involved in system interaction and 

determine the impacts of cognitive performance, expert-based and user-based methods are 

combined in this work in a navigational complexity framework.  

 The navigational complexity framework has the goal of identifying cognitive 

tradeoffs and challenges involved in EHR-mediated task completion through a 

combination of usability analysis methods (36). The combination of quantitative and 

qualitative data offers precision and high reproducibility. The framework leverages a range 

of CE methods (4) and visualizations to identify complexities at a granular level and 

characterize individual users, interfaces, and clinical sites (37). The next chapters detail the 

proposal and validation of the navigational complexity framework.  

4 PROPOSAL OF THE NAVIGATIONAL COMPLEXITY FRAMEWORK AND THE 

ASSOCIATED METHODS  

 

4.1 Introduction 

 

 During usability assessment, summative assessments are performed with the 

intention of validating application usability in the hand of the intended users in the context 

for which it was designed, performing usual tasks (84). The range of methods employed 

for assessing usability can vary from expert reviews or end user’s involvement. However, 

no single approach can identify a software’s range of usability problems. There is currently 

a lack of research that can combine user participation with usability analyst expert feedback 

to create an effective framework for detecting a range of usability issues from those 
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different perspectives (77,84). A combination of methods can complement one another to 

provide a complete picture of the usability issues faced (77,82).    

With the understanding that EHRs will enhance productivity, healthcare institutions 

have invested large amounts of money, effort, and time in implementing them. However, 

there is often dissatisfaction that EHRs do not support cognitive workflow and information 

needs, creating a difficult user experience. One of the main culprits of difficult user 

experience that contributes highly to navigational complexity is display fragmentation 

largely because of its effect on EHR-mediated workflow and the need to move through the 

entire system for a single task. Display fragmentation of functions and screens for a task 

highlights that interacting with certain system complexities set in place by design itself 

require division of cognitive resources.     

In an ideal system, there should be a clear navigation path to accessing needed 

information with information tools minimizing EHR-mediated workflow complexities. 

Systems should enable user control and freedom by allowing for a user’s focus to be on the 

desired task rather than how the tool itself is used (85). However, hard and soft constraints 

embedded in the system design often create excessive navigational complexity. Because of 

the number of hard constraints, there is little room for adaptive methods to minimize 

navigation for clinicians during patient care. Where soft constraints are implemented, there 

is variation in task completion steps that individuals leverage in the form of 

microstrategies.  

If these microstrategies can be observed and modeled, the path in which users 

optimize interaction while minimizing the cost of interactions can be highlighted, and 
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interface changes can be made. By scrutinizing seemingly small interface design 

differences through a micro-analytic approach, we can better identify and quantify user’s 

microstrategies and examine their impact on task completion. This can lead to effective 

changes in interface design to provide ease-of-use to users and maximize EHR-mediated 

workflow efficiency.  

A solution to this is the navigational complexity framework proposed here. This 

framework aims to employ methods for capturing, analyzing, and visualizing EHR use and 

clinical workflow of clinicians in a number of different clinical settings (39). The main 

players involved in data analysis are the clinician of focus, the researcher completing data 

collection, and the usability expert completing the analysis. This is achieved through a 

combination of expert-based and user-based methods to explore differences in task-specific 

EHR interfaces and the associated EHR-mediated workflow. The framework is unique in 

that not only does it provide traditional expert-based and user-based methods but also 

combines these into a new, single form of analysis. The expert-based KLM and cognitive 

walkthrough methods are combined with the user-based cognitive processes into a 

modified walkthrough leveraging all three.  

This new proposed analysis allows for alignment of user goals and subgoals, user 

mental operators and estimated task completion and cognitive processes. With this new, 

modified walkthrough, there are two main outcomes generated that were previously 

missing. These outcomes are the categorization of cognitive constructs per user steps and 

a quantification of the frequency of these cognitive constructs. By categorizing and 

quantifying the occurrences of cognitive constructs, complexities within the interface can 
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be identified and tradeoffs between the occurrences can be minimized. While it is not 

possible to judge an interface, the outcomes generated from the combination method aims 

to make it more clearly understood in the context of other design choices and protocols 

driving a process.  

When combining user-based and expert-based analyses into the combination 

method, clinical users can be engaged when performing tasks to understand the impact of 

interface design real-time. With input from an expert review standpoint, traditional 

usability evaluations can be applied. The use of these two different approaches also create 

a holistic comparison tool to identify design issues and areas of high cognitive load. 

Evaluations from these two standpoints support one another.   

 The micro-analytic approach involves a more granular level of analysis of both the 

user and the system behavior. It can characterize interactions with the system at a moment-

to-moment level with a high level of detail (33), considering the user's microstrategies in 

task completion. It also enables the modeling of task behavior with a higher level of 

precision, requiring relatively few subjects. This chapter introduces the details of the 

navigational complexity framework and explains the two main categories of methods, their 

associated data streams, and the newly formed codified walkthrough. (37). This chapter 

corresponds to Aim 1 of the thesis. 

 The framework presented here served as a data collection guide regardless of the 

clinical setting of task of focus compared to traditional expert-based approaches. Anyone 

interested in assessing the impact that interface design has on navigation and EHR-

mediated workflow can follow the stepwise process of applying the framework to the 
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enterprise’s clinical setting of interest. The guidebook details the resources required for 

data collection and analysis as well as providing detailed instructions for applying the 

framework. There is no requirement of design knowledge or experience during data 

collection and analysis, and the results can be easily interpreted and translated to interface 

design changes.   

When applying this framework to any of the EHR-navigational problems that an 

organization chooses to focus on, there are requirements for data collection prior to 

analysis. First, there is a need for screen capture software, such as Morae, to gather data 

in-situ observations of clinicians using their EHR that can be used for analysis. Second, 

there is the requirement of having access to a clinical setting. In order to gather data, access 

to enter and observe clinicians in-situ is required for data collectors as well as permission 

to record actual patient cases within the setting of focus. The third requirement is an option 

for data storage and security with the generated observations files. Direct observation files 

are large and because they contain patient information, a high level of security is required. 

Once these conditions are met, data collection can begin, and the framework analysis can 

be performed.  

4.2 Navigational Complexity Framework Analysis Methods 

The navigational complexity leverages a combination of qualitative and 

quantitative data to offer a higher level of precision. This combination can provide a deeper 

understanding of the interaction complexities within the interface associated with task 

completion. Observational data is analyzed using user-based methods and expert-based 

methods. Figure 1 is a graphical representation of the methods use broken down by 
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category. User-based evaluations are done through direct observation of users in-situ to 

determine end user’s routines for task completion. These methods include clickstreams, 

behavioral measures, and cognitive processes. Clickstream data maps large clusters of user 

activity that are aligned with the subgoals and individual actions within task completion. 

Behavioral measures can highlight the controls users exercise for interacting with interface 

elements in terms of physical actions. This gives insight into the physical and cognitive 

effort required to navigate an interface in the form of mouse clicks, screen changes, and 

time. These constructs are qualitative and aim to characterize difficulties faced by users 

across different interface elements.  

  

Figure 1: Expert-Based And User-Based Methods Of Navigational 

Complexity Framework. 
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Expert-based methods engage usability experts that assess design based on standard 

cognitive and usability principles. These evaluations are completed through qualitative 

methods. Analytic data is generated and used for analysis. These methods include RA, 

KLM, and CW. The goal of RA in the context of this framework is to identify different 

interface representations, outcomes, and task difficulties based on the representations (33). 

This can be used in a granular analysis of the information displayed on an interface based 

on a pre-determined taxonomy. KLM has been shown to act as a reliable indicator of the 

effort required by a user to navigate an interface (78,86). KLM is a basic technique that 

provides insight into the ideal world but cannot and does not leverage user data to support 

the claims it makes regarding user actions. The CW can evaluate how well an interface 

design can support a user in completing a specific task. This is done by identifying the 

complexities that user faces within individual steps of system navigation.  

User-based methods involve clinical users performing tasks in the real-world 

setting. These methods include behavioral measures, clickstream, and cognitive processes. 

Behavior measures are quantitative measures of total time, mouse clicks and screen change 

to complete a task. Clickstreams model interaction complexities users’ face by showing the 

series of clicks required for task completion and overall task efficiency. This visualization 

of user data has the primary goal of showing variation across individual users, systems, 

and clinical sites. Cognitive processes are a means of characterizing cognitive complexities 

that exist for task performance. There are often tradeoffs between these constructs. These 

constructs are largely qualitative aspects that are observed during system use and the 

tradeoffs have not yet been quantified in a single analysis.  
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User-based and expert-based methods complement one another to capture different 

system constraints and individual microstrategies. When the two are combined into a single 

form of analysis, they give insights that neither can achieve alone. A modified walkthrough 

is created that combined the expert-based KLM and CW and the user-based cognitive 

processes. This walkthrough includes goals, subgoals, as well as a description of the 

sequential process, physical actions involved, the ideal time to complete the task, and 

characterization of demands on cognitive processes.  

The goal of this modified walkthrough is to explain how the interface form 

constrains workflow and how it is manifested in user behavior measures. The walkthrough 

looks at small differences in interaction and user behaviors to surface meaningful changes 

to be made at an action-by-action level. This combination of methods provided an 

estimation of the time to task completion, given a relatively optimal set of steps in an ideal 

setting. The KLM and cognitive walkthrough are able to identify functions associated with 

display elements, while the pairing of the cognitive processes provides insight into the 

tradeoffs between the mentioned cognitive constructs that the display elements facilitate. 

Although the cognitive processes are largely qualitative measures, by quantifying the 

number of occurrences a new analysis is generated. This quantification identifies areas 

within the interface where high cognitive construct tradeoffs exist.  

The generated qualitative methods can result in quantitative data that can be 

interpreted and used to make meaningful changes to workflow. Without quantitative data, 

the qualitative methods shown here have no concrete measurement that can be leveraged.  

For example, from the direct observations (e.g. Morae video software recordings), 
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interactive behavior and frequencies of task execution can be generated. From the 

clickstream, grouping of high mouse click occurrences can be identified for tasks. For the 

cognitive constructs, the frequency and categorization of the occurrence of constructs is 

generate. This data is generated from the different data streams generated from the 

navigational complexity framework.  

 

 

4.3 Data Streams Generated During Navigational Complexity Framework 

 

The data streams used in the analyses are presented in Figure 2. The figure 

illustrates how the temporally-based user data was aggregated and combined to understand 

task complexities at a more granular level in novel ways. Initially, tasks were segmented, 

and analytics were generated for each task using a video analytic screen-capture software 

(Figure 2, section A). Once tasks were identified, RA was completed on the interfaces 

leveraged by users for task completion through screen captures of these interfaces (Figure 

2, section B). Individual user data in the form of mouse clicks were then used to generate 

individual clickstream data for each occurrence of the task. Individual lines of the 

clickstream each represent an instance of the task (Figure 2, section C). The combination 

KLM/cognitive walkthrough method was created to show the goals, subgoals, and actions 

associated with individual steps to complete a larger task (Figure 2, section D) (53,72). A 

description of each data stream is provided below. 

Figure 2A represents manual task coding of screen captures of EHR activity. Direct 

observations are leveraged by clinicians, mainly nurses, and interactive behavior measures 
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are calculated based on system use. These analytics include the number of task occurrences, 

mouse clicks, screen changes, and time to complete a task. Figure 2B represents the 

application of RA applied to the individual interfaces navigated through task completion. 

These interfaces are those used by a clinician completing EHR-mediated workflow tasks. 

Areas of poor usability of navigational complexity are identified along with any associated 

interface elements. Once the interactive behavior measures are generated, and interface 

elements are identified, interactive behavior measures were then converted into clickstream 

data for each user see in Figure 2B. This is shown on a timeline with a point representing 

each time a user initiates a mouse click on the interface. Clickstream data is used to mark 

the beginning and completion of specific subgoals related to task execution. This connects 

the clickstream to both the representational analysis (spatially) and the walkthrough 

(temporally). Finally, to understand the cognitive demands associated with clusters of 

activities, the KLM/cognitive walkthrough is completed. This generates ideal time to task 

completion as well as aligns goals and subgoals of users with interface locations that can 

then be compared to the user-generated time to task completion.  
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Figure 2: Data Streams Of The Navigational Complexity Framework 
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4.4 Stepwise Process of Applying the Navigational Complexity Framework 

 

 The process of applying the navigational complexity framework involves three 

phases: understanding the clinical setting of focus, application of the framework and result 

interpretation. The understanding of the clinical setting of focus provides a basic 

description of the overall workflow of the area of focus including players involved, paper 

artifacts, physical layout where the workflow is executed and enterprise guidelines that 

may influence workflow. This knowledge is gained through interview with key informants 

from the clinical setting focus, clinical walkthroughs, and preliminary observations.  

Once the description of the workflow of focus is completed, the framework, can be 

applied to the workflow of focus. Completion of the framework involves direct 

observations of clinicians using their EHRs in the real-world clinical setting through screen 

capture utilizing a software that runs in the background of clinician’s computers. An 

observer with a hand-held camera was also present during the data collection. Once data 

collection is completed, the analysis process detailed in the navigational complexity 

framework is applied including user-based analysis, expert-based analysis, and the 

combination method of the framework. Once analysis is completed, the results are 

interpreted in the form of interface design changes that can be made to improve workflow 

efficiency.  

4.4.1 Morae Video Capture 

When applying the navigational complexity framework, there pre-processing data 

preparation takes place in order to complete data analysis. The raw data collected and 
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prepared is direct observation data, in the form of screen capture, of clinicians using their 

system in-situ. Once collected, a clinical task list is created, and the observations are 

segmented per task occurrence. Following task segmentation, tasks are reviewed for 

integrity, and the task of focus is isolated, and the analyses are applied.  

 The main tool used for collecting direct observation data is called Morae TM video 

analytic software. Morae provides screen capture recordings of EHR use as well as mouse 

movement, clicks on the screen, and screen transitions. The software records the clinician 

users' on-screen actions, providing a set of analytics and audio and video recording of the 

clinicians’ hands via a webcam. This software runs in the background on a desktop while 

EHR-mediated workflow is completed, capturing all interactions on the screen. Figure 3 

shows an example of the software. An observer with a hand-held camera is also present 

during the data collection to record points of interest during observations. Additionally, to 

gain context of the entire workflow of the specialty of focus, walkthrough tours of the 

environment were completed. This is a guided tour, captured by video recording, of the 

work environment by an experienced clinician showing the department workarounds, 

artifacts, and actors involved in the clinical workflow.  
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Figure 3: Morae Video Analytic Software Used For Screen Capture 

 

4.4.2 Clinical Task Segmentation 

 

In order to segment the clinical tasks that clinicians complete properly and 

effectively, a task list of associated tasks from the clinical and EHR-mediated workflow 

must first be created. This allows for a clear delineation of where individual tasks start and 

stop. In order to develop a comprehensive task list, there should be a review of 

observational data collected of currently implemented EHR-mediated workflow, 

sequential breakdown of EHR activities, and review of policies applicable to the specific 

site and setting of focus. Following task list creation, categorization of the individual tasks 

takes place. Once segmented, the user-based and expert-based methods can be applied. 

Figure 3 shows a sample clinical task list showing main tasks and associated sub-tasks. An 

example of a clinical task list is seen in Figure 4. 
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Figure 4: Example Of Clinical Task List Used For Task Segmentation 

 

4.4.3 Data Analysis Application 

Both the expert-based methods and user-based methods are applied independently to the 

direct observation data. This includes completion of interactive behavior measures (mouse 

clicks and screen changes), cognitive walkthroughs and KLM and clickstream analyses. 

Once completed, the data from the cognitive walkthrough and KLM can be align and the 

cognitive constructs can be assigned to each user step. This analysis can be completed on 

the clinical task of focus.  

4.5 Discussion 

 

While user-based and expert-driven methods can be used separately, the innovation 

of the framework can be seen through the combination of the KLM, cognitive walkthrough, 

and cognitive processes analytic methods. The goal of this combined method was to 
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examine how specific goals and subgoals are leveraged when working through the steps of 

a task and their associated physical and cognitive actions. The modified walkthrough 

consists of the goals within a task, subgoals used as progress markers to work through a 

goal, physical actions associated with the subgoals, and the cognitive process it takes to 

complete these subgoals. The combination of these methods into a modified walkthrough 

provided insights into the specific actions and cognitive aspects involved with goals and 

subgoals. 

There is general use of a single method that can only identify a small portion of 

usability issues that exist due to the limit of scopes taken in the analysis. With the use of 

the framework, a wider scope of analysis can be achieved and provide a deeper 

understanding of issues within interface design. Although the framework is initially 

proposed, there needs to be validation of the framework in tasks and settings. Initial 

validation is needed to allow for refinement of the framework and to determine if the 

correct set of methods were chosen. The next phase of validation requires applying the 

framework to a wider setting to confirm the feasibility and generalizability while 

confirming the ability to identify bottlenecks in workflow in multiple systems, sites, and 

users.  

There are some limitations that are also carried with this framework.  The 

microanalytic approach applied here enables the cross-reference subgoals derived from the 

walkthrough with clickstream data for a single clinician to identify task segments that are 

problematic. We can further characterize the problems in terms of interface elements 

employing a representational analysis and yield meaningful data with few participants. It 
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does not include the impact of expertise or experience, which can significantly impact 

performance. As such, it is a very useful but not a sufficiently precise measure. 

One of the main strengths of this methodology is the use of multiple data streams 

to identify the impact that interface design elements have on EHR-mediated workflow 

because together, they provide a thorough understanding of the complexities involved with 

task completion. The comprehension of these user microstrategies provides a better 

understanding of the complexities users face in interacting with an interface, allowing for 

the tailoring and redesign of maximally optimal systems, promoting the most efficient and 

patient safety. There is a small but steadily growing body of research comparing EHR 

systems (4,17,76) that can provide unique insights into the user experience and identify 

features that exemplify best practices, as well as those that do not meet that standard.  

This framework varies from traditional user-centered design and expert-based 

approaches in that there is still a focus on the user, however, the framework does not take 

an iterative approach. It acts as a data collection and analysis guidebook to identify design 

issues experiences real-time and propose solutions in a single cycle. The framework also 

involves clinician users, usability experts and designers where user-centered design only 

involves designers. There is also a combination of qualitative and quantitative data in the 

framework compared to user-centered and expert-based approaches that utilize a single 

form of analysis.  

Additionally, when compared to traditional frameworks leveraged in HCI, the 

navigational complexity framework aims to bridge the divide between static usability 

evaluation (e.g., as reflected in usability inspection or lab-based usability testing studies) 
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and workflow by focusing specifically on navigational complexity. There is currently no 

absolute measure to quantify complexity, but the framework proposed a comparative 

approach to the study of EHR use as a starting point for characterizing relative navigational 

complexity.  

A micro-analytic approach to modeling EHR-mediated workflow, as employed in 

the above work, can help optimize HCI most effectively. This approach incorporates 

analytic measures that focus directly on the elements of the interface and the task with 

measures of interactive behavior. It also employs constructs such as perceptual-motor 

actions, visual search, and working memory associated with different users’ 

microstrategies, the series of individual steps to complete a task, which can lead to 

meaningful characterizations of interface complexity. The focus in this work is on EHR-

mediated workflow and not exclusively on usability, although many methods common to 

usability studies were employed.  

4.6 Conclusion 

 

Navigational complexity within EHRs has an irrefutable impact on the burden 

clinicians experience. The proposed navigational complexity framework aims to model the 

navigation of EHR-mediated workflow. Different interfaces differentially mediate task 

performances, as reflected in interactive behavior. Through the proposed combination of 

methods, design tradeoffs can be surfaced, and changes to the interface can be executed. 

The proposed framework has been implemented in two different validation phases within 

the surgical setting: a single EHR-mediated workflow task and the pre/post-

implementation on a new EHR to determine its accuracy in identification, generalizability, 
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and scalability. Chapters 4 and 5 discuss in more detail the use of the framework in those 

settings. 

The framework acts as a guide for capturing direct observations and proposing 

changes to interface design elements that affect task performance. The framework can be 

applied to any clinical setting, site or system. The framework is designed to be applied to 

wherever EHR-navigational problems exist in healthcare. The framework advises analysts 

on the appropriate data collection software and access to clinical settings, data storage and 

security requirements and appropriate analysis for proposing improvements to the interface 

to minimize navigational complexity and improve EHR-mediated workflow.     

5 VALIDATION OF THE NAVIGATIONAL COMPLEXITY FRAMEWORK WITH A 

SINGLE EHR-MEDIATED WORKFLOW TASK: MEDICATION 

ADMINISTRATION RECORD 

5.1 Introduction 

In this chapter, the framework described in Chapter 3 is applied in the process of 

identifying the complexities in navigation variation across clinical sites and individuals for 

framework validation (37). This chapter corresponds to Aim 2 of the thesis.  The 

framework has been applied to a larger research study, the Registry of Operations and 

Tasks (ROOT) project, a Mayo-Clinic funded research program aimed at studying 

workflow practices before and after a large-scale EHR conversion. The project is designed 

to support an enterprise-wide standardized practice and EHR implementation across all 

Mayo Clinic geographic regions. To confirm that the framework, utilizing a combination 

of methods, performs as expected when applied to EHR-mediated workflow, it was applied 



 

48 
 

to an individual clinical task, medication administration record (MAR). The goal was to 

determine the framework’s validity of performance assessment when incorporated into a 

larger research study of the pre-operative setting.  

During the validation phases, the main area of focus was on the nursing patient 

check-in process in the PreOp setting because of three main advantages associated with 

this care setting. The first is that the PreOp workflow is relatively routine and constant, 

with the focus of one nurse being on one patient. The tasks for each patient are standardized 

across nurses. The second advantage to the PreOp workflow is that there was a single player 

completing the workflow, the nurse. While coordination activities did take place, the nurse 

responsible for that patient completed all documentation within the EHR on that patient. 

The third main advantage to selecting the PreOp workflow for framework validation is that 

there is a heave documentation workload with frequent use of the EHR. The EHR-mediated 

workflow is information intensive, and all information-seeking and documentation took 

place at the bedside, within the EHR. Because of these advantages, the PreOp setting was 

selected as the most feasible site for framework validation.  

Various data collection methods were leveraged, including rapid ethnography 

interviews, video capture, screen capture, photos, and log files. Duncan et al. (10) used 

video-analytic methods to contrast the EHR interfaces, employing usability quantifiers 

such as task duration, mouse clicks, and screen transitions to characterize the difference of 

medication reconciliation tasks across sites. Grando et al. leveraged a series of combined 

methods to understand variation in patient and provider EHR-mediated workflows and 

interactions within interfaces in the Mayo Clinic Phoenix PreOp setting (87). Grando et al. 
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(88) described a triangulation methodology integrating observational data with process 

mining of log files to characterize broad patterns of communication and workflow among 

nurses fulfilling different roles in PreOp.  

The framework was validated by applying it to a single EHR-mediated workflow 

task, MAR in the PreOp setting, to determine its effectiveness when compared to using a 

single method for evaluation. MAR is a report completed during the PreOp process that 

serves as a record of all medications or drugs administered to patients throughout their care 

(89,90). The goal of applying this framework to a single task is to determine that more 

thorough and in-depth insights into EHR-mediated workflow are provided when leveraging 

multiple methods versus a single evaluation method. By applying a micro-analytic 

approach, there can be better identification and quantification of variation in processes and 

examine their impact on task completion. Once the framework is validated on a single task, 

it can be expanded to a broader spectrum of EHR-mediated workflow. Because the ROOT 

project documents clinical workflows and determines changes in efficiency, the framework 

was applied to the data collected at different clinical sites to determine workflow changes 

and interface differences in clinical settings.  

5.2 Clinical Settings 

 

The initial validation phase of the framework was conducted in the PreOp setting 

at three Mayo Clinic regional campuses: Mayo Clinic Hospital, Phoenix, Arizona (AZ); 

Mayo Clinic Hospital, Jacksonville, Florida (FL); and Mayo Clinic Health System-Eau 

Claire Hospital, Eau Claire, Wisconsin (WI). Participants included 11 PreOp nurses across 

all sites and a total of 15 distinct patient cases. In the Arizona campus, the primary tool 
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used for charting was Cerner SurgiNet. All patient information was accessed and updated 

through this application, along with patient tracking. In Florida, the main tool used for 

charting was Cerner SurgiNet, with the additional use of Cerner PowerChart for completing 

the MAR task. In the Wisconsin campus, the primary tool used for charting was Surgical 

Information Systems (SIS).  

5.3 Data collection and analysis 

 

Observations were of surgical staff performing their everyday work in-situ on a 

variety of patients in a PreOp setting between 2016 and 2017. The computer software 

Morae™ 3.3 was employed for video recording. This video analytic software was used to 

capture workflow. The data was collected over a period of two weeks at each site. The 

software records the clinician users' on-screen actions, providing a set of analytics (e.g., 

mouse clicks, web-page changes, etc.), and audio and video recording of the clinicians’ 

hands (e.g., use of paper documents, checklists) via a webcam. An observer with a hand-

held camera was also present during the data collection to record points of interest during 

observations. A total of 14 hours of video recordings were captured across 11 different 

nurses over ten days at the three different clinical sites, which are presented in this work. 

When possible, nurses voiced their thoughts as they performed the task (think-aloud 

protocol).  

In the Arizona campus, the primary tool used for charting was Cerner SurgiNet. All 

patient information was accessed and updated through this application, along with patient 

tracking. In Florida, the main tool used for charting was Cerner SurgiNet, with the 
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additional use of Cerner PowerChart for completing the MAR task. In the Wisconsin 

campus, the primary tool used for charting was Surgical Information Systems (SIS).  

The analytic framework discussed in chapter 3 was applied by leveraging the 

expert-based and user-based following data collection. The methodological approach of 

the navigational complexity framework was applied to video captures of clinicians 

performing the PreOp EHR-mediated workflow. The expert-based methods were 

comprised of representational analysis, KLM, and cognitive walkthrough, while user-based 

methods involved cognitive processes, interactive behavior measures, and click stream 

data.  

5.4 Results 

 

As detailed in Chapter 3, the steps of the navigational complexity framework were 

performed, starting with task segmentation followed by the completion of both the expert-

based and user-based. This included utilizing screen-captured data from clinicians, 

performing clinical task segmentation, and applying the user-based and expert-based 

analysis. The analysis can then be leveraged to identify inefficient interface design. The 

analysis presented here is also a validation of the framework to prove that the combination 

of methods provides more insight into design than a single-method approach.  

Table 1 for SurgiNet (Arizona) represents the flow of task completion in the form 

of the new combination analysis described in Chapter 3. The table is organized to present 

goals and subgoals involved with task completion. Each of these goals and subgoals 

includes a description of the sequential process or flow, actions involved, time to complete 

this part of the task, and characterization of demands on cognitive processes. These are 
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coordinated with the results of the RA with interface representations that highlight specific 

design elements and representations of the information shown in Figures 3, 4, and 5. These 

results indicate that the tasks are realized in different ways across the systems, which is 

elaborated below, present observational or user-centered data, explaining how the interface 

forms constrain EHR-mediated workflow and how that is manifested in interactive 

behavioral measures. The table also illustrates an integrative methodological approach. 

Table 1: Function And Form For MAR Task For Three EHR Systems 

 
Goals and Subgoals 

Form 

Arizona Florida Eau Claire 

Goal 1: Transition to MAR Screen 

Subgoal A: Locate 

“MAR” Menu 

Choice 

Select menu 

column 

Tab at top of the page Locate 

choice using 

dropdown 

menu under 

wizard sets 

Subgoal B: Select 

“MAR” menu 

choice Selection 

Select from 

medication list, 

generated by 

screen  

Select from pop-up 

window, which 

displays all 

medications 

Select from 

dropdown 

menu 

leading to 

pop-up 

window 

Goal 2: Document Medications 

Subgoal A: Select 

the desired 

medication 

Select from 

medications 

displayed in 

columnar format 

Select medication from 

in pop-up, no 

additional action 

required 

 

Subgoal A*: 

Document 

medication start 

time 

  Select 

medications 

available 

with 

dropdown 

menu 

Subgoal B: Enter 

details of the 

medication 

Enter medication 

details on 

previously 

generated pop-up 

window. Enter via 

Automatically upload 

via barcode scanner 
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static buttons and 

dropdown choices 

Subgoal B*: 

Modify personnel 

details 

  Select staff 

member 

name 

entering 

medication 

into MAR 

Subgoal C: Save 

modified 

medication details 

Select checkmark 

symbol  

Click “Sign” button on 

the bottom of the 

generated pop-up 

screen 

Click on 

next button 

*Denotes alternative subgoals unique to a particular EHR system 

 

5.4.1 User-Based Results: Task Interactive Behavior Measures 

 

Table 2 represents the observed interactive behavior measures when completing the 

MAR task across all sites. These measures provide insight into task performance and aim 

to quantify the burden of documentation from navigational complexity placed on 

clinicians. In turn, these are used as comparisons to the measures derived from the expert-

based methods to determine how the observed compares to the ideal. This difference in 

procedure is seen in the mouse clicks, screen changes, and time to complete a task. These 

measures are reflective of navigation executed and steps taken during task completion. For 

example, Arizona and Wisconsin had higher mouse click counts at 28.7 (33.12) and 27 

(0.82), while Florida required 12.7 (2.17) clicks. It can be seen that, based on time to task 

completion, there is general consistency in time, meaning that each system contains 

individual complexities during use.  
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Table 2: Interactive Behavior Measures For The MAR Task Across All Sites 

Task 

completed/ All 

cases) 

Mean (SD) of 

Time (sec) 

`Mean (SD) of 

Mouse Clicks 

 

Mean (SD) of Screen 

Changes 

Arizona (6/8) 106 (114) 28.75 (33.12) 7.00 (3.54) 

Florida (4/7)* 97 (39) 12.75 (2.17) 10.50 (1.66) 

Eau Claire (3/3) 176 (46) 27 (0.82) 20.3 (2.6) 

*The estimates include both systems used in the Florida site 

 

5.4.2 User-Based Results: Task Clickstream Data 

 

To further explore the interaction complexities distinct users’ face, clickstream data was 

collected for individual users and modeled on a timeline showing the series of clicks 

through task completion. The main goal of this visualization is to show variation across 

individual users. These can be seen in Figures 6, 7, and 8, showing clickstream data for 

Arizona, Florida, and Wisconsin. In Arizona, there are short occurrences that show a 

smaller amount of mouse clicks compared to other cases. This mainly shows that some 

instances require the clinician to document a single medication given at the time rather than 

an extensive series of medications. Based on the example of goals and subgoals expressed 

in Table 1, large clusters of activity (clicks) can be explicitly aligned to subgoals and 

actions performed. Figure 6 compares the clickstreams for multiple patient cases, a timeline 

of occurrences of mouse clicks throughout the cases. This visualization not only allows for 

the comparison of users across a single site but compares users across multiple sites. 
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Figure 5: Clickstream Data Per User Of The MAR Task In Arizona. 
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Figure 7: Clickstream data per user of the MAR task in Eau Claire. 

EU1 

Figure 6: Clickstream Data Per User Of The MAR Task In Florida. 
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5.4.3 Expert-Based Results: KLM 

 

When comparing the observed and KLM measures for the entire MAR task, there 

are some interesting differences (Table 4). Notably, we observed that nurses could rapidly 

negotiate the screens and could anticipate where to click next with minimal search. The 

differences seen in Arizona and Florida are primarily due to the physical actions involved 

with the MAR task, while Wisconsin utilizes a different system, which required different 

steps overall. It should be noted that the sample is small, and the variation is considerable. 

Arizona and Florida yielded a KLM measure estimate of 15.6 and 16.4 seconds, 

while Wisconsin resulted in 18 seconds. These are generally compared in line with the 

observed user times for Florida and Wisconsin with 16.39 and 18.94. However, in Arizona, 

the observed time was significantly shorter than the KLM estimated at 10.3 seconds, 

meaning the model over-estimated the required time to complete the MAR task. KLM does 

not take individual expertise and experience into account. For example, experience using 

a system can significantly reduce the visual search time. Notably, we observed that nurses 

could rapidly negotiate the screens and could anticipate where to click next with minimal 

search. The differences seen in Arizona and Florida are primarily due to the physical 

actions involved with the MAR task, while Wisconsin utilizes a different system, which 

required different steps overall. It should be noted that the sample is small, and the variation 

is considerable. 
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Table 3: Mean Task Completion Time, Actual Time, And KLM Estimates For MAR.  

Task completed/ All 

cases) 

Mean (SD) of 

Time (sec) 

Actual Time 

(sec) 
KLM (sec) 

Arizona (6/8) 
106 (114) 10.37 15.6 

Florida (4/7)* 
97 (39) 16.39 16.4 

Eau Claire (3/3) 
176 (46) 18.94 18 

 

5.4.4 Expert-Based Results: CW 

 

A cognitive walkthrough for the MAR task was performed in Arizona, Florida and Eau 

Claire, each leveraging different information systems. These can be seen in Tables 4, 5 and 

6. The analysis showed that the MAR tasks generally require the same amount of work to 

complete. Arizona and Florida both sites required 3 sub-goals to complete the main task 

while Eau Claire required 4 subgoals. The subgoals associated with task completion and 

generally similar across sites in that they require navigating to a medication list and 

entering details of a medication. However, in Eau Claire, there is an extra step of entering 

the details of the user completing the MAR task. This adds the extra subgoal during task 

completion, adding extra actions required for a user to take. There are constraints placed 

on the user by the system that require this subgoal to be completed rather than a workaround 

to simplify the process.  
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Table 4: MAR Cognitive Walkthrough - Arizona 

Goal: Complete medication administration record task 

Start State 

Screen: SurgiNet IView screen 

Subgoal: Navigate to MAR Screen 

Action: Click on "Orders-Charges" Choice under Menu Options 

System Response: Orders menu generated   

Action: Select “MAR” from menu 

System Response: MAR interface generated   

Subgoal: Document appropriate medications  

Action: Select medication 

System Response: Medication details screen generated 

     Action: Select medication status of "Given" or "Not Given" 

     System Response: Medication status marked on screen 

Action: Select reason for giving from “Reason” dropdown menu 

     System Response: Medication distribution reason saved in system 

Subgoal: Save entered medication details 

     Action: Select checkmark for saving medication details 

     System Response: Medication detail entry is saved 

 

Table 5: MAR Cognitive Walkthrough - Florida 

Goal: Complete medication administration record task 

Start State 

Screen: PowerChart Home screen 

Subgoal: Navigate to MAR Screen 

Action: Choose appropriate medication administration tab 

System Response: Generates "Medication Administration” screen 

Subgoal: Document appropriate medications  

Action: Select appropriate medication 

System Response: Generates medication details page 

Action: Physical scanning of medications 

System Response: Known medication details imported into medication 

administration screen 

Action: Select appropriate medication details 

System Response: Selected medication details stored on screen 

Subgoal: Save modified medication details 

Action: Select save sign button on “Medication Administration” screen 

System Response: Pop-up screen saves medication details and cycles to next 

medication 
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Table 6: MAR Cognitive Walkthrough - Eau Claire 

Goal: Complete medication administration record task 

Start State 

Screen: SIS Patient Information Screen 

Subgoal: Navigate to MAR screen 

Action: Make selection from dropdown menu 

System Response: Medication list categories generated 

Subgoal: Select “PreOp Medications” Selection 

Action: Click on “PreOp Medications” Selection 

System Response: Preop medication list generated 

Action: Select medication administration button 

System Response: Generates "Drug Administered" screen 

Subgoal: Document medication “Start Time” 

Action: Modify medication start date/time 

System response: Date/time saved in record 

Subgoal: Modify personnel details 

Action: Enter personnel details 

System Response: Personnel details saved 

Action: Select save button on “Drugs Administered” screen 

System Response: Pop-up screen saves medication details and cycles to next 

medication 

 

5.4.5 Expert-Based Results: Representational Analysis 

 

The goal of the representational analysis is to isolate and analyze the individual interfaces 

that users navigate through and interact with to complete different goals of a task. Every 

health IT system has different representations and interface designs for screen layouts. The 

results of the representational analysis are shown here to provide insight into used and 

unused design aspects. In Arizona, using SurgiNet, the option for navigating to the MAR 

screen is located in a menu column for quick transitions between various sections of the 

EHR. This selection is labeled as “MAR” (Figure 3A). In Florida, using PowerChart, the 

process varies slightly. The “Medication Administration” tab is shown at the top of the 
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page with a series of other shortcut tabs (Figure 4A). In SIS, a dropdown menu is utilized, 

titled “Wizard Sets”, that allows for navigation through interface sections (Figure 5B). In 

all three systems, the only step involved with this subgoal is to locate the system-specific 

option within the interface. The KLM estimated time is 1.2 seconds to perform this action 

and subgoal. This makes demands on visual search cognitive processes as the clinician 

must search through a dense interface for the desired menu option. 

In Florida, using PowerChart, the “Medication Administration” tab is selected, and 

a newly generated pop-up window displays all medications for the selected patient (Figure 

4C). In SIS, the mode of interaction varies, where a selection from a dropdown menu is 

made rather than a menu choice, generating a new pop-up window where medication 

details are entered (Figure 5C). In both SurgiNet and PowerChart, the KLM resulted in 

single actions and similar total times, with two steps required in the action. The system 

requires users to point to the desired menu choice and click on it, requiring an estimated 

1.2 seconds to complete both actions. This facilitates both the perceptual-motor actions and 

visual search cognitive process, with perceptual-motor actions being prominent, requiring 

users to move the mouse and click the selection. In SIS, the mode of interaction within the 

interface differs widely, requiring two separate actions with a total of 8 steps. Users select 

the appropriate option from the dropdown menu and then make a second selection to 

navigate to the MAR section on the generated pop-up screen. In SIS, there are roughly 

equal amounts of perceptual-motor actions and visual search cognitive processes. This is 

primarily due to the number of actions necessary, requiring users to perform more physical 

actions and requiring users to locate several menu options within the interface. 
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Figure 8: Medication Administration Interface Used In Arizona. 

 

 

 

 



 

63 
 

 

Figure 9: Medication Administration Interface Used In Florida. 
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Figure 10: Medication Administration Interface Used In Eau Claire 

 

5.4.6 Combination Method: Cognitive Walkthrough/KLM Combination 

 

Table 7, 8 and 9 presents the cognitive walkthrough/KLM combination for Arizona, 

Florida and Eau Claire showing goals, subgoals, actions associated with the MAR task.  

The analysis included a description of the sequential process or flow, actions involved, 

time to complete this part of the task, and characterization of demands on cognitive 

processes. This is completed by aligning the expert-based cognitive walkthrough goals and 

subgoals, KLM actions and estimated action times, and user-based cognitive processes. 

The new outcome generated from this modified walkthrough are categorization of 

cognitive processes per user steps as well as the frequency of cognitive process occurrence. 
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These results were coordinated with the results of the RA with interface 

representations that highlight specific design elements and representations of information. 

There is a total of twelve occurrences of visual search, seven occurrences of working 

memory and twelve occurrences of perceptual-motor activities in Arizona. In Florida, there 

are a total of eleven occurrences of visual search, six occurrences of working memory and 

twelve occurrences of perceptual-motor activity. In Eau Claire, a total of thirteen 

occurrences of visual search, nine occurrences of working memory and twelve occurrences 

of perceptual-motor activity occur.  

 

Table 7: Combination Method: Arizona Cognitive Walkthrough/KLM 

Goal 1: Transition to MAR Screen 

Subgoal A: Locate “MAR” Menu Choice 

Action: Search Menu for the “Orders-Charges” Selection 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 
Locate "MAR" button M [Locate] 1.2 

Subgoal B: Select “MAR” menu selection 

Action: Click on "Orders-Charges" Choice under Menu Options 

Cognitive Process Description Operation 
Time 

(Sec) 

Perceptual-Motor 

Visual Search 
Point to " MAR " button P [Point] 1.1 

Perceptual-Motor Click on " MAR " button B [Mouse] 0.1 

System Response: Generates MAR   

Goal 2: Document appropriate medications  

Subgoal A: Select the desired medication 

Action: Select medication 

Cognitive Process Description Operation 
Time 

(Sec) 
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Working Memory 
Determine what medications are 

appropriate to document 
M [Locate] 1.2 

Visual Search 

Working Memory 
Locate the appropriate medication M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to the appropriate medication  P [Point] 1.1 

Perceptual-Motor Click on the appropriate medication B [Mouse] 0.1 

System Response: Medication detail pop-up screen generated 

Subgoal B: Enter details of the medication 

Action: Enter medication information 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 
Locate “Not given” checkbox M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to “Not given” checkbox P [Point] 1.1 

Perceptual-Motor Click on the “Not given” checkbox B [Mouse] 0.1 

Visual Search 

Working Memory 

Locate appropriate “Reason” 

dropdown menu 
M [Locate] 1.2 

Perceptual-Motor 

Visual Search 

Point to appropriate “Reason” 

dropdown menu 
P [Point] 1.1 

Perceptual-Motor 
Click on the “Reason” dropdown 

menu 
B [Mouse] 0.1 

Visual Search 

Working Memory 

Locate appropriate reason for “not 

given”  
M [Locate] 1.2 

Perceptual-Motor 

Visual Search 

Point to appropriate reason for “not 

given”  
P [Point] 1.1 

Perceptual-Motor 
Click on appropriate reason for “not 

given”  
B [Mouse] 0.1 

Subgoal C: Save modified medication details 

Action: Select Save selection 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 
Locate save checkmark M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to save checkmark P [Point] 1.1 

Perceptual-Motor Click on save checkmark B [Mouse] 0.1 

System Response: Saves medication details 
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Table 8: Combination Method: Florida Cognitive Walkthrough/KLM 

Goal 1: Navigate to Medication Administration Interface 

Subgoal A: Locate the “Medication Administration” tab 

Action: Choose appropriate medication administration tab 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 
Locate “Medication Administration” tab M [Locate] 1.2 

Subgoal B: Select “Medication Administration” tab 

Action: Click on “Medication Administration” tab 

Cognitive Process Description Operation 
Time 

(Sec) 

Perceptual-Motor 

Visual Search 

Point to “Medication Administration” 

tab 
P [Point] 1.1 

Perceptual-Motor 
Click on “Medication Administration” 

tab 
B [Mouse] 0.1 

System Response: Generates "Medication Administration” screen 

Goal 2: Document medications 

Subgoal A: Enter medication details 

Action: Select appropriate medication 

Cognitive Process Description Operation 
Time 

(Sec) 

Perceptual-Motor 

Visual Search 
Point to appropriate medication P [Point] 1.1 

Perceptual-Motor Click on appropriate medication B [Mouse] 0.1 

System Response: Generates medication details page 

Action: Physical scanning of medications 

Cognitive Process Description Operation 
Time 

(Sec) 

Perceptual-Motor 

Working Memory 

Scan distributed medication with 

barcode scanner 
Ph [Physical] 2.0 

System Response: Known medication details imported into medication administration 

screen 

Action: Enter remaining medication details 

Cognitive Process Description Operation 
Time 

(Sec) 

Working Memory 
Determine the medication 

administration site 
M [Locate] 1.2 

Visual Search Locate “Site” section M [Locate] 1.2 
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Working Memory 

Perceptual-Motor 

Visual Search 
Point to “Site” section P [Point] 1.1 

Perceptual-Motor Click on the “Site” section B [Mouse] 0.1 

Visual Search 

Working Memory 
Locate appropriate site M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to appropriate site P [Point] 1.1 

Perceptual-Motor Click on appropriate site B [Mouse] 0.1 

Subgoal B: Save modified medication details 

Action: Select save sign button on “Medication Administration” screen 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 
Locate the “OK” button M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to “OK” button P [Point] 1.1 

Perceptual-Motor Click on the “OK” button B [Mouse] 0.1 

Visual Search 

Working Memory 
Locate the “Sign” button M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to “Sign” button P [Point] 1.1 

Perceptual-Motor Click on the “Sign” button B [Mouse] 0.1 

System Response: Pop-up screen saves medication details and cycles to next medication 

  

Table 9: Combination Method: Eau Claire Cognitive Walkthrough/KLM 

Goal 1: Navigate to Medication Administration Screen 

Subgoal A: Locate the “Preop Medications” Selection 

Action: Make selection from dropdown menu 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 
Locate "Wizard Sets" dropdown M [Locate] 1.2 

Subgoal B: Select “PreOp Medications” Selection 

Action: Click on “PreOp Medications” Selection 

Perceptual-Motor 

Visual Search 
Point to "Wizard Sets" dropdown P [Point] 1.1 

Perceptual-Motor Click on "Wizard Sets" dropdown B [Mouse] 0.1 
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Visual Search 

Working Memory 
Locate "Preop Medications" choice M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to "Preop Medications" choice P [Point] 1.1 

Perceptual-Motor 
Click on "Preop Medications" 

choice 
B [Mouse] 0.1 

Action: Select medication administration button 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 
Locate "Ortho Meds" choice M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to " Ortho Meds " choice P [Point] 1.1 

Perceptual-Motor Click on " Ortho Meds " choice B [Mouse] 0.1 

System Response: Generates "Drug Administered" screen 

Goal 2: Document appropriate medications 

Subgoal A: Document medication “Start Time” 

Action: Modify medication start date/time 

Cognitive Process Description Operation 
Time 

(Sec) 

Working Memory 
Determine the date/time medication 

given 
M [Locate] 1.2 

Visual Search 

Working Memory 
Locate the “Start Time” location M [Locate] 1.2 

Perceptual-Motor 

Visual Search 

Point to “Start Time” modification 

buttons 
P [Point] 1.1 

Perceptual-Motor 

Click on the “Start Time” 

modification buttons to enter correct 

time 

B [Mouse] 0.1 

Visual Search 

Working Memory 
Locate appropriate “Site” selection M [Locate] 1.2 

Subgoal B: Modify personnel details 

Action: Enter personnel details 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 
Locate the personnel details section M [Locate] 1.2 

Perceptual-Motor 

Visual Search 

Point to the “Me” button of 

personnel details 
P [Point] 1.1 

Perceptual-Motor 
Click on the “Me” button of 

personnel details 
B [Mouse] 0.1 
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Subgoal C: Save modified medication details 

Action: Select save button on “Drugs Administered” screen 

Cognitive Process Description Operation 
Time 

(Sec) 

Working Memory 
Determine if all medication details 

entered 
M [Locate] 1.2 

Visual Search 

Working Memory 
Locate the “Next” button M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to “Next” button P [Point] 1.1 

Perceptual-Motor Click on the “Next” button B [Mouse] 0.1 

System Response: Pop-up screen saves medication details and cycles to next 

medication 

 

5.5 Discussion 

 

The navigational complexity framework has been employed to characterize 

differences in three different EHR systems. The overall ease of use and modes of 

interactions were generally simpler and required fewer perceptual-motor actions. 

Additionally, the fewer screen changes lessened the burden on working memory for users, 

thus reducing the overall cognitive load. Similarly, the clickstream data showed fewer 

mouse click activity between individual users and fewer dense clusters surrounding a 

specific part of the task. These insights were provided from the navigational complexity 

framework. From the user-based methods, the overall shorter occurrences of mouse clicks 

and goals from the cognitive walkthrough showed that the system facilitates clinicians to 

document single medications at a given time. In all three systems, there was a significant 

dependency on perceptual-motoric actions when navigating through the interface and 

locating the various fields for data entry, with specific emphasis being placed on SIS 
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requiring a higher number of overall complexities in navigation. Through analyzing the 

steps executed to complete the MAR tasks, complexities in EHR navigation were identified 

across different systems and clinical settings. These complexities were reflected by 

multiple measures and were found to influence nurses’ performances. These complexities 

surfaced through tradeoffs in cognitive processes that mediate task performance.  

The focus of this validation is on EHR-mediated workflow and not exclusively on 

usability, although many methods common to usability studies were employed. Workflow 

is embedded in a more complicated process, spanning beyond basic task performance. 

Interface and system designs are informed in part by dependencies between tasks or be a 

result of the availability or absence of information collected at an earlier point in time. It is 

vital that the interface be understood in the context of other design choices and protocols 

driving the overall PreOp process. Differences in an interface can have rippling effects on 

workflow and affect task performance, specifically the time to complete a task. A better-

designed interface can alleviate some of the burdens on working memory and thereby 

reduce the impact of the keyhole effect by enabling greater access to needed information 

on a given screen (54). The navigational framework proposed here can assist in 

illuminating the nature of the design decisions and inform future design solutions at a 

granular level that stretches beyond other methods and frameworks.  

The combination of quantitative and qualitative data offers a method of precision 

and higher reproducibility. An additional advantage of the combination of methods and 

data is offering both precision and accuracy. The individual expert-based methods of KLM 

and cognitive walkthroughs offer a level of accuracy in that it can identify the ideal steps 
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and ensure that users are following these steps. It also is accurate in illustrating users 

microstrategies compared to an ideal process. However, there is little precision in these 

methods. The user-based methods offer a higher level of precision in that there is 

consistency across users of a specific system and site, however there is a range of different 

measurements when compared to the ideal. By combining these two categories of methods, 

expert-based and expert-based, into a new analysis we can maximize precision and 

accuracy. This is done by aligning the user-based real-world processes with the expert-

based ideal processes, and align the two to determine where users across a range of settings 

and systems fall when compared to a known ideal.  

The clickstream analysis, coupled with the walkthrough, enables segmentation of 

the sequential task process and user experience at the micro-analytic level needed to surface 

challenges that users encounter and characterize them in a meaningful way. Using the 

proposed framework, I learned that the application of expert-based and user-based lead to 

meaningful characterizations of interface complexity by identifying complexities from the 

user standpoint and supporting the bottleneck with expert-based analysis when compared 

to user-based or expert-based methods alone. The single method approach only provides 

insight from a single standpoint, the user or the expert analysis. The combination of these 

methods, specifically in the modified walkthrough, aligns these interface viewpoints at a 

detailed level.  

5.6 Conclusions 

 

Navigational complexity has an impact on clinicians when leveraging the EHR 

during their daily work. In this chapter, the navigational complexity framework is applied 



 

73 
 

to a single EHR-mediated workflow task to determine its viability and accuracy in 

prediction bottlenecks in system design that hinder workflow and burden users. The 

framework surfaces interactive behavior measures, supporting that different interfaces 

leveraged for task completion across systems mediate task performance. It is particularly 

useful for surfacing design tradeoffs that exist for users during interaction. With the 

tradeoffs identified, there can be evidenced-based small tractable changes that improve 

efficiency, streamline EHR-mediated workflow, and greatly enhance the user experience 

made.  

The navigational complexity framework was applied in a microanalytic approach 

here on a single task to achieve two main goals: (1) to verify that all methodologies 

included in the framework are valid and provide useful results and (2) show the feasibility 

of applying the framework in real-world settings, beginning with a single task. This 

integrative methodological approach allows the interface to be analyzed from multiple 

aspects compared to the traditional single method in that it explores the dependencies users 

face with interface complexities and how microstrategies are used to optimize interaction 

and navigation. While this single task shows the success of the framework in identifying 

bottlenecks in workflow, it should be applied to additional, complex tasks that leverage 

different interfaces with different modes of interaction to ensure a full understanding of the 

complexities faced by clinicians using a variety of EHR interfaces and systems.  
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6 VALIDATION OF THE NAVIGATIONAL COMPLEXITY FRAMEWORK WITH A 

SINGLE EHR-MEDIATED WORKFLOW TASK: MEDICATION RECONCILIATION  

 

6.1 Introduction 

 

Medication reconciliation (MedRec) is considered a vital process across healthcare 

settings and has a particularly important role before surgery (10). MedRec is the process 

of comparing a record of a patient’s currently prescribed medications with a list of 

medications the patient has actually been taking to ensure the record is current and accurate. 

Although the importance of the MedRec task is widely known, there is ample evidence to 

suggest that the systems currently implemented often provide inadequate cognitive support 

to clinicians, presenting significant usability challenges and barriers (7). Often when 

implementing a new EHR, medication discrepancies rate during MedRec near doubles (7). 

These discrepancies can largely be attributed to the interface design and the variation of 

use by clinicians, often facilitated by the system design. The poor usability of EHRs can 

contribute to the documentation burden problem that clinicians experience (60). Currently, 

few studies have compared the usability of various interfaces and systems with a collection 

of different types of analyses.  

The navigational complexity framework was applied to the MedRec task to identify 

the navigational complexities in the interfaces when completing the task. This approach is 

similar to the approach taken with the MAR task in Chapter 4. Additionally, applying the 

framework to an additional task validates that the final selection of analyses can identify 

issues in interface design. Through this, we can provide evidence that the framework is 

valid for use during larger studies involving multiple systems, sites, settings, and tasks 
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because it was previously validated with a range of tasks and systems. This chapter 

corresponds to Aim 2 of the thesis and presents the results by applying a section of analysis 

from the navigational complexity framework to the MedRec task. This was done to identify 

the cognitive tradeoffs and challenges involved in EHR-mediated task completion while 

refining the navigation complexity framework for in-situ use.  

6.2 Methods 

 

The framework has been applied to identify variations across clinical sites and 

individuals at these sites. The following two navigational complexity framework categories 

of analysis were applied to study navigational complexation in the MedRec task: expert-

based and user-based methods. The expert-based methods (e.g., representational analysis) 

involve the evaluation and judgment of trained analysts. The user-based methods rely on 

empirical data derived typically from observational or experimental studies.  

6.3 Clinical Settings 

 

Observations for this phase of validation took place at two Mayo Clinic sites: 

Rochester containing two hospitals, Saint Marys and Methodist (Rochester, MN) Eau 

Claire Hospital (Eau Claire, WI), which is part of the Mayo Clinic Health System. In this 

report, the Methodist and Saint Marys campus are combined due to their similar processes 

and geographical location. Results from Eau Claire and Rochester campuses are presented. 

The analysis was performed on video capture of 18 different patient cases involving 11 

nurses across all sites.  

The primary focus of the data capture was on the PreOp nursing assessment 

performed by nursing staff in-situ on various patients. The Morae™ 3.3 video analytic 
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software was used to capture the workflow, recording clinicians’ on-screen activities. The 

software also provides a set of analytics and audio and video recordings of the clinicians’ 

hands (e.g., using paper documents, checklists) via a webcam. During the data capture, an 

observer was also present to record notes and specific points of interest. The observer 

further employed a hand-held video camera and used it when permissible. Recordings were 

separated by patient cases across geographical locations. The patient case was the primary 

unit of analysis. 

6.4 Data Analysis 

 

Individual patient video recordings were reviewed for integrity and noticeable gaps 

in time (e.g., where no activity was observed), then were segmented into individual tasks 

based on an established clinical workflow task list. Once segmented, the specific task of 

interest was isolated, and data analysis was performed. As previously mentioned, the 

navigational complexity framework includes both expert-based and user-based analysis on 

the MedRec task (Figure 1). The expert-based methods included the representational 

analysis of interfaces to evaluate the appropriateness of representations for the given user 

performing a selected task and process modeling to represent the ideal sequence of steps 

involved in task completion. The user-based methods such as interactive behavior 

measures and individual clickstream data for each clinician were used to understand the 

actions users performed and to identify and explain variation across users, systems, and 

clinical sites. The tasks were coded sequentially, and once segmented specific analytics 

were generated from the videos. The analytics, interactive behavior measures were then 

converted to clickstream data, a timeline representation aiming to show variation and 
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individual clicks involved with task completion. When tasks are sequentially coded, a 

visualization to show the fragmentation of tasks and task switching frequency within EHR-

mediated workflow was generated. This enabled us to track multiple instances of tasks 

throughout PreOp. 

6.5 Results 

 

We compared the MedRec task for two different EHRs (MICS LastWord and 

Cerner PowerChart), and data were gathered from these two different systems. Figure 2 

and Figure 3 show schematic representations of the individual interfaces used to complete 

the MedRec task. Figure 2 represents MICS LastWord and Cerner PowerChart. In the 

surgical setting, this process is particularly important. It ensures there are no reactions 

between the prescribed medications and anesthesia while also ensuring patients receive 

their prescribed medication during their hospital visit. The nurse caring for the patient 

completes the reconciliation process and the date and time of the last dose taken by the 

patient. The date, time, and if the medication is currently being taken are recorded.  

6.5.1 User-Based Results: Task Interactive Behavior Measures  

 

Table 10 presents the mean time and interactive behavior measures (mouse clicks 

and screen changes) for reconciling the last dose of a single medication dose. In Rochester, 

using MICS for MedRec, an average of 86 (47.96) seconds, 26.4 (14.60) mouse clicks, and 

9.8 (14.60) screen changes were required to reconcile a single medication dose. This can 

largely be attributed to the interface design changes where all reconciliation functions were 

readily available on the interface, not requiring additional navigation. In Eau Claire, using 

Cerner PowerChart for MedRec, an average of 149 (51.5) seconds, 43 (30.0) mouse clicks, 
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and 0.7 (1.2), screen changes were required pre-EHR conversion to reconcile a single 

medication. An overall reduction in time, mouse clicks, and screen changes was seen.  

 

Table 10: Interactive Behavior Measures For MedRec - Eau Claire And Rochester  

Mean (SD) of Time 

(sec) 

`Mean (SD) of 

Mouse Clicks 

 

Mean (SD) of 

Screen Changes 

Mean (SD) of 

Time (sec) 

Rochester (4/5) 26.4 (14.60) 9.8 (6.24) 86 (47.96) 

Eau Claire (4/4) 43 (30.0) 0.7 (1.2)  149 (51.5) 

 

6.5.2 User-Based Results: Task Clickstream Data 

 

By modeling the individual users’ clickstream data, the interaction complexities 

users’ faces can be explored, showing the series of clicks required for task completion and 

overall task efficiency. User data visualization through clickstream has the primary goal of 

showing variation across individual users, systems, and clinical sites. Figure 5 reveals the 

clickstream data for Rochester and Eau Claire. The x-axis represents a timeline for 

MedRec, while each dot along the timeline represents a single click performed by the user 

associated with completing MedRec. Clusters indicate a high density of clicks, whereas 

segments of lines (i.e., periods) absent of clicks may reflect other activities such as visual 

search. In Rochester, findings show more overall clicks required with higher clusters of 

clicks overall using MICS LastWord. This is mainly facilitated by requiring users to select 

the desired medication then click multiple buttons to generate the pop-up screen for the last 

dose and saving details.  
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Figure 11: Clickstream Data Per User Of The MedRec Task. 

  

6.5.3 Expert-Based Results: KLM 

 

The KLM analytic method was performed on the set of operations required to 

complete the tasks of accessing the medication list and reconciling a single dose of a 

patient’s medication. When comparing the observed and KLM measures for the entire 

MedRec task, there are some interesting differences across different clinical sites 

leveraging different clinical systems (Table 5). This allows for quantifying complex 

interactions in more precise terms. While Eau Claire and Rochester utilize different 

systems, different user steps for navigation and task completion are required.  
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Table 5 shows KLM estimates and measures of interactive behavior collected from 

direct observation for MedRec. The estimates and actual times provided enable for 

accessing the MedRec interface and reconciling a single medication. The KLM for a single 

medication is higher in Rochester (15.6 seconds) than Eau Claire (12.8 seconds) in Eau 

Claire. Rochester required an average time of 12.05, while Eau Claire requires 10.86 

seconds. The KLM estimate accurately predicted the completion time, although we only 

had a small number of observations for testing the model. Both the KLM prediction and 

the observed (user) time measurements estimated that Eau Claire took less time than 

Rochester to complete MedRec. 

 

Table 11: KLM Estimates And Actual Times For Medrec - Rochester And Eau Claire 

Task completed/ All 

cases) 

Mean Total 

(SD) of Time 

Time Per Single 

Medication (SD) 

KLM Per 

Single 

Medication 

Rochester (4/4) 106 (114) 12.05 (1.91) 15.6 

Eau Claire (4/4) 97 (39) 10.86 (1.0) 12.8 

 

6.5.4 Expert-based Methods: CW 

 

A cognitive walkthrough for the MedRec task was performed for both 

SurgiNet/PowerChart and LastWord. These can be seen in Tables 9 and 10. The analysis 

showed that the MedRec tasks generally require the same amount of work to complete. 

Both sites required 3 sub-goals to complete the main task, but there were differences in the 

process. In Eau Claire, the functions to support a range of activities that facilitate the 
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reconciliation of the last medication dose are not visible on the main screen. The nurse 

must select the medication and right-click on it to see the range of options. In Rochester, 

there is a section at the bottom of the screen with various utilities that can be applied to the 

medication. The difference in actions adds up over the course of multiple medications. In 

Eau Claire, the medication verification process is more streamlined. On the other hand, 

more information was gathered regarding the person (e.g., nurse or pharmacist) completing 

the verification process.  

Table 12: MedRec Cognitive Walkthrough - Rochester 

Goal: Complete medication reconciliation 

Start State 

Screen: Enterprise Order Prescribing Home Screen 

Subgoal: Find current medication list 

     Action: Enter shorthand code 

     System Response: full medication list displayed on new screen 

Subgoal: Reconcile medications  

     Action: Select medication 

     System Response: System highlights medication to distinguish from list 

     Action: Click on “Add Dose Last Taken” button  

     System Response: Pop-up window opens with auto-populated current date and time 

     Action: Nurse adjusts time based off of patient response and saves 

     System Response: Date and time entered saved under “Dose last Taken” column 

Subgoal: Verify medications 

     Action: Nurse clicks to apply verification message 

     System Response: Pop-up window with dropdown menus for verification 

information opens 

     Action: Nurse enters appropriate information and saves 

     System Response: System saves message and marks medication list as 
reviewed 
 

 

Table 13: MedRec Cognitive Walkthrough – Eau Claire 

 

Goal: Complete medication reconciliation 

Start State 

Screen: SurgiNet IView screen 

Subgoal: Find current medication list 
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     Action: Navigate to Orders section  

     System Response: Screen transitions to page with all orders listed 

     Action: Click “Document Medication by Hx” tab 

     System Response: List of current medications is displayed 

Subgoal: Reconcile medications  

     Action: Select medication 

     System Response: System highlights medication to distinguish from list 

     Action: Right click on medication and choose “Add Compliance” option  

     System Response: Bottom of screen shifts to show details for medication 

     Action: Nurse adjusts time of last dose based off of patient response and saves 

     System Response: Date and time entered are saved 

Subgoal: Verify medications 

     Action: Nurse clicks “Document History” button 

     System Response: System saves reconciled medication list 

 

 

6.5.5 Expert-based Methods: Representational Analysis 

 

For the currently implemented EHRs, the information documented is relatively 

uniform between the sites and systems; however, the mode of interactions between the 

systems varies considerably. These interactive differences can be seen in the steps required 

to enter the last dosage of a medication. Figure 5 and Figure 6 present a schematic 

representation of the interfaces used for MedRec. During the preoperative nursing 

assessment, current at-home medications were documented by the nurse completing the 

assessment. Typically, the date and time of the last medication dose were recorded. The 

information collected regarding each medication was standard across nurses, whereas the 

process of accessing the medication list and the compliance section were different. MedRec 

involves the same set of functions in the two systems; however, the steps to access the 

medication list and add the last dose differ.  
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  In Rochester, a medication list was displayed on the screen, and the “Add Last Dose 

Taken” button was selected to add the last medication dose, generating a pop-up screen to 

enter the date and time of the dose. The last date and time are entered, the “Continue” 

button was selected, and the entry was saved, closing the pop-up screen. This required 

clinicians to utilize their working memory to recall what medication dose was being 

entered, given that the pop-up window covers the medication list. However, less visual was 

search required by engaging a pop-up window with the specific purpose of entering 

date/time. In Eau Claire, a similar process for entering the medication's last doses occurred. 

A medication list was displayed, and the desired medication was selected. The user right-

clicks and selects “Add Last Medication Dose”. Once selected, the screen split into two 

different sections, showing the medication list and the compliance section where the last 

medication date and times were entered. This interface design required more perceptual-

motor activity but placed less of an overall burden on working memory than Rochester 

because the medication list was easily and readily visible.  
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Figure 12: Schematic Representation Of MedRec Interface - Rochester 

 

Figure 13: Schematic Representation Of Medrec Interface – Eau Claire  
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6.5.6 Combination Method: Cognitive Walkthrough/KLM Combination 

 

Table 6 presents a sample of the cognitive walkthrough/KLM combination, showing goals, 

subgoals, and actions associated with a task (MedRec in this case). The analysis included 

a description of the sequential process or flow, actions involved, the time it took to 

complete this part of the task, and characterization of the demands on cognitive processes. 

Analysis was completed by aligning the expert-based cognitive walkthrough goals and 

subgoals, KLM actions and estimated action times, and user-based cognitive processes. 

These results were coordinated with the RA results, with interface representations 

highlighting specific design elements and representations of information. These results 

indicated that the tasks are realized in different ways across the systems. During the 

categorization of constructs, it was discovered that there is high visual search to locate 

specific pieces of information on the interface due to high number of menu choices. 

However, there is relatively equal amounts of working memory and perceptual-motor 

actions required for interaction. There is a total of twelve occurrences of visual search, 

seven occurrences of working memory and ten occurrences of perceptual-motor actions in 

Eau Claire. In Rochester, there are twelve occurrences of visual search, three occurrences 

of working memory and seventeen occurrences of perceptual-motor actions. Table 14 and 

Table 15 illustrate the integrative methodological approach.  

 

Table 14: Cognitive Walkthrough And KLM Combination For Eau Claire 

Cognitive Process Description Operation 
Time 

(sec) 
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Goal 1: Navigate to MedRec Screen     

Subgoal A: Locate "Document Medication by Hx" button     

Action: Search screen for the “Document Medication by 

Hx” button 
    

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search Locate "Document 

Medication by Hx” button 
M [Locate] 1.2 

Working Memory 

Subgoal B: Select "Document Medication by Hx" button     

Action: Click on "Document Medication by Hx" button 

under Menu Options 
    

Cognitive Process Description Operation 
Time 

(Sec) 

Perceptual-Motor Point to "Document 

Medication by Hx" button 
P [Point] 1.1 

Visual Search 

Perceptual-Motor 
Click on "Document 

Medication by Hx" button 
B [Mouse] 0.1 

System Response: List of Current Medications is Displayed     

Goal 2: Document Last Medication Dose     

Subgoal A: Locate the desired medication     

Action: Search medication list for desired medication     

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search Locate the desired 

medication 
M [Locate] 1.2 

Working Memory 

Subgoal B: Select the desired medication     

Action: Click on the desired medication  

Perceptual-Motor Point to desired 

medication 
P [Point] 1.1 

Visual Search 

Perceptual-Motor 
Click on desired 

medication 
B [Mouse] 0.1 

Subgoal C: Locate the "Add Compliance" Menu Choice      

Action: Search  for "Add Compliance" Menu Choice      

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search M [Locate] 1.2 
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Working Memory 
Locate "Add Compliance" 

Menu Choice  

Action: Click on "Add Compliance" Menu Choice 

  
    

Cognitive Process Description Operation 
Time 

(Sec) 

Perceptual-Motor Point to "Add 

Compliance" Menu 

Choice 

P [Point] 1.1 
Visual Search 

Perceptual-Motor 

Click on "Add 

Compliance" Menu 

Choice 

B [Mouse] 0.1 

Subgoal D: Log last medication dose      

Action: Enter last medication date/time into system     

Cognitive Process Description Operation 
Time 

(Sec) 

Working Memory 

Determine the last 

date/time of medication 

taken  

M [Locate] 1.2 

Perceptual-Motor Point to last dose 

date/time window 
P [Point] 1.1 

Visual Search 

Perceptual-Motor 
Click on last dose 

date/time window 
B [Mouse] 0.1 

Perceptual-Motor Point to appropriate date 

in calendar 
P [Point] 1.1 

Visual Search 

Perceptual-Motor 
Click on appropriate date 

in calendar 
B [Mouse] 0.1 

Perceptual-Motor 
Point to "Time" box P [Point] 1.1 

Visual Search 

Perceptual-Motor Click on "Time" box B [Mouse] 0.1 

Perceptual-Motor 
Type appropriate time 

K 

[Numbers]  
0.8 

Visual Search 

 

Table 15: Cognitive Walkthrough And KLM Combination For Rochester 

Goal 1: Navigate to MedRec Screen     

Subgoal A: Locate "Medications" button from 

dropdown menu 
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Action: Search screen for the "Medications" button 

from dropdown menu 
    

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search Locate "Medications" 

button from dropdown 

menu 

M [Locate] 1.2 
Working Memory 

Subgoal B: Enter shorthand code for medication list 

Action: Type shorthand code for medication list into textbox 

Perceptual-Motor Point to "Medications" 

button from dropdown 

menu 

P [Point] 1.1 
Visual Search 

Perceptual-Motor 

Click on "Medications" 

button from dropdown 

menu 

B [Mouse] 0.1 

Action: Type shorthand code for medication list into 

textbox 
    

Cognitive Process Description Description Operation 

Perceptual-Motor Type appropriate shorthand 

code 

K 

[Numbers]  
1.6 

Visual Search 

Perceptual-Motor 
Point to "Continue" button P [Point] 1.1 

Visual Search 

Perceptual-Motor Click on "Continue" button B [Mouse] 0.1 

System Response: List of Current Medications is 

Displayed 
    

Perceptual-Motor 
Point to "Message" button P [Point] 1.1 

Visual Search 

Perceptual-Motor Click on "Message" button B [Mouse] 0.1 

System Response: MedRec last dose pop-up window 

generated 
   

Goal 2: Document Last Medication Dose     

Subgoal A: Locate the desired medication     

Action: Search medication list for desired medication     

Cognitive Process Description Operation 
Time 

(Sec) 
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Visual Search Locate the desired 

medication 
M [Locate] 1.2 

Working Memory 

Subgoal B: Select the desired medication     

Action: Click on the desired medication     

Perceptual-Motor Point to desired 

medication 
P [Point] 1.1 

Visual Search 

Perceptual-Motor 
Click on desired 

medication 
B [Mouse] 0.1 

Subgoal C: Locate the "Add Last Dose Taken" 

button 
    

Action: Click on "Add Compliance" Menu Choice     

Cognitive Process Description Operation 
Time 

(Sec) 

Perceptual-Motor Point to Add Last Dose 

Taken" button 
P [Point] 1.1 

Visual Search 

Perceptual-Motor 
Click on Add Last Dose 

Taken" button 
B [Mouse] 0.1 

Subgoal D: Log last medication dose  

Action: Enter last medication date/time into system     

Cognitive Process Description Operation 
Time 

(Sec) 

Working Memory 

Determine the last 

date/time of medication 

taken  

M [Locate] 1.2 

Perceptual-Motor Point to last dose 

date/time window 
P [Point] 1.1 

Visual Search 

Perceptual-Motor 
Click on last dose 

date/time window 
B [Mouse] 0.1 

System Response: Calendar is shown in pop-up window 

Perceptual-Motor Point to appropriate 

date in calendar 
P [Point] 1.1 

Visual Search 

Perceptual-Motor 
Click on appropriate 

date in calendar 
B [Mouse] 0.1 

Perceptual-Motor 
Point to "Time" box P [Point] 1.1 

Visual Search 

Perceptual-Motor Click on "Time" box B [Mouse] 0.1 

Perceptual-Motor 
Type appropriate time 

K 

[Numbers]  
0.8 

Visual Search 
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System Response: Date/time entered for medication are saved in pop-up window 

 

6.6 Discussion 

 

Shorter mean duration, fewer mouse clicks, and screen changes per medication 

were observed using the proposed framework during the MedRec task overall. When 

comparing the systems, the MedRec interface’s ease of access and modes of interactions 

were generally simpler and required fewer perceptual-motor actions in Rochester’s 

interface. Further, fewer screen changes lessened the burden on working memory for users, 

reducing the overall cognitive load. This was also evidenced in the clickstream data, 

showing fewer mouse clicks activity of individual users and fewer dense clusters 

surrounding a specific part of the task. In the context of the nurses’ work, the most recent 

home medication list was reviewed with the patient, and the patient provides the last time 

the medication was taken. However, in Eau Claire, the compliance section was not readily 

available, requiring additional navigation and burdening the working memory of the nurses 

to entering the medication details. Conversely, a more complicated case than observed in 

the study may result in greater visual search. 

This phase of the framework validation documented changes to the EHR-mediated 

workflow as reflected in measures of interactive behavior. There are currently substantial 

challenges for comparing EHRs (57) and few frameworks to inform the usability 

comparison (33), resulting in a lack of information to guide new EHR selection decision-

making. This work aimed to contrast the EHR-mediated workflow and how interface 

design can affect navigational complexity and task efficiency. The process of MedRec 
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across three tertiary charting systems was compared through the application of the 

navigational complexity framework. Differences were observed in the modes of interaction 

as mediated by small differences in interface design. However, a growing body of research 

has expanded the range of usability research and situated it within the broader spectrum of 

EHR-mediated workflow. Recent efforts have been made to characterize, operationalize, 

and reduce navigational complexity.  

Applying the framework to two significantly different tasks across multiple systems 

has determined the best combination of user-based and expert-based methods. The final 

step of validating the framework is applying it to a more complex situation (i.e., pre- and 

post-implementation of an EHR) to determine its feasibility and overall applicability during 

a new system’s implementation. This will further validate if the framework can identify 

usability issues in lateral systems (systems used concurrently) and the transition of systems 

for overall workflow improvements. The framework should be a supporting tool in 

determining which systems are optimized for EHR-mediated workflow.  

6.7 Conclusions 

 

With the application of the navigational complexity framework to two individual 

tasks, leveraging different interfaces across different systems, the selected collection of 

user-based and expert-based methods can identify issues in interface design and navigation 

burdens. This single task approach proves that the framework can assist in understanding 

task complexities at a granular level. However, the clinical workflow does not consist of a 

single task across a single system. The single-task validation evidences the framework as 

executable and feasible. However, it does not yet verify that it is an effective tool for system 
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comparison between pre- and post-implementation of new EHR systems. Further 

verification testing to determine the extent to which the framework can identify barriers is 

presented in the next chapter across a pre- and post-implementation.  

7 EXTENSION OF NAVIGATIONAL COMPLEXITY FRAMEWORK TO A 

PRE/POST-EHR IMPLEMENTATION FOR EVALUATION OF FRAMEWORK 

ACCURACY: PATIENT ORDER MANAGEMENT 

 

7.1 Introduction 

 

In this chapter, the proposed navigational framework is applied to identifying the 

complexities in navigation variations across clinical sites and individuals. In Chapter 4 and 

Chapter 5, the framework was applied to one task at a time to determine the optimal 

combination of methods for identifying problems in usability. Compared to the initial 

validation phase of individual tasks, this chapter’s goal is to determine the feasibility and 

applicability of the framework in a pre/post-EHR implementation setting. 

There is little understanding of the effect of new EHR implementation on clinician 

productivity (91). When adopting these new systems, there is a fear of loss of productivity 

from poor usability and system design. One of the main issues cited is to prepare users by 

identifying previously existing issues in the legacy system and ensure these bottlenecks are 

remedied in the new system through in-situ use to minimize productivity loss from system 

usability. While the benefits of EHRs are nearly endless for patient care and safety, 

implementing a new system can often carry unforeseen consequences, many of which are 

carried over from the legacy system. By studying system use pre-implementation, current 

bottlenecks in system use the clinical workflow can be identified and analyzed in detail to 
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propose a solution in the newly implemented system and workflow. These bottlenecks 

changes can then be studied post-implementation to determine if there were true efficiency 

changes. 

With an increasing rate of EHR conversions to different systems, there has been a 

discernible impact on the workflow associated with the system (the EHR-mediated 

workflow). Often, little attention is paid to comparing the legacy EHR to the newly 

implemented EHR, and there are even fewer frameworks that inform usability comparisons 

of these systems. Comparing EHRs pre/post-implementation has received little attention 

from researchers, even though it is recognized as a time of risk concerning the direct impact 

of new system implementation on usability and safety (71). EHR usability and safety can 

be optimized overall by comparing systems pre- and post-implementation, enabling them 

to reach their full potential. The comparisons completed have often involved a single 

comparison method that lacks providing an in-depth understanding of existing issues in the 

legacy system. Wijesinghe et al. (92) completed an evaluation of the extent to which the 

existing usability evaluation models can accurately and effectively depict usability issues. 

When leveraging a single method (e.g., a cognitive walkthrough), it failed to fully identify 

problems besides issues based on user tasks, such as poor visibility. 

Providers often perceive EHRs as challenging to use, and usability analysts have 

cited issues with difficult-to-read interfaces, confusing displays, and iconography lacking 

consistency and intuitive meaning (26). These usability issues can often lead to an 

increased cognitive load. These challenges may surface when enterprises transition from a 

legacy system or interface to another, causing disruptions to workflows and efficiency (51, 
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52). By applying the navigational complexity framework, we can gain insight into how 

different EHR interfaces differentially mediate task performance and document changes 

after system implementation. This also allows for a deeper understanding of task 

complexities at a granular level. 

7.2 Settings 

 

During the pre- and post-implementation of the EHR, observations took place at 

four Mayo Clinic hospitals in Phoenix, AZ, Rochester, MN (including St. Marys and 

Methodist hospitals), Jacksonville, FL, and Eau Claire, WI. The analysis was performed 

by video capturing 18 different patient cases involving 11 nurses across all sites. A total of 

14 hours of video recordings were captured across 11 different nurses over ten days at the 

three different clinical sites, which are presented in this work. The primary focus of the 

data capture was on the PreOp nursing assessment performed by nursing staff in-situ on 

various patients. Morae™ 3.3 video analytic software was used to capture the workflow, 

where the software recorded the clinician’s on-screen activities. Notably, the pre-

implementation and post-implementation sites differed due to conflicts in data collection. 

However, these sites are presented for post-implementation data because the new EHR is 

being implemented across all sites with identical processes. 

7.3 Data Analysis 

 

Video recordings of individual patient encounters were reviewed for integrity and 

noticeable gaps in time. Following this, they were segmented into different tasks based on 

an established clinical workflow task list. Once segmented, the specific task of interest was 

isolated. The applied navigational complexity framework included expert-based and user-
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based analyses on the patient order management (POM) task. The expert-based methods 

included representational analysis of interfaces to evaluate the appropriateness of 

representations for performing a selected task and process modeling to represent the ideal 

sequence of steps involved in task completion. The user-based methods, such as interactive 

behavior measures, for each clinician were used to understand what actions users 

performed and identify and explain variations across users, systems, and clinical sites. 

Functional analysis was performed to gain a thorough understanding of the functionalities 

required to meet specific work requirements (33). User interface elements were categorized 

as objects or operations and situated within the task completion, where each function was 

utilized. 

7.4 Results  

 

The POM task compared two different systems: System 1 (the legacy system) and 

the newly implemented Epic system. Schematic representations of the interfaces used for 

POM in System 1 and Epic are presented in Figure 1 and Figure 2. In the surgical setting, 

this is a particularly important task, given that no processes involving patient care can be 

completed unless an order is entered for that process. The method of managing patient 

orders includes activating and deactivating orders for execution, releasing orders from 

holding for various clinical tasks, and creating verbal orders for emerging tasks for specific 

patients that must be completed. The results are organized as follows: (1) interactive 

behaviors executed during the POM task, (2) clickstream visualization to show user 

activity, (3) KLM comparing the ideal to actual task completion times, (4) schematic 

representations of the interfaces used in POM to visualize the interface elements and (5) 
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the cognitive walkthrough/KLM to show the goals, actions, and cognitive processes of task 

completion. 

7.4.1 User-Based Results: Task Interactive Behavior Measures 

 

Table 8 and Table 9 represent the different interactive behavior measures (mouse 

clicks, screen changes) required by a user when completing the POM task in the pre-

implementation system across various clinical sites, all using the same system. These 

measures show the average values across users. These measurements provide insight into 

the effort required by users to complete a task and task performance to quantify better the 

burden of navigational complexity placed on clinicians. The functionalities and navigation 

were nearly identical; only the presentation of data varied. 

 

Table 16: Interactive Behavior Measures For POM – Pre-Implementation 

Location (Task 

completed/ All cases) 

Mean (SD) of Time 

(sec) 

Mean (SD) of Mouse 

Clicks 

Mean (SD) 

of Screen 

Changes 

Arizona (6/8) 198 (138) 61.4 (47.72) 18.6 (11.9) 

Florida (4/7) 98 (59) 12.67 (13.67) 9.00 (8.49) 

Eau Claire (3/3) 36 (29) 7.0 (5.1) 4.5 (3.0) 

 

Table 17: Interactive Behavior Measures For POM - Epic 

Location (Task 

completed/ All cases) 

Mean (SD) of Time 

(sec) 

Mean (SD) of Mouse 

Clicks 

Mean (SD) 

of Screen 

Changes 

Eau Claire (3/3) 46.25 (49.72) 6.75 (3.63) 3.5 (1.65) 

St. Marys (5/5) 35.8 (14.4) 9.33 (3.2) 5.3 (2.0) 

Methodist (4/5) 28.02 (5.24) 6.2 (2.6) 2.2 (1.37) 
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7.4.2 User-Based Results: Task Clickstream Data 

 

Clickstream data were collected for individual users and modeled on a timeline, 

showing the series of clicks throughout task completion to explore how different interface 

designs exist during the pre- and post-implementations of new EHR systems. Results are 

shown in Figure 7 and Figure 8, showing clickstream data for Arizona (blue), Florida (red), 

and Eau Claire (green). There were six cases of POM in Arizona, four in Florida, and three 

in Eau Claire. Arizona generally required more time to complete the task with more 

complexity, as seen by the increased clicks relative to Eau Claire and Florida. The large 

clusters of clicks seen typically towards the end of each Arizona case represent the extra 

steps required to complete the task shown in Table 1. Although only four extra steps are 

shown, these steps must be completed for each individual patient order, resulting in a 
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higher frequency of clicks at the end of each case. In contrast, Florida and Eau Claire had 

a simpler workflow overall.   

0.00 15.00 30.00 45.00 60.00 75.00 90.00 105.00 120.00

Seconds

Patient Order Management - Pre-Implementation

Figure 14: Clickstream Data Per User Of The POM Task Pre-Implementation 
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7.4.3 Expert-Based Results: KLM 
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Figure 15: Clickstream Data Per User Of The POM Task Post-Implementation 
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Interesting differences were observed when comparing the observed and KLM 

measures for the entire MAR task, as shown in Table 10 and Table 11. In Florida, nearly 

one-fifth of the observed time was spent waiting for the system to load and populate the 

screen with patient information, accounting for the difference between the observed and 

KLM measures. The KLM estimates ranged from 20.4 seconds for Arizona to 16.8 seconds 

for Florida and Eau Claire. Epic presented a significantly smaller number of available 

functions when accessing the POM interface. While different sites were presented for Epic, 

the practices executed by clinicians were identical enterprise-wide, allowing for 

generalizations of the estimates for task completion across these sites. Epic was most 

consistent with KLM estimates at 9.6 seconds for all sites, with little variation in the actual 

time to complete a task. Eau Claire and Methodist took 11.22 seconds and 11.33 seconds 

to complete, respectively, while Saint Marys took 11.72 seconds.  

 

Table 18: KLM Estimates And Actual Times For POM – Pre-Implementation 

Task 

completed/ 

All cases) 

Mean (SD) of Time 

(sec) 
Actual Time (sec) KLM (sec) 

Eau Claire 36 (29) 15.61 16.8 

Arizona 198 (138) 20.1 20.4 

Florida 98 (59) 23.57 16.8 

 

Table 19: KLM Estimates And Actual Times For POM – Epic 

Task 

completed/ 

All cases) 

Mean (SD) of Time 

(sec) 
Actual Time (sec) KLM (sec) 

Eau Claire  46.25 (49.72) 11.22 9.6 
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St. Marys 35.8 (14.4) 11.72 9.6 

Methodist 28.02 (5.24) 11.3 9.6 

 

7.4.4 Expert-Based Results: CW 

 

In order to efficiently interact with the functions on-screen to complete the task, clinicians 

need to situate the process as goals and subgoals with associated actions and system 

responses based on user actions. While there are physical actions (mouse clicks), these do 

not show the complexities involved with task completion. To understand these 

complexities and how functions influence the cognitive processes, a CW was performed to 

show the goal, actions and system responses that occur when completing the POM task as 

seen in Tables 20 and 21. The goal of this analysis was to use the cognitive walkthrough 

to show the milestones of task progress and detail the physical actions taken by users to 

reach task milestones and goals used during task completion. Table 20 shows a portion of 

a main goal, subgoals, user actions and system responses associated with POM for the pre-

implementation system. Being that the processes are largely identical for all sites, this table 

reflects the general process with slight variations existing for site specific details. The 

primary goal of all systems was to navigate to the appropriate interface and activate 

appropriate patient orders. Table 21 shows the CW for the post-implementation system, 

Epic. Only one CW exists for these sites and the same system with identical interfaces was 

utilized.  

Table 20: POM Cognitive Walkthrough - Pre-Implementation 

Goal: Activate and Release Patient Orders 

Start State 
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Screen: Enterprise Order Prescribing Home Screen 

Subgoal: Navigate to “Orders” page 

     Action: Click on "Orders-Charges" Tab under Menu Options 

     System Response: Generates "Orders" Screen 

     Action: Click on "Signed and Held” section 

     System Response: Filters orders to be released 

     Action: Click on "SURG General PreOp orders” 

     System Response: Filters orders to only PreOp orders 

Subgoal: Activate and release orders  

     Action: Click Orders to Activate 

     System Response: Activated list of orders for review 

     Action: Click on “Release” button 

     System Response: Orders release for activation 

     Action: Click on “Activate” button 

     System Response: Orders activated to be executed 

 

Table 21: POM Cognitive Walkthrough - Epic 

Goal: Activate and Release Patient Orders 

Start State 

Screen: Epic Patient Summary Page 

Subgoal: Navigate to “Orders” page 

     Action: Click on "SURG General PreOp orders” 

     System Response: Filters orders to only PreOp orders 

Subgoal: Activate and release orders  

     Action: Select Orders to Activate 

     System Response: Activated list of orders for review 

     Action: Click on “Activate” button 

     System Response: Orders activated to be executed 

 

7.4.5 Expert-Based Results: Representational Analysis 

 

Figure 9 and Figure 10 present schematic representations of individual interfaces 

used to complete the POM task. There is a general universal protocol for releasing and 

activating orders across all surgical settings. However, the process in which these steps are 

completed varies substantially across systems. Information relating to POM was displayed 

in a list form, with the ability to shift between various sections of orders through a 

navigation pane. Although the steps involved in task completion were nearly identical, 
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there are differences in the representations of orders, the headers used to categorize orders 

in particular. In Epic, there is an overall smaller subset of functions available to users within 

the interface for activating orders. By restricting the displayed functions, there is a more 

streamlined workflow that makes the overall process simpler but at the expense of not 

having proximal access to other desired functions 

 

 

Figure 16: POM Schematic Representation Pre-Conversion 
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Figure 17: POM Schematic Representation Post-Conversion  

 

 

 

7.4.6 Combination Method: Cognitive Walkthrough/KLM Combination 

 

Clinicians must situate the patient order management process as goals and subgoals with 

associated actions and cognitive processes to interact with the functions on-screen to 

complete the task efficiently. While there are physical actions (mouse clicks), these cannot 

reveal the complexities involved with task completion. A sample of the combination 

KLM/cognitive walkthrough for the pre-implementation system and Epic is shown in Table 

22 and Table 23. This analysis’s purpose was to use the cognitive walkthrough to show the 

task progress milestones and then leverage the KLM to model the users’ physical and 

mental actions to reach these milestones.  
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In the pre-implementation workflow, there is a high occurrence of perceptual-motor 

actions and visual search to complete a subgoal while low working memory was required. 

There is a total of nine occurrences of visual search, five occurrences of working memory 

and ten occurrences of perceptual-motor actions. When compared to the post-

implementation system, there are equal amounts of all three cognitive constructs meaning 

there are equal number of tradeoffs. Although there are equal tradeoffs, there is a high 

overall occurrence of the constructs. There is a total of seven occurrences of visual search, 

six occurrences of working memory and 6 occurrences of perceptual-motor actions.  

 

Table 22: Combination KLM and CW for POM - Pre-implementation 

Goal 2: Activate Appropriate Order sets 

Subgoal A: Locate Appropriate Section of Orders 

Action: Search Header options for the "Signed and Held” section 

Cognitive Process Description Operation 
Time 

(Sec) 

Working Memory 
Decide what order section is 

appropriate 
M [Locate] 1.2 

Visual Search 

Working Memory 
Locate the "Signed and Held” section M [Locate] 1.2 

Subgoal B: Select "Signed and Held” section 

Action: Click on "Signed and Held” section 

Cognitive Process Description Operation 
Time 

(Sec) 

Perceptual-Motor 

Visual Search 
Point to "Signed and Held” section P [Point] 1.1 

Perceptual-Motor Click on "Signed and Held” section B [Mouse] 0.1 

System Response: Show all Orders in section 

Subgoal C: Determine Appropriate Orders for Patient 

     Action: Select appropriate order sets to release 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 
Locate the order sets to release M [Locate] 1.2 
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Perceptual-Motor 

Visual Search 

Point to the checkbox of the order set 

to release 
P [Point] 1.1 

Perceptual-Motor 
Click on the checkbox of the order set 

to release 
B [Mouse] 0.1 

Perceptual-Motor 

Visual Search 
Point to the “Release” button P [Point] 1.1 

Perceptual-Motor Click on the “Release” button B [Mouse] 0.1 

System Response: Ordered released to be executed 

Subgoal D: Activate Appropriate Orders 

Action: Select Orders to Activate 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 

Locate the orders order section to 

activate 
M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to order section to activate P [Point] 1.1 

Perceptual-Motor Click on order section to activate B [Mouse] 0.1 

Visual Search 

Working Memory 
Locate “Activate” button M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to “Activate” button P [Point] 1.1 

Perceptual-Motor Click on “Activate” button B [Mouse] 0.1 

System Response: Activated list of orders for review 

 

 

Table 23: Combination KLM and CW for POM - Epic 

Goal 2: Activate Appropriate Orders  

Subgoal A: Locate Appropriate Section of Orders 

Action: Search Header options for the “SURG General PreOp AZ” Section 

Cognitive Process Description Operation 
Time 

(Sec) 

Working Memory 
Decide what order section is 

appropriate 
M [Locate] 1.2 

Visual Search 

Working Memory 

Locate the "SURG General PreOp 

AZ" section 
M [Locate] 1.2 

Subgoal B: Select “SURG General PreOp AZ” Section 

Action: Click on “SURG General PreOp AZ” Header 

Cognitive Process Description Operation 
Time 

(Sec) 
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Perceptual-Motor 

Visual Search 

Point to "SURG General PreOp AZ" 

section 
P [Point] 1.1 

Perceptual-Motor 
Click on "SURG General PreOp AZ" 

section 
B [Mouse] 0.1 

System Response: Show all Orders in section 

Subgoal C: Determine Appropriate Orders for Patient 

     Action: Search Order Set for Relevant Orders 

Cognitive Process Description Operation 
Time 

(Sec) 

Working Memory 
Decide what order appropriate to 

activate for patient  
M [Locate] 1.2 

Visual Search 

Working Memory 
Locate the orders to activate M [Locate] 1.2 

Subgoal D: Activate Appropriate Orders 

Action: Select Orders to Activate 

Cognitive Process Description Operation 
Time 

(Sec) 

Visual Search 

Working Memory 

Locate the orders order section to 

activate 
M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to order section to activate P [Point] 1.1 

Perceptual-Motor Click on order section to activate B [Mouse] 0.1 

Visual Search 

Working Memory 
Locate the “Activate” button M [Locate] 1.2 

Perceptual-Motor 

Visual Search 
Point to “Activate” button P [Point] 1.1 

Perceptual-Motor Click on “Activate” button B [Mouse] 0.1 

 

7.5 Discussion 

 

The presented analyses used the navigational complexity framework to analyze, document, 

and propose changes to EHR-mediated workflows post-conversion, as reflected in 

measures of interactive behavior. This work contrasted EHR-mediated workflows and 

evaluated how interface designs, including the distribution of functional elements, can 

affect navigational complexity and task efficiency. POM processes across two charting 
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systems, pre-and post-implementation, from Mayo Clinic hospitals were compared by 

applying the navigational complexity framework. Differences were observed in the modes 

of interaction mediated by differences in interface designs. 

 By applying the navigational complexity framework, I can better understand how 

different EHR interfaces differentially mediate task performance and document changes 

after system implementation. This also allows for a deeper understanding of task 

complexities at a more granular level from a user perspective and expert analysis 

perspective. The application of the framework, using user-based and expert-based 

methods, versus a single method  can validate and anticipate findings during a system 

implementation by identifying issues and design and determining if these design issues 

carry to the new system. The framework establishes a comparison tool that aims to align 

the user perspective with a usability expert feedback. This alignment is not possible while 

utilizing a single method in either only user-based or expert-based methods.  

Differences in navigation and interface designs contribute to poor task efficiency. 

Providers often perceive EHRs as challenging to use. Usability analysts have further cited 

issues with difficult-to-read interfaces, confusing displays, and iconography lacking 

consistency and intuitive meaning (5). These usability issues often lead to an increased 

cognitive load. These challenges may surface when transitioning from one system or 

interface to another, causing disruptions to workflow and efficiency (62). We can better 

understand how different EHR interfaces differentially mediate task performance and 

document changes after system implementation by applying the navigational complexity 
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framework. This also allows for a deeper understanding of task complexities at a more 

granular level. 

7.6 Conclusion 

 

The use of a navigational complexity framework helped identify interface design 

differences and how they can contribute to cognitive load and documentation burden. 

Expert-based and user-based analyses were applied to the analysis of a task before and after 

EHR conversion to understand better usability barriers at a more granular level and their 

effect on task performance and efficiency. The analyses completed in this chapter identified 

interface design elements that differentially mediate task performance. By establishing 

system comparison tools to identify potential usability barriers in a system, issues were 

identified to enhance the user experience, leading to a higher quality of care in workflow 

while informing optimization efforts.   

8 CONCLUDING REMARKS 

 

8.1 Introduction 

 

The dissertation presented here utilized the first aim to present and explore the 

application of an innovative methodological framework to explore differences in task-

specific EHR interfaces and the issues in usability they present. In aim one, the navigational 

complexity framework is presented to assess issues in navigation and EHR system use 

through a collection of expert-based and user-based methods to characterize and evaluate 

clinicians’ EHR-mediated work and propose tractable improvements. In aims two and 
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three, a two-phase validation of the framework is demonstrated. Phase one validation 

applied the framework to two routine EHR-mediated workflow tasks: medication 

reconciliation and medication administration record. This allowed for confirmation of the 

combination of methods. Phase two validation applies the framework pre- and post-

implementation of an EHR, focusing on a routine EHR-mediated workflow task: patient 

order management. This second application phase of the framework validates that the 

framework can be applied across multiple systems, sites, settings, and tasks and that the 

execution of the framework is streamlined. 

The structured evaluations presented in the navigational complexity framework 

provide more meaningful insights into user struggles and interface flaws that traditional 

interface and workflow analyses cannot. Complexities and variations in interaction cannot 

be fully captured with any one single method. The primary contribution of this dissertation 

is a robust framework to elucidate navigational complexity in EHR interfaces, a problem 

that was previously recognized as important but lacking in conceptual and methodological 

clarity. The framework not only acts as a tool for proposing improvements to interface 

design but acts as a generalizable guide that can be applied to any system, site, or setting.  

8.2 Contributions of the Methodological Framework 

 

The navigational complexity framework contributes a theoretically grounded, 

structured, methodological approach for elucidating navigational complexity. This allows 

for a broader understanding of issues users face with navigating and interacting with an 

interface at the moment-by-moment experience. The combination of quantitative and 
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qualitative data offers a method of precision and higher reproducibility. This precision was 

facilitated by the MoraeTM video recordings of users, allowing for manual coding of 

interactions for analysis. A review of these recordings provided an in-depth analysis of 

individual interactive behaviors and microstrategies for navigating EHR interfaces. The 

clickstream analysis presented in the framework, coupled with the modified walkthrough, 

enables segmentation of the sequential task process and user experience at the micro-

analytic level needed to surface challenges that users encounter and characterize them in a 

meaningful way. 

The navigational complexity framework has the intention of functioning with a 

reduced set of methods (e.g., emphasizing expert-review methods) being used as a practical 

tool to evaluate EHR task interfaces and to fashion human-centered design solutions within 

a specific interface. The framework is applied to the PreOp nurse patient check-in process 

specifically in this work. However, the framework can be applied to any workflow or 

specific process identified by the organization leveraging the workflow. Validation of the 

workflow was completed with PreOp data due to the quality of data collected and the 

volume.  Workflow is embedded in a more complicated overall clinical process, which has 

boundaries that stretch beyond task performance. Because of the complexity of overall 

clinical workflow, the framework was validated using the isolated PreOp nursing 

workflow. However, it is applicable to any clinical workflow or task of focus.  
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Analysis revolved around expert-based and user-based methods to characterize 

differences in interactive behavior measures and their impact on performance. This 

combination of methods explains how the interface forms constrain EHR-mediated 

workflow and how that is manifested in interactive behavioral measures. The combination 

of methods was applied to one of the greatest strengths of the work, the multiple data 

streams that are generated and organized for analysis. These data streams provide a 

thorough understanding of the complexities involved with task completion.  

8.3 A Cognitive Engineering Approach  

 

While there are a number of categorization and methodological frameworks that leverage 

methods, the theoretical background that integrates cognitive engineering into these 

frameworks is missing. The CE approach can guide evaluations of user performance and 

match the design of a tool or system with the user based on their needs while maximizing 

performance.  

An advantage of cognitive engineering is its dual focus on elucidating the range of 

system complexities that can potentially impact cognitive performance using expert 

methods and the user strategies that enable practitioners to cope with these demands 

(4,7,93). The methods uncover different kinds of problems and, when used in context, 

provide a richer multidimensional portrait of health information systems and user 

experiences. In recent times, innovative approaches have combined and extended these 

methods in novel ways to provide a more penetrating analysis of the user experience in 

healthcare contexts. In a related study, we examined the ways in which practitioner 
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strategies compensate for the litany of EHR-mediated workflow problems, including 

navigational complexity as it manifests itself across tasks (45,72).  

The CE theories that influence the framework and associated methods presented in 

the navigational complexity framework is a novel approach to integrating quantitative and 

qualitative analysis through user-based and expert-based approaches. This allows for a 

more in-depth quantification of EHR interactions and justifies variation between users, 

systems, and settings. These detailed insights can be used for interface improvement to 

maximize user satisfaction and minimize burnout.  

8.4 Framework Limitations 

 

There are several potential limitations. The study employed a small sample size, 

and many factors impact workflow. However, the fusion of both expert review methods 

and user analysis allows greater confidence in the validity of these findings. Also, the study 

focused on navigating specific pathways to complete a task. It is a relatively finite problem 

space in that task completion is sequential (i.e., one goal or subgoal at a time), and there 

are only a small number of ways in which the task can be executed. In addition, a 

microanalytic approach enables us to cross-reference subgoals derived from the 

walkthrough with clickstream data for a single clinician to identify task segments that are 

problematic. We can further characterize the problems in terms of interface elements 

employing a representational analysis and yield meaningful data with few participants.  

Recently, we have coupled this approach with process mining to explore large log file data 
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sets, which enable us to characterize thousands of events, albeit at a coarser level of 

granularity (73) 

The use of the KLM method has limitations in relation to its precision (94). It was 

designed to model an expert path or workflow process. However, it is based on a small 

number of presuppositions for quantifying time to complete a task. It is unclear whether 

the specific tasks selected are the most important ones in the overall use of the EHR. It 

does not include the impact of expertise or experience, which can significantly impact 

performance. As such, it is a very useful but not a sufficiently precise measure.  

Another limitation is that the constructs of working memory and visual search were 

analyzed qualitatively in this paper. There is no concrete way to yet apply a true qualitative 

value to visual search and working memory, while perceptual-motor behavior is 

represented through mouse clicks and screen changes. These constructs can be quantified 

more precisely gauged by using eye-tracking methods (46,95).  

Additionally, the approaches described in this work are rather labor-intensive, time-

consuming, costly, and necessitates substantial expertise to execute. It is also difficult to 

secure privileges to video record clinicians in live clinical settings. The framework 

describes an underlying theory, a set of measures, and ways to conceptualize problems or 

features that result in complexity that extends beyond the specific measures used in this 

paper. Although there is value in the integrity of a more comprehensive granular approach, 

it is possible to employ this framework without engaging the full complement of data 

collection and methods of analysis.  
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8.5 Conclusions and Future Work 

 

Navigational complexity has an undeniable impact on the burden experienced by 

clinicians when using an EHR. In this paper, we introduce a new methodological 

framework to model the navigation of EHR-mediated workflow. Different interfaces 

differentially mediate task performances, as reflected in interactive behavior. The analysis 

surfaced design tradeoffs. A future goal is to identify the suitable task-specific 

configuration of the EHR component parts (e.g., tables, widgets, search fields, dialogue 

boxes, etc.) that facilitate efficient performance and diminishes cognitive load. We 

anticipate designing and testing prototype or mockup interfaces that embody changes to an 

original design with the intent of reducing measurable navigational complexity.  

The navigational complexity framework can be modified to match the specific 

circumstance by utilizing a reduced set of methods (e.g., emphasizing expert-review 

methods) being used as a practical tool to evaluate EHR task interfaces and to fashion 

human-centered design solutions. The framework can lead to evidenced-based small 

tractable changes that improve efficiency, streamline EHR-mediated workflow, and greatly 

enhance the user experience.  

Future work could involve more precise quantitative modeling and the use of 

simulation methods to test different potential navigational trajectories. The micro-analytic 

approach necessitates scrutiny of a small number of subjects along with extending this 

framework to other clinical tasks, such as patient order management. The navigational 

complexity framework is not exclusive to the PreOp setting, and is generalizable to any 

EHR-mediated workflow in clinical practice. The set of methods proposed can function as 
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a practical tool to evaluate EHR task interfaces and to fashion human-centered design 

solutions across any system, clinical site, or geographical setting. As long as an EHR is 

involved in the workflow, the navigational complexity framework can be used to identify 

and propose system improvements. All that is needed is a clinician of focus and the EHR 

the clinician interacts with.  

The EHR-mediated workflow in clinical continues to become more complex, 

integrating different systems, artifacts, and patient complexity. The development of 

complexity in health IT also continues to present formidable challenges for users and 

developers. However, the growing body of work in the study of cognition and clinical 

workflow has the potential to yield insights and contribute instrumentally to the solution 

space for optimal design. A deeper understanding of EHR-mediated workflow and user 

needs can bring the work closer to achieving a holistic approach to IT design.  
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