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Abstract

Kempenhaeghe is an expertise centre for epileptology, sleep medicine, and neurocognition. Doctors gather
information about epilepsy patients in order to respond with adequate surgery and/or medication. Per pa-
tient, all data on symptoms, treatments, events and notes are stored in an information system in the form
of arecord that is known as an Electronic Health Record (EHR). These records ease the monitoring of the
progress of the patient over time. Since the records are stored textually, however, both the effectiveness
and efficiency of the process of gathering deep(er) insight leave much room for improvement. This holds
for a doctor working with the EHR of a patient and also for a clinical researcher studying the EHR data
of cohorts of patients.

For Kempenhaeghe we propose a modernized version of their Electronic Health Records system that
harnesses the power of interactive visualization to improve the clinical interaction. On the clinical side,
it offers a flexible method for specifying a cohort of patients that can also be explored using interactive
visual techniques, aiding the researchers at Kempenhaeghe with their studies. Finally, a bridge is proposed
and partly implemented between these two modes of operandi of the system, to the benefit of both.
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Chapter

Introduction

Kempenhaeghe is an expertise centre for epileptology, sleep medicine, and neurocognition. Doctors gather
information about epilepsy patients in order to respond with adequate surgery and/or medication. Per
patient, all data on symptoms, treatments, events and notes are stored in an information system in the form
of a record that is known as an Electronic Health Record (EHR). These records ease the monitoring of the
progress of the patient over time. Since the records are stored textually, however, both the effectiveness
and efficiency of the process of gathering deep(er) insight leave much room for improvement. The focus
of this project is on elevating that situation by employing interactive visualization techniques during the
exploration of the data.

1.1 Focus

With the focus on improving the capabilities of the information system of Kempenhaeghe we immediately
take note of an important observation reported by Rind et al. [24], after performing an extensive survey
on EHR systems. In practice, there is a sharp distinction between the type of EHR systems designed for
processing and showing records on a per patient basis, and the type of systems designed for processing
and showing data from multiple patient records at once. We refer to these two types as a Single Patient
System (SPS) and Multiple Patient System (MPS) respectively. The MPSs are intrinsically better suited
for researchers to conduct clinical research with. For more details on SPSs vs MPSs, see Chapter 2.

In their paper, Rind et al. point out research possibilities on the integration of richer Visual Analytics
methodology in MPSs, particularly by means of visual querying. Lastly, they pose the challenge of de-
veloping systems that bridge the gap between SPSs and MPSs. For an overview of solving problems with
Visual Analytics see the book edited by Keim et al. [15].

Assessment of the situation at Kempenhaeghe showed that doctors mainly work with an SPS and that
clinical research is mainly conducted using spreadsheets. This situation gives rise to the following re-
search questions:

1. Can we support the interactive visualization of single patient data over time in an enriched way?
Is direct comparison with (groups of) similar patients is possible? What about taking into account
temporal aspects?

2. On the clinical research side, can we develop methods and techniques to visually and interactively
explore clinical data of groups of patients using temporal patterns associated with events / entities
on a higher level?
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CHAPTER 1. INTRODUCTION

3. How can we combine interactive visualization techniques for SPSs with techniques for MPSs sup-
porting clinical research into one system?

1.2 Scope

First of all, this project is a follow up on the project by Paul van der Corput [7] regarding the visualization
of medicine prescriptions. Paul's project focussed on answering questions about the relationship between
doctors, patients and medicine prescriptions, which is modelled as a hypergraph, and associated statistics
within a specified period of time. See Section 4.2 for more details.

In contrast to Paul's project in which the emphasise was laid on relationships between doctors, patients
and prescriptions, in this project the emphasis lays on the perspective from the patient and / or the doctor
during the clinical interaction and clinical research. Secondly, the temporal aspect is considered in more
depth from both the SPS viewpoint and the MPS, the latter in particular for clinical research. For the
clinical research viewpoint this means that a doctor is interested in researching cohorts of patients. A
system designed from that viewpoint is limited in providing insight in questions surrounding doctors or
medication, although some of such questions can still be answered by creative use of the system. Thirdly,
additional patient data on weight / length, blood compounds, adverse effects and epileptic seizures is taken
into account.

The resulting system proposed for this project consists of two subsystems. The first subsystem is de-
signed to evolve the capabilities of the SPS, which currently in use at Kempenhaeghe, while the second is
an MPS supporting clinical research. Furthermore, some ways of bridging the (conceptual) gap between
the two subsystems are proposed and partly prototyped.

1.3 Organization

The background is discussed in Chapter 2. In Chapter 3 the problem is analysed and the research objectives
are stated. The state of the art is covered Chapter 4. The solution is presented in Chapter 5 and Chapter 6. A
brief overview of the implementation given in Chapter 7. Finally, the evaluation is discussed in Chapter 8
and the work is concluded in Chapter 9.

2 Medication Visualization And Cohort Specification



Chapter

Background

In this chapter, the background of EHR systems is covered. The reader is familiarized with relevant
notions and concepts from the literature on EHR systems, such that a contextual basis is formed for the
following chapters.

2.1 The need for interactive visualization methods

There is an increasing amount of data stored by the medical profession about patients, events, treatments,
medicines and more. For the utilization of the stored data, more effective information retrieval methods
are required over time, and thereby, richer data structures as well. This alone, however, does not neces-
sarily lead to better insight in the retrieved data, nor to the improvement of the quality of care.

According to the extensive survey by Rind et al. [24], the initial EHR systems have been shown to have
little positive effects on the quality of care, and have in some cases even decreased the quality of care.
This was largely because EHR systems failed to provide cognitive support to healthcare providers, pa-
tients and families. In reaction to this issue, the potential of applying Information Visualization techniques
was explored.

This led to various systems dealing with patient data in a graphical way. Rind et al. compare these
systems based upon whether the system is designed to deal with a single record at a time or a collection of
EHRs at once, the supported data types, the number of variables it deals with simultaneously and which
user intents are supported. These distinctions are detailed in the section below.

In current research, the focus is shifting towards adding more interactive visualization methods [5]. To
that end it is suggested by Rind et al. to employ more Visual Analytics techniques.

2.2 Single Patient Systems vs Multiple Patient Systems

In their survey Rind et al. distinguish between systems designed for exploring single patient records and
systems designed for exploring collections of patient records at once. The former we refer to as a Single
Patient System (SPS) and the latter as Multiple Patient System (MPS). The distinction is due to the fact that

the requirements of these two types of systems differ and may also imply different software architectures.

An SPS is usually designed for dealing with patient data during treatment of the patient, whereas the
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MPS is usually designed for comparing patients with other patients or investigating the properties of a
group of patients. Therefore, the MPS is intrinsically better suited for conducting clinical research. It is
an open research questions to what extent the gap between the two types can be bridged to form a more
cohesive EHR systems.

2.3 Data types

There are two basic data types commonly supported by an EHR: categorical data and numerical data.
Categorical data refer to variables that take on a particular value out of a finite group of possible values.
If such a group consists of values that are unordered, the variable is called nominal. An example of this
is the diagnosis of a syndrome. If the group consists of values that have an order, then the variable is an

non

ordinal variable. The severity of an event, for instance, may take on the value "low", "medium" or 'high".

Numerical data refer to variables that take on the value of a measurement in the form of a number, like the
weight of a patient. A numerical variable can either have a discrete or continuous domain and represent
an interval or a ratio.

Since patient data evolve over time, many of the variables change as a function of time. Therefore, a
typical SPS system includes a (navigable) timeline for plotting the variables. A typical MPS may include
such a timeline for comparing groups of patients, but can also show aggregates.

Some representative visualization methods used for data over time in medical data analysis have been
surveyed by Kosara and Miksch [17]. Methods for visualization measured (numerical) data over time
are illustrated in Fig. 2.1. Besides the common line plot, small multiples of glyphs are used to encode
multiple facets into a compound of geometric shapes that change over time. Related to this technique is
the dynamic star plot, where variables are plotted along multiple axes and the variables are connected via
a polygon for small time intervals. Lastly, timeline distortion is a common technique to put certain periods
into perspectives or to emphasize temporal patterns.

Methods for visualizing categorical data on events and symptoms over time are illustrated in Fig. 2.2.
The first method is to use bars for the indication of the period of an event. Color can be used for categor-
ization and periods can be merged as a form of temporal abstraction. There are the Japanese Shinkansen
diagrams that were originally used for depicting many different trains visiting many different stations.
Again spirals, or in this case, concentric circles can be used for revealing structures during certain fixed
time periods. Finally, the time cube method is used for showing spatio-temporal data and enables locating
events in time and in space as well. In this case, two spatial dimensions are used and one time dimension.

The cylinders in the time cube might represent a location, like for example a ski resort, and the line
represents the visitor moving between the resorts. In the medical context, incident types may be used on
the base plane allowing it to show events or periods of symptoms for a patient. However, the usage of
bars seems much more common in comparison with other methods for visualizing events over time.

The various methods have been evaluated by Kosara and Miksch for intuitiveness, focus+context time
and finding other relevant aspects, see Fig. 2.3. Lastly, an interesting feature an EHR system may exhibit
is called semantic zoom, see Fig. 2.4. From top to bottom the data becomes less summarized, revealing
more details.
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Figure 2.1: Methods for recording data over time (Kosara and Miksch [17]). (a) Line plot. (b) Timeline
distortion, where larger periods can be summarized. (c) Small multiples of glyphs [12]. The relative
size and shapes of the geometric subshapes encode variables. In addition color can be used. (d) The

spiral timeline emphasize temporal patterns, by showing data close to each other temporarily, which are
otherwise less visible.
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Figure 2.2: Methods for showing data on events over time (Kosara and Miksch [17]). (a) Bars. (b)
Japanese Shinkansen trains diagram. (c) Concentric circles for revealing structures in a fixed time period,
similar to the time spiral. (d) The time cube, where cylinders may represent locations or periods of events
and lines encode the pattern an entity generates.
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Figure 2.4: Semantic zoom. Less details are shown at the top than at the bottom, as one "zooms in
semantically", Bade et al. [1].
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2.4 Number of variables

Whether we are dealing with an SPS or MPS, in the end the system has to show data and only a limited
number of variables fit on the screen at any given moment. An SPS may show a timeline with medication
and weight over time and a MPS may show the correlation of two variables in a scatter plot. The actual
number of variables that can be shown on the screen simultaneously is a distinguishing property of EHR
systems. The more variables are visible the better the overview and / or correlation finding becomes,
which implies less searching time.

2.5 User intent model

For comparing the interaction features, Rind et al. have extended the user intent model by Yi et al [37]
with 20 subintent categories:

1. Select: Mark a subset of the dataset as interesting.

» to keep track of selected items for a short term while the visualization is changed

* to manage groups, for example adding or removing patients to groups
2. Explore: Show a different part of the dataset.

* to navigate in time (e.g., panning and zooming the time axis)
* to add or remove parameters to the visualization

* to add or remove patients to the visualization
3. Reconfigure: Rearrange the visual layout of the dataset.

* by repositioning items manually (freely or by some constraints)
* by sorting items along an axis

* by other adjustments of an axis (e.g., alignment to a relative timescale, distortion to see some
items in focus and some in context)

* by applying another technique to avoid occlusion (e.g., 3D camera movement)
4. Encode: Change the way each item of the dataset is represented.

* by switching to a different visualization technique or opening it in a different view

* by varying visual encoding (e.g., map outcome to item color, encode severity as item size)
5. Abstract/Elaborate: Show less or more detail.

* by abstraction of one or more parameters

* by temporal data binning (e.g., aggregate parameter values either by fixed time intervals or
for as long as the have the same value)

* by showing details of items (e.g., in a tooltip)
6. Filter: Show or highlight something conditionally.

* by patient status without considering time or development over time

* by development over time like event sequences (e.g., surgery after stroke) or value trends (e.g.,
increasing cholesterol) without time constraints

* by time constraints (e.g., relapse within 3 weeks after discharge, surgery in May 2009)

8 Medication Visualization And Cohort Specification
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7.

Connect: Show related data.

* to show patient/patient group relationship
* to brush items in other representations

* to brush items for other variables at the same point of time or of the same patient

Most EHR systems support the majority of the user intents. In next sections, several prominent EHR
systems are highlighted.

2.6

Analytic focussing strategies

A taxonomy of analytic focussing strategies for coping with big data was presented by Shneiderman et
al. [26]. By only taking the relevant records, event types, or events from a large dataset, the detection of
meaningful patterns becomes easier. The ten strategies are:

1.

10.

Goal-driven record extraction: Narrowing down the sets of record to only those of interest for
further study.

. Goal-driven event extraction: If a large portion of the record in a database is required for the

study, an analyst may start with a small portion of the associated events and gradually add more.

. Temporal windowing: Filter out events in time using an absolute time intervals or relative ones.

. Random sampling of records: If the previous strategies fail, the next reasonable strategy may be

to search for prevalence of patterns in a set of (randomly) sampled records.

. Temporal folding: A long stream of temporal data may be broken down into, for instance, weekly

records, revealing patterns otherwise not revealed.

. Grouping event categories (aggregation): To reduce data size and highlight global patterns, mul-

tiple data events within a specific class can be grouped into one.

. Selecting sentinel events in a stream: Only selected events, like the 1th, 10th or 1000th are shown,

while the rest is removed. Multiple records can be aligned on their sentinel events for easy com-
parison, which is a popular technique that was proposed by Wang et al. [31], illustrated in Fig. 2.5.

. Converting multiple point events into a single interval event: A sequence of "normal" numerical

data values may be replaced with a more meaningful single interval event indicating a period of
"normal" values.

. Converting multiple interval events into a single longer interval: Consecutive events having

intervals that overlap or with small gaps between them can be replaced with a longer interval with
a more abstract meaning.

Identifying hidden complex events: In many domains, high-level events may consist of many
smaller events. An analyst may tweak the granularity level of the abstraction and see its effects on
the visualization. A pattern simplification strategy is either domain specific or goal driven.

Medication Visualization And Cohort Specification 9
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Figure 2.5: Sentinel events technique by Wang et al.[31]. (a) Before. (b) After aligning on sentinel
events, represented by squares. The similarity in the temporal pattern following the square becomes more
visible.

The authors state that the strategies are useful for the extraction of data from a database and remain useful
after loading the data in interactive Visual Analytics tools (a multistep strategy). Additionally, they state
that the accumulated experience of analysts (within their particular application domains) can be used to
develop systems featuring automatic recommendation techniques or partially automated workflows.

10 Medication Visualization And Cohort Specification



Chapter

Problem statement

The staff of Kempenhaeghe wants to modernize their EHR system. More effective and efficient insight in
a patient's EHR leads to better treatment conditions and improves the clinical interaction between doctors
and patients. In Section 3.1 both the current and intended future situation at Kempenhaege are discussed.
Section 3.2 details the data Kempenhaeghe has collected on the patients. Finally, in Section 3.3 require-
ments are formulated.

3.1 Current situation and goal

Doctors at Kempenhaeghe are working on treating patients with sleep disorders and epilepsy, which in-
volves diagnosing syndromes and the registration of seizures, side effects of medicines, the level of com-
pounds in the blood and the well-being of the patient over time. A patient may visit the doctor at Kem-
penhaeghe or report on an event that has occurred. This interaction between the doctor and the patient is
called clinical interaction.

To support doctors with their work, Kempenhaeghe currently offers an EHR system that interacts with
the patient database, as shown in Fig. 3.1a. Since the EHRs are stored in tabular format in the database
and the current EHR system offers little graphical support tools for gaining insight in an EHR, doctors
spend a considerable amount of time scrolling through tables in search for a piece of data. Moreover, the
temporal component of the data is neglected. Although there data is sorted on data, there is still no decent
temporal overview that allows the doctor to easily interpret variable values in context, by relating it to
other variables and events.

Besides doctors, there are clinical researchers that retrieve collections of EHRs for their studies. In the
absence of a support system, the researchers typically retrieve the data from the database in spreadsheet
format. This leaves work to the researcher while studying the data. The manual reconstruction of the
temporal aspect of the data leads to an increase in study time and the testing of hypotheses pertains a lot
of manual work.

The current situation at Kempenhaeghe signifies the need for a better EHR system for the doctor, as
well as the clinical researcher. The doctor needs an EHR system that is capable of showing a complete
temporal overview of the EHR of a patient, which can be interactively explored. The clinical researcher
needs an interactive system for specifying cohorts of patients that can easily be inspected, compared and
checked for protocol adherence. The benefit of the fusion of the two systems into one overall system has

Medication Visualization And Cohort Specification 11
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to be exploited as much as possible. Fig. 3.1b shows the intended improved situation. For some use cases
see Section 8.1.

- H ) Interaction
Clinical v Patient Doctor
R 1
Clinical interaction
Researched Interaction
EHR
Manually Interaction J—
Data on refrieved
collection of Database EHR System
EHRs

(a) Current situation at Kempenhaeghe.

Clinical Doctor Interaction Patient
Researcher |
Interaction Interaction
Interaction
Clinical research i Individual EHR
subsystem subsystem
EHR system

Clinical interaction

Interaction

Database

(b) Intended new situation at Kempenhaeghe.

Figure 3.1: Diagrams of the current and intended situation at Kempenhaeghe. (a) The clinical interaction
between a doctor and a patient takes place mainly without involving the EHR system. Researchers manu-
ally retrieve data on collections of EHRs from the database for their studies. (b) The clinical interaction
now involves the EHR system and researchers have a system in support of their studies. The new system
offers high accessibility via modern interfaces and supports easy cooperation between researchers and
doctors.
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treats /
treated by

prescribes / uses /
prescribed by wsed by
<
(a) Relationships (b) A hyperedge

(c) A hypergraph

Figure 3.2: Hypergraph model for entity relationships. Image courtesy of Paul van der Corput [7].
(a) The many-to-many relationship(s) between doctors, patients and medicines. (b) The corresponding
hyperedge. (c) An example of a hypergraph, where each hyperedge connects multiple vertices.

3.2 Data

The data provided by Kempenhaeghe include EHRs of nearly 33,000 patients and comprises over 1,800
doctors, over 100,000 prescriptions of about 1,000 of the 2,000+ registered medicines, nearly 300,000
seizures, over 400 adverse effects (registered for only 300+ patients) and over 200,000 blood compound
measurements. Additionally, nearly 9,000 height measurements and almost 27,500 weight measurements
are present. Treatment reports were excluded in compliance with privacy regulations, but an artificial
sample was given.

3.2.1 The (extended) hypergraph

With the focus mainly on the relationship between patients, doctors and medicines, Paul van der Cor-
put [7] identified the hypergraph as a suitable model of that relationship, see Fig. 3.2. In the model, the
entities are represented as vertices and connected via an hyperedge forming a hypergraph. Because a doc-
tor may be involved in more than one prescription for a single patient, the hypergraph is not a 3-uniform

hypergraph.

In contrast to the work by Van der Corput, we do take into account the data on seizures, adverse effects,
blood compounds, height and weights. This extends the hypergraph model, because in addition to rela-
tionship tuples of the form (patient, doctor, medicine), there are tuples possible where the patient-doctor
pair is related to an entity of class non-medicine. In fact, one can construct a multipartite graph, where
the partitions reflect the distinct entity classes.

On the most abstract level the entities are related as illustrated in Fig. 3.3. For the full Entity Relationship
Diagram (ERD), see Appendix A.
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Records

Responsible for

Figure 3.3: The simplified ERD.
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3.2.2 Entities detailed

The properties recorded for each entity are listed below and the ones that are not self-explanatory are
clarified.

Patient

The patient record holds the: code; name; age (birthdate); gender; IQ class, and main treatment location.
The current EHR system at Kempenhaeghe works with birthdates, but for matters of privacy, the data only
provides the age.

Doctor

The doctor record holds the: code; name; and functional group. For our purposes, the doctor is mainly
part of the context information, because the focus is on the patient and medication.

Substance

The substance record holds the: code; name; and defined daily dose. To compare the dose of one substance
with the dose of another substance on a daily basis in a standardized manner, the Defined Daily Dose
(DDD) is invented. A DDD is the average maintenance dose per day for a substance determined by
the World Health Organization [20]. Hence, a given dose divided by the DDD is used as the unit of
comparison. This also circumvents the problem of dealing with differing units of measurements among
dosages.

Medicine

The medicine record holds the: code; name; dose; unit for the dose; ATC code; substance; and anti-
epileptic flag. The ATC code field classifies the ingredients of the medicine according to the Anatomical
Therapeutic Chemical Classification System, controlled by the World Health Organization [20]. Next, the
substance is stored, which is the main active ingredient of the medicine. Finally, the anti-epileptic flag
field records whether the medicine is classified as an anti-epileptic medicine.

Prescription

A prescription record is actually split into two parts, namely the prescription and one or more prescription
period(s). A prescription record holds the: patient; medicine; substance; start date; and end date. An ac-
companying prescription period records the: related prescription; commencement date; dose duration;
daily total dose; unit (of dosage); time (1 through 5) and dose (1 through 5).

One can observe that the overall period is recorded in the prescription and that the dose changes and
daily details are recorded in a prescription period. On at most five different times per day a certain dosage
is administered to a patient. The start date of first prescription period coincides with the start date prescrip-
tion, except for "rescue medicines" that are administered in critical situations, for which no prescription
periods are recorded.

Adverse effect

The adverse effect record holds the: patient; doctor; medicine; date; serious flag; and notes. An adverse
effect is record by a doctor for a patient that is using a particular medicine on a specific date. It is indicated
if the adverse effect is considered serious and notes are taken.
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Blood compound

The blood compound record holds the: patient; doctor; substance; date; time; value; unit; and study.
Blood samples are studied to determine the amount of a given substance in the blood. In some cases, it is
necessary to measure the amount of additional substances besides the substance under consideration. For
our purposes, these additional substances are referred to as metabolites. In the record on blood compounds,
the substance field indicates the substance, of which the amount is measured, and the study field is used
to indicate the substance that is actually studied.

Seizure

The seizure record holds the: patient; doctor; seizure class; date; time; count; type; and status epilepticus.
The seizure class field indicates the type of the seizure. Next, the type field records whether the temporal
distribution of a series of seizures is considered a "cluster". A status epilepticus is set if the seizure lasts
for more than five minutes, or, if the patient has a series of seizures lasting for more than five minutes,
without recovery in between two seizures. In practice, however, this is rarely the case according to the
data.

Height and weight

Both the height and weight records hold the: patient; date; and value.

3.3 Research objectives

As mentioned in Section 1.1 three main questions are considered:

1. Can we support the interactive visualization of single patient data over time in an enriched way? Is
direct comparison with (groups of) similar patients is possible? How can we take temporal aspects
in account for defining a group?

2. On the clinical research side, can we develop methods and techniques to visually and interactively
explore sets of EHRs using temporal patterns associated with events / entities on a higher level?

3. How can we combine interactive visualization techniques for SPSs with techniques for MPSs sup-
porting clinical research into one system?

In order to answer these questions we need to be more specific with the underlying research objectives.
Hence, the following objectives are to be met.

1. The development of an interactive visualization method for gaining a quick overview and insight
into the EHR of any patient that:
(a) shows graphical navigable display of medication over time,
(b) including all (important) events, and,
(c) offers the ability for searching on events using keywords.
2. The development of a method for comparing a patient (group) directly with another specified, pos-
sibly similar, patient group, such that:
(a) the group definitions by Paul van der Corput are integrated,
(b) away to investigate a single patient is included,

(c) the statistical underpinning is (reasonably) considered, and,
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(d) can we generalize the method, for use in other disciplines?
3. The augmentation of the previous method for temporal patterns for:

(a) the specification of patient groups based on medication, and,
(b) testing adherence to prescription protocols.

4. Contemplate and / or implement a bridge between the two methods above as an example of how
techniques for SPS and MPS can be integrated.

We add the non-functional requirement for the system to be as intuitive as possible. Lastly, in modern
practise, ease of integration is a highly valued non-functional requirement of a software solution. In
adherence to that requirement the prototype is produced in the form of a web application.
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Chapter

State of the art

Many EHR systems have been developed over time and some leading ones are described in this chapter.
This is be no means a complete overview, but the selected ones serve as a representative sample, mostly
extracted from the work by Rind et al. [24].

4.1 SPS

A classic SPS system is Lifelines that is developed by Plaisant et al. [22]. The main component of the
system is shown in Fig. 4.1. Events and episodes are indicated with bars on a shared time axis, which the
user can pan and zoom for more details. If a user clicks on an event, a details panel shows data related to
that event. Many later systems adopted the approach of Lifelines.

A more recent system is Knave II [25], shown in Fig. 4.2. It offers features similar to Lifelines, but
also adds a domain ontology browser and a search mechanism. The domain ontology browser enables
the user to dynamically select concepts and data for the visualization. The panels around the charts have
buttons for toggling some options in the charts, like highlighting points of measurement on the curve. It
is also possible to flip between absolute and relative time scales. The timeline is drawn for each chart
separately. The system is widely reported on in literature.

Furthermore, an effort made by Microsoft resulted in the Health Common User Interface [18], shown
in Fig. 4.3. A simple ontology selector is present at the top. Various charts are shown above a common
timeline. The scrollbar is used to scroll the chart of choice into view. On top are some general buttons
to reset the views and toggle common chart options, like the display of data values. The background of
a chart is used to convey information, like common or important ranges of values to put the measured
values in context. The visible time period is selected at the top, which may cause the rescaling of the
charts. Each chart has a button besides it to fit the chart in the visible area by rescaling the vertical axis.
A chart can also be collapsed to save space for other charts in the visible area.

Another part of the system is displayed in Fig. 4.4. The basic idea behind that part is to use small windows
showing multiple charts. A scroll bar enables the user to view the chart of choice. Again we have the
time period selector on top and a scroll bar at the bottom to pan the timeline. Each window has a level of
detail selector to enable semantic zooming. The windows cannot be moved in relation to each other and
the medication values are not directly comparable regardless of the level of detail. Note that the charts
are put on a single timeline, which, according to Rind et al., is considered best practice.
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Figure 4.1: Lifelines system. Events are categorized and shown over time.
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durations. (d) Numerical data displayed with line plots. Image by Rind et al. [24].
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4.2 MPS

First of all we look at the preceding work for this project by Paul van der Corput [7] that resulted in the
Three Table View, shown in Fig. 4.5 that uses the "row relation glyph" (Fig. 4.6). The design was focussed
on providing insight in the relation between the three main entities: doctors, patients and medicines. Each
entity has a table for all its instances and relations between entities are shown via a glyph in front of a row.

With the focus on the three entities simultaneously, this system differs from the existing EHR systems
that typically focus on the perspective of the patient. For our purposes, the perspective of the patient is the
most important one, because we want to improve the clinical interaction and provide support for clinical
research.
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Figure 4.5: The three table view. On the bottom a time period is selected that filters the existing relation-
ships over time. (a) Time of treatment by a doctor of the selected patient, while prescribing the selected
medicines, is shown using Gantt charts. (b) The prescription history of the selected patient. (Paul van der
Corput [7])
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Figure 4.6: Row relation glyphs. Rows with a thick border are selected rows. The glyph color indic-
ates the relation between doctors, patients and medicines. (d;) A doctor who has prescribed all selected
medicines. (d3) A doctor who has prescribed one of the two selected medicines. (p;) A patient who has
been prescribed m; and mo by doctor d;. (p2) A patient who is treated by d; and has been prescribed m;
and mo, but not all by d;. (p3) A patient who is treated by d; and has been prescribed either m; or ms.
(1, mo) Medicines that are prescribed by d;. (Paul van der Corput [7])
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Analogously to what Lifelines was for SPSs, the Lifelines 2 system, designed by Wang et al. [32], is a
classic example of an MPS. See Fig. 4.7 for an impression of the system. The point event sequences
of multiple patients are shown stacked vertically on a timeline that can be panned. A period selector is
present for setting the granularity of the timeline.

The filter panel has options for filtering and ranking of the records. Furthermore, it is possible to align
sequences on event type and nth occurrence. Sequences can also be filtered by specifying a temporal se-
quence filter, of which an example is depicted in Fig. 4.8a. The sequence filter uses a form for expressing
events linearly in time, starting from first specified and ending with the last specified. It is possible to
explicitly specify the absence of events in a event sequence.

A filtered group can be saved and later be loaded in the comparison mode of Lifelines 2, shown in Fig. 4.8b.
The distribution of variables of two groups are stacked vertically. Charts can be normalized and the time
granularity is configurable. Besides manual specification of filters to define a cohort, a automated ap-
proach is possible, using a similarity measure. A good example of a system offering this features is called
Similan [36].

The Lifelines 2 system has evolved into the LifeFLow system by Wongsuphasawat et al. [35], see Fig. 4.9.
This systems has a main component showing a graphical summarized overview of all event sequences. In
this case the sequences are aligned on the "arrival" event, indicated by a blue color. Thereby, the Lifelines
2 systems is integrated as a component for a more detailed visualization of the selected patients.

Another possibility to show data of multiple patients is to simply plot the data in one chart and make
use of temporal abstraction if necessary. Consider the VISITORS system [16], shown in Fig. 4.10. It is
basically the Knave II system evolved into an MPS system. Now there is a way to select patient cohorts
using boolean expressions using forms and graphical widgets for specifying temporal constraints (more
on this in Section 4.3). The actual data of a cohort is plotted over time using the typical charts, but the
system summarizes or aggregates the data before showing it graphically.

An example of a system for visualizing a cohort of patients over time is Outflow [34], shown in Fig. 4.11a.
A cohort of patients is repeatedly split, depending on the occurrence of an event. In this way the patients
"flow" via pathways from left to right on the screen. The rectangular geometry of each splitting point
reflects the size of the group via its height and the average duration of the split (the time between two
events) via its width. Color is used for coding the different outcomes at a splitting point.

A more recent system is CAVA by Zhang et al. [38] that embeds the Outflow system as a component
in its interactive process of cohort specification and exploration. Fig. 4.12 shows a basic use case of the
system. A user starts with a cohort overview consisting of several visualizations. The system automatic-
ally generates some filters, but manual filters can also be defined. After selecting some filters, the user
proceeds with the temporal pattern view, in which the pathway of patients of interest can be selected.
Finally, detailed patient information is obtained using a tabular view.

Finally, we briefly mention two systems that show a snapshot of multivariate patient patterns. The first
is the Gravi++ system by Hinum et al. [11], see Fig. 4.13. On the screen black squares are drawn that
represent aspects of patient data and pictograms represent patients. The higher the tendency of a patient
regarding an aspect, the more it is attracted towards the associated square.

The second system system is called TimeRider [23]. Animated scatter plots with optional traces are used
to visualize trends in patient cohorts. By varying the color shape and size of the marks, up to three more
variables can be encoded in the visualization.
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Figure 4.7: Lifelines 2 system. The top left component shows the point event sequences of a patients
vertically stacked. These sequences are aligned using a sentinel event (yellow) aiding the user to compare
the sequences. On the bottom distributions are shown over time for a selected event type. On the right is
a filter panel to filter out a group of patients and specify the sentinel (Wang et al. [32]).
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Figure 4.10: The VISITORS system [16]. (A) Patient cohorts. (B) List of time intervals. (C) Raw data
and temporal abstraction of the current time interval. (D) The ontology browser including the abstractions
(Rind et al. [24]).

28 Medication Visualization And Cohort Specification



CHAPTER 4. STATE OF THE ART

=

]
)

Qog

(b)

Figure 4.11: Visualization by the Outflow system. (a) From left to right, a cohort of patients is split
repeatedly, depending on the event that occured. The height of a bar indicated the patient count and the

width the average duration. (b) A brush is applied to highlight a selected path in the flow (Wongsuphasawat
et al. [34]).
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Figure 4.12: CAVA system. (a) The cohort overview. (b) After applying cohort filters, the users switches
to a temporal pattern view to identify a high-risk patient pathway. (c) Finally the user switches to a tabular
view for detailed patient information (Zhang et al. [38]).
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Figure 4.13: The Gravi++ system. A typical application case in which patients, represented by picto-
grams, are attracted from the center towards the black attractor squares (Hinum et al. [11]).
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Figure 4.14: The TimeRider system. It employs an animated scatter plot. The green and purple colors,
in this case, distinguish patients that are smoking from non-smoking patients. Hovering over a data point

triggers an overlay showing the patient details (Rind et al. [23]).
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4.3 Visual (temporal) querying

A standard user is generally not keen on learning a query language to express a filter. In reaction, forms
and visual methods have been used to allow the user to work on a higher level of abstraction. The system is
then responsible for translating the expression of the user to a lower level expression, like a query language.

The VISITORS system [16], discussed in Section 4.2, offers the user an interface for selecting patients
by specifying temporal and value constraints. The temporal constraints are specified pairwise for two
variables at a time, see Fig. 4.15.

Select Patients Query

SendGusy | [ Save Dueey| |
Oemogaphical Coruarts  Krowiedgs Bave Corsbarts | Aonsti |
T Wore oo Tharge ] | P staesetes FGO_ GTATE W1 =TE]
HGB_GRADIENT
PLATELET_GRAD Et ey
WEC_GRADIENT, -
BAND'S_GRADIER fes—— " # _%J
BASOS_GRADEN '
BLAS TS_GRADIEI
EOS_GRADENT_ ey Tt
LYMPHE_GRADE _om |5 | | | | ™| ] [=| Tl [ o]
MOMDS_GRADIER | o
RETICS_GRADIEY Vahssa Fiom [rodessly_r +| To ot
+ (&) Cosgulstan_Ohanges - -
Do Chan " == e ——
e | () OV TR (- 8 e e I O LA ™
= Ibechon_Changes [~ EndPond Wb oo | - 0 0000 o & end [T

* ) Lver_Charges

¥ (@) Mesbokc,_C = Fasametors WL _GRADIENT EMT 1

# () Pancoesi_Charges
# () Fienal_Changes
‘=) Piespasory_Changes
2 Tumme_Maaskiss_Changn
- ] R o ptet sl chare
= ) Bone_Manow Rsles
< »

neq
e

s

Cortanats

Ficxt By [Fiant
sarch [~
[

WL

WHL_RATE_BMT
WRC_STATE_ BT

=)

I Firsd S

Parameter, WBC_GRADIENT_BMT_1ve [HGE_STATE_BMT 1

Wiahs paswne conshanty T pasvase conshants |

[ Tpe | Comven

pirm

sie
cles

BT
BT

Temporsl condeon [DUFING
F

3

El
[ =

Hremal G i)
.
[r—

T —
[ -
P

] =
¥ &l

Mremal G l—i [~ l—i

= Oumty
- DemogeaphscConstsnts: Al of belsw
- garaies Al of bekow
coreihory wahue € qud W
= MGE Ay of below
condion e valaes ey and mas vaboes 2
condiory vk T and mas vebues srivdy
- EBConsiyamty

= Par

WHC_GRADIENT_BMT va HGE_STATE_BMT
Pvase | malonstants a0 Sien siaton 1=
Pramwasis | i oo pwrds € rad v ivbaon 1=

Figure 4.15: The VISITORS UI for patient cohort selection [16]. (1) The domain ontology browser.
(2-3) There are two graphical widgets that allow the user to draw a period of time using lines. (A-C)
Instead of the graphical widgets, a user can use these forms. (4) This panel specifies the pairwise temporal
constraints, like minimal and maximal gaps between the variables. (5) The generated query. Image by
Rind et al. [24].

EventFlow [19] allows the user to define slightly more complicated queries, shown in Fig. 4.16. In the
graphical query, lines segment indicate periods of events of a specific type. The type is related to the
color of the line segment. Gaps between different line segments are used to express a (maximum) period
of time between different types of events.

A different approach is taken for the design of the QueryMarvel system, see Fig. 4.17. In this case the
user specifies an event sequence by adding little boxes, which represent events or time periods, using a
comic strip metaphor.
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Figure 4.16: The EventFlow system. The graphical query is specified at the top using line segments and
time period indicators. In this case the cases where the blue events (SABA" medication) occur within

three months of the red events ("LABA_ICS") are
et al. [19]).

in the results, which are shown on the bottom (Monroe
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Figure 4.17: The QueryMarvel system. (a) The following UI components are present in the system: 1.
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panel. (b) An example query that specifies "patients who take medicine X between 10 th and 50 th day,
and then within 7 days have chest pain and stomach pain at the same time, followed by feeling nausea for

two consecutive days" (Jin and Szekely [14]).
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4.4 Faceted search

Many systems offer methods to filter an event sequence or to specify a cohort of patients that is of interest.
Usually multiple forms to filter characteristics in combination with graphical widgets for specifying tem-
poral constraints are employed. The general principle behind these methods is often what is known as the
faceted search. A user adds constraints one by one using a form or widget form the constraints that filter
the data.

The filtering process using a faceted search basically works a follows [2]. A filter, whether it is of a tem-
poral nature or not, can be expressed as the union of its constituent (boolean) conditions or constraints.
Each filter is translated into a query that selects a subset of the data based upon the conditions. Next, the
intersection of all these resulting subsets is taken to obtain the final set as the result.

Consider the example in Fig. 4.18. The facets of the patient data that can be filtered on are: a temporal
aspect of the data (like for instance registration date), the IQ class, gender and events. A user sets condi-
tions on the facets and thereby specifies a group of patients. Note that all conditions hold simultaneously
for the patients in the resulting group. The group can be updated interactively by altering the conditions
on the facets. In practice, a group of patients can be ranked in a table or its (aggregated) properties can be
visualized.

Filter L Group of patients
__Time interval I Class Gender Event sequence
I umbknown = male 1. event A
L—o— ¥ nomal ~ female 2. not event B
. 3. event G
¥ above normal .+ both ol

Figure 4.18: Facated search example. The patient in the cloud are filtered after setting the conditions in
the filter for the relevant facets of the data. In this example, the filter is configured using a time interval
selector, an IQ class selector, a gender selector and event sequence specifier. The conditions can be altered
interactively and the resulting group of patients is updated after each change.

4.5 Comparison

In their survey paper Rind et al. provided a comparison between the surveyed systems on their features
and using the user intent model (Section 2.5), see Fig. 4.19 and Fig. 4.20 respectively. Note that, as stated
before, not all systems in the comparison have been described here, but we leave the comparison as it is
for a broader context.

In addition to these comparisons, we estimated the adoption of the analytic focus strategies (Section 2.6)
by the MPS systems that have been described in this chapter. The result is shown in Table 4.1.
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Table 4.1: Estimation of support for analytic focus strategies by the MPS systems, based upon the descrip-

tions of the systems. o: Full support, o: Partial or indirect support,

no support, n.a.: not applicable.
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4.6 Summary

In this chapter we have seen examples of EHR systems of both the SPS and MPS type. A typical SPS
shows the status of patient over time, typically, in the form of a navigable timeline on which numerical
and categorical data is shown, using lines plots and bars, grouped using the domain ontology. Additional
graphical options for the chart are configurable, like the display of value labels. The details of an item are
commonly shown in a dedicated panel. Often some basic filter or search features are offered.

An MPS regularly shows aggregates of a cohort of patients and / or a means to compare event sequences
of patient within the cohort. Some systems allow for comparison of cohorts, usually via aggregates or ab-
straction of event sequences. The specification of a cohort is done through the formulation of (temporal)
constraints using forms and/or graphical widgets.

The support for the visual expression of a query, especially the ones involving temporal constraints, is
evolving. A set of constraints is commonly specified using a form of faceted search and what started
with the entry of simple numerical values for defining a temporal constraints, has evolved into graphical
drawing of event sequences with associated attributes.

In general we have recognized a trend that a SPS evolves into an MPS. For instance, we have seen the
evolution of LifeLines — LifeLines 2 — LifeFlow and KNAVE — KNAVE II — VISITORS. The Life-
Lines approach towards visualizing event sequences is very popular and is adopted on a regular basis.

The basic methods for visualizing the EHR of a single patient are well developed. The same holds for
the visual methods for comparing the EHR of groups of patients, including event sequences. The focus
is now on adding more complex and interactive methods. Another aspect is the filtering of a cohort of
patients that can be used for comparison with other cohorts. To this end, many systems employ a faceted
search type of filter mechanism and an open question is whether this can be improved.
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Chapter

Graphical Electronic Health Record

In this chapter we introduce the system we designed for meeting the research objectives on the SPS side.
The main part of the solution is assembled by incorporating concepts already found in the literature, as
discussed in Chapter 4. Still we have to translate these concepts to fit the specific case of Kempenhaeghe,
detailed in Chapter 3.

The doctors at Kempenhaeghe need quick insight into a patients history, including all relevant events.
Currently. there is limited graphical support for this and doctors have to scroll their way through many
panels that show the data mainly in tabular format. This limits the overview a doctor has and it is also time
consuming. Moreover, it is usually the overview that doctors need as a basis for their reasoning behind
what to do next for the patient.

Also, the clinical interaction is far from optimal, due to the amount of time a doctor needs to spend on
sorting out data first, before answering a question of the patient. For instance, finding out when an specific
event had taken place in the past by scrolling through the notes one by one in a table is an inefficient way
of working. Adding a full-text search mechanism will improve the situation for searching events, but once
an event is found, the event still needs to be placed into context, and details have to be shown for further
reasoning.

Thus, there is a need for searching events and providing context and details quickly for selected events.
Conversely, an overview aids the analysis and the correlation of measurements and / or events, which can
result in new questions and searches. Additionally, if the system would provide a clear overview, both
the doctor and patient could interact with it during the clinical interaction simultaneously, enabling better
insight for the patient as well.

The benefit of showing the patient status over time using small multiples of glyphs is that the changing
factors in a complex multivariate dataset are rapidly conveyed. The drawback is that for an EHR contain-
ing data spanning a significant time interval, many glyphs are needed. Scaling issues and placement issues
arise at the cost of the overview. Combining glyphs into fewer glyphs leads to less detailed perception of
the data or even to distorted perception of the temporal component of the data. For this reason, we adopt
the timeline approach.

The system presented in this chapter, dubbed the Graphical Electronic Health Record (GEHR), addresses
these issues. An image of the GEHR is shown in Fig. 5.1, in which the parts are tagged. In the section
below, all parts of the systems are discussed in more detail. Most problems are solved using methods
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found in literature, but we improve screen space usage with a more flexible UI, combine related variables
into one chart and preserve the temporal distribution of events as much as possible when using temporal
abstractions.

5.1 Basic patient information bar

The patient information bar shows the patients":
1. code,
2. gender,
3. age,
4. the main treatment location, and
5. the minimum, maximum and average weight.

Given the data, these fields of information were considered useful for this prototype. For matters of
privacy, the date of birth of a patient was replaced with the age, determined at the moment the data was
handed over.

5.2 Timeline and interval selector

The timeline is the main component on which all events are drawn, shown in Fig. 5.2. At any given
moment the timeline spans a specific interval of time, ranging from a minimum span of two weeks to a
maximum span that covers all events in the timeline. Changing the interval effectively zooms the timeline.
The user can select fixed intervals of multiple years or specify an interval manually. These intervals are
specified using the interval selector. Arrows aid the user with shifting the time interval to the left or right.
If the user wants to shift the interval only slightly, the timeline can be dragged to the left or right.

5.3 Ontology based selector panel

Being inspired by the VISITORS [16] system, we have included a vertical panel for toggling and select-
ing items, based on the ontology (Fig. 5.3). The user is enabled to toggle the medication that is shown
in the medication portlet on the timeline. This saves screen space for the more relevant medication at
that moment. The medication that has been prescribed as "rescue medication" has no information about
associated prescriptions periods in the database and is therefore disabled by default.

Furthermore, the seizures, weights and reports are sorted on date and can be selected. If selected, the
timeline is panned automatically, using the currently selected time span, such that the date associated with
the item is in the center of the view. This puts the item itself into view, which is highlighted. On advice
of the domain expert, the seizures are sorted in a nested way, first on year, then month and finally day.
Lastly, the panel is horizontally and vertically resizeable. The main motivations for these selectable items
are that it is something quicker to find a specific item in a list for a given date, and, that the doctors are
already familiar to work with data in tabular format (hence a smoother transition to the new system).
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5.4 Portlets and details panel

One of the distinguishing factors for EHR systems is the number of variables that fit on the screen (Sec-
tion 2.4). Like the VISITORS system and the HCI by Microsoft we adopt the usage of smaller windows
(portlets) for the charts, but we design them more flexible.

A portlet is a resizable and movable window, meaning that the vertical order can be changed by drag-
ging the portlet to a new location. A portlet has the minimal height of one chart, but it can be resized
vertically to show more. There are two buttons on the top right of a portlet. The first hides / shows the
options bar and the second one collapses the portlet to its title bar. These options feature flexibility to the
user to make optimal use of the vertical screen space.

Following consultation with the domain expert, we have added separate portlets for:
+ the medication over time, including blood compounds and adverse effects;
* the sum of the total dosage over time;
« the seizure distribution over time;
+ the weights measurements over time; and
* the reports filed over time.

All portlets are detailed below.

5.4.1 Medication

One of the most important features our system has to support is obviously the visualization of medication
over time. The domain expert noted that a doctor is not primarily concerned about the actual medicine
prescribed, but instead with the active substance within the medicines. Because of the structure of our data
(Section 3.2) we have to merge all prescriptions for a particular substance over time before visualization,
as shown in Fig. 5.4.

Merging prescriptions is normally done by translating a dose using the Defined Daily Dose (DDD) as-
sociated with an active substance, which allows for comparing and summing of dosages with different
units. The DDD is a measure that is determined by the World Health Organization and indicates the av-
erage dose, per day, for a regular adult. Using the DDD we can normalize a dose for comparison and
the addition of multiple dosages. Since doctors in their daily work are used to working with dosages in
milligrams, we show the dosage in milligrams and the merging of the prescriptions for the same medicine
is done in milligrams.

In Fig. 5.5a an example of a medication portlet is shown. The axis on the left shows the dosage in milli-
grams. The color used for drawing the medication corresponds to the background color of the medication
items in the ontology selector panel (5.3a) and are selected from a set of colors released by ColorBrewer
[10].

With the vertical axis unit in milligrams, we can still put to use the DDD. We have invented an option for
the medication portlet that allows the doctor to scale the vertical axis of the medication. Normally, the
maximum value of the vertical axis is equal to the maximum value of the dose. This stretches the chart
vertically as much as possible. Using the DDD we can rescale the vertical axes with a factor, such that the
maximum vertical stretch of a chart for a substance, in comparison with charts for the other substances,
reflects the relative load (a measure for the impact on the patient's body).
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Figure 5.2: Timeline navigation. (a) Draggable timeline bar. (b) Period selector.
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Figure 5.3: The ontology based selector panel. (a) Medication toggles and selectable items for seizures,
sorted on year, month and day. (b) Selectable items for weights and reports.
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Figure 5.4: Merging of prescriptions. (a) Two prescriptions. (b) The prescriptions merged into one. The
original prescription periods lead to new artificial prescription periods.

To calculate the stretch, we take the maximum value of the dose for each substance (after merging all
prescriptions for that substance) and divide that by the DDD, obtaining a number representing the max-
imum load of the substance on the patient. Then we take the maximum of all those load numbers and
use that to normalize all load numbers. The resulting factors are the scaling factor for vertical axes of the
charts, for which the units remains in milligrams. This scaling changes the maximum value of the vertical
axes according to the scaling factor.

Fig. 5.5b illustrates the option of scaling using the DDD. The charts that show a relatively low dosage
(load in terms of DDD) will appear more compressed vertically than those with a relatively higher dosage.
Suppose that the maximum dosage over all substances is 3 DDD, then the chart for another substance with
maximum dose of 2 will have the vertical axis scaled by a factor of 2/3. That way a doctor gets a quick
feel for relative impact of a prescription on the total dosage. If the DDD is unknown for a substance, its
maximum load is assumed to be 1 in the scaling process and a warning is shown.

In the figure the dashed lines indicate the level of a dosage of 2 DDD for that substance. A prescrip-
tion of a substance for a patient with a dosage above the 2 DDD level should be not too common, meaning
that a doctor proceeds with caution if that level is reached.

A second use of the DDD is to sum all loads to calculate to total load on the patient for all substances
together. This is calculated and plotted over time for the chart in the dosage portlet, shown in Fig. 5.5c.
Only substances with known DDD are included in the load calculation. It enables the doctor to reason
whether the load is acceptable. Since the patient can now easily see his / her own history and dosages of
medicines, he is able to ask more direct questions to the doctor about the proposed treatment procedures.
This offers a basis for a richer form of clinical interaction.

Because the blood compounds measurements and the reported adverse effects are registered in asso-
ciation with a medicine and in turn with a substance, these are drawn over the medication chart (see
Fig. 5.6a). Little blood drips show the measurements of the blood compound for the substance, a red line
connects these and indicates the variation over time. A doctor may turn on the option to show the linear
extrapolation of the first measured value of the blood compound in combination with the dosage of the
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substance, for a quick indication. This does not mean in practice that the extrapolated value should always
be close to the real value, because of the underlying complexity of the human body, it serves only as a
quick indication.

Besides the blood compound level for the substance itself, the values of related substances might have
been measured for the study. These are refereed to as metabolites and are shown in fig. 5.6b. There are
two remaining options in the medication portlet, see Fig. 5.6c: showing of adverse effects and substance
type. An adverse effect is attributed to a substance and, hence, it is shown drawn over the substance at
the time of occurrence. Substances have effects on different part of the body, and if necessary, a label can
be shown indicating the body part it has an effect on.

3
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------------------------------------------------------------------------------------------------------ 0 o
(a) Blood compound value for a substance.
s
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(b) Values of the metabolites.
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Multiple
i
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i

(c) Adverse effects are indicated by triangles with an exclamation mark inside. A yellow filled
triangle represents a non-serious adverse effect and a red filled triangle represents a serious
adverse effect. The type of body parts the substance has its effect on are shown by a label with
a colored background (for all color codes see Appendix B). For instance, "ZONISAMIDE"
has an effect on the "Na+ kanaal".

Figure 5.6: Chart options for the medication portlet.
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5.4.2 Seizures, weights and reports

The seizures portlet shows the seizures distribution over time (Fig. 5.7a). The stacked bars depict the
number of seizures over time, the color of a bar indicates the type of seizure, see the legend below. The
smallest distinguishable time period on the timeline is a day, meaning that the data is assembled on that
basis. Hence, the minimum width of a bar spans a day, see Fig. 5.7b.

Suppose now that the user wants an overview and selects a long interval of time, say 10 years, then
the bars become more like spikes, due to the time scaling. The longer the time interval gets, the less space
there is remaining for the bars in a given time period. As a result, if the remaining screen space gets down
to a small number of pixels horizontally, there might not be enough room left for all the bars in a given
time period. In response, we have implemented temporal binning, which means that the data that becomes
invisible for a given time period, due to lack of screen space, gets binned into buckets representing longer
time intervals that are actually visible.

The bucket size is kept to a minimum to preserve as much of the temporal distribution of the seizures
as possible. If the timeline gets zoomed, the time interval that is behind two pixels is computed and used
as the bin size. The data in each bin is aggregated and visualized as stacked bars of width two, see Fig. 5.8.

Consequently, the user is able to see the correct seizure counts, as indicated by the stacked bars, for a
minimal loss in accuracy regarding the temporal distribution of the seizures. The drawback of this ap-
proach is that the reciprocal relationship between the bin size and the sum total of the values in the bin,
causes the stacked bars to stretch higher. This may cause a rescaling of the vertical axis, which makes
perceiving the smaller bars harder. For our data, however, the method was feasible in producing accept-
able results.

k.
>
k.
>

temparal
binning

Y

_— —
G pixels 2 pizels

Figure 5.8: Temporal binning: On the left there is data that requires a minimum screen space of six pixels
wide to be shown correctly. Under the assumption that the available screen space is only two pixels wide,
the data is binned. The data is aggregated and stacked accordingly.

The next portlet, shown in Fig. 5.7a, is for the weight of the patient over time. A line plot shows the
measured values and (optionally) a horizontal line shows the average weight of the patient. Finally, there
is a portlet for the reports. A report has a type of which two important ones are the "RAPPORTAGE" and
"DECURSUS". The charts show a little icon for each report, which is color coded depending on its type.
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(b) The timeline is zoomed to reveal the seizure counts on a daily basis and the user has selected and hovered over an item. Each bar corresponds to the period of day.
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(d) Reports over time.

Figure 5.7: Portlets for seizures (a) and (b), weights (c) and reports (d).
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5.4.3 Searching and details

In general the system reacts to mouse hovering and clicking on visual items in the charts. Hovering over
an item normally shows the value, like the weight in kg, or the type of seizure and who reported it (e.g.,
Fig. 5.7b). For more details a user can click on an item. The items details are shown in a designated panel,
shown in Fig. 5.9a.

Selectiedetails

MEDICATIE "
Startdatum: 2013-12-28
Einddatum: 2014-01-08
Totaal dosering: 40 MG

| rapport fysiol
Werkzame stof: CLOBAZAM sapport
Medicatie: FRISIUM TABLET 10MG Datum: 2002-10-10 00:00:00
Dokter: o

Beschrijving: ("5 therapie

Dosering: 40 MG

Dagdeosering: 20 MG

Rapport

Dagverdeling: Datum: 2011-02-21 00:00:00
« BO0u: 10 MG Beschrijving: finwop
o 14000 0 MG
« 2000u: 0 MG Rapport

« 2200u; 30 MG Datum: 2006-06-06 00:00:00

Beschrijving: test klinisch geneticus

(a) The details for a medication period, showing the
time interval, total dose, substance and the distribu-
tion of the dose on a daily basis.

(b) Searching on the keywords 'rapport' and 'fysio'.
The keywords are highlighted in the search result.

8-2005 8-2005 - 10-2005 11-2005 12-2005
I ! 1 1 1

©

Figure 5.9: GEHR components. (a) Details panel showing details of a prescription. (b) Search bar filled
with keywords to search for reports on physiotherapy. The keywords are highlighted in the results, which
are shown below the search bar. (c) Timeline bar with time indicator (pink) for a selected item.

If a medication item is selected, the details panel shows the full details of the prescription period. In case
such a prescription period is artificial, meaning it was calculated by combining multiple prescriptions
(Fig. 5.4b), all details of the merged prescriptions are shown for that period. In other words, the informa-
tion of all medicines involved is shown in the details panel.

Doctors currently working at Kempenhaghe expressed their need for a search mechanism. Instead of
scrolling their way through events in tabular forms, they wanted a "Google-like" search mechanism to
quickly find events from the past. We have therefore added a search bar on the top of the screen for the
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input of keywords. The systems searches through all events, performing a full-text search, and filters the
events containing the keywords. The matches are shown below the search bar with the keywords high-
lighted. For an example see Fig. 5.9b.

If the user selects a match from the results (or selects an item in the ontology based selector for that
matter), the associated events are panned into view automatically and highlighted. This activates the
details panel for that item and a small indication is shown in the timeline bar (Fig. 5.9¢).

5.5 Summary

The GEHR shows the EHR of a patient in a graphical way, providing a doctor and / or a patient with
a quick overview of the medication history including blood compounds measurements and adverse ef-
fects. A doctor may rescale the dosage axes to distinguish substances of which a relatively low dosage is
prescribed from substances for which a relatively high dosage is prescribed. In addition the seizure distri-
bution, weights and reports over time are available in the overview. The seizure distribution is rendered as
a stacked bar chart for the GEHR prototype, but it is advised to consider the usage of temporal abstraction
in further developments of the system.

The user is enabled to navigate through time using a time interval selector and draggable timeline. Further-
more, the system provides flexibility in the usage of screen space with resizeable and moveable portlets
that each contain a specific kind of the chart, showing one of the variables over time just mentioned. Port-
lets have an options panel to customize the contained charts. The items rendered in a chart respond to
mouse interactions by showing more details in the form of a pop up or by updating the details panel.

A doctor can quickly filter or select items using the ontology based selector or using the keywords based
search mechanism. The graphical overview of the EHR forms a new basis for improved clinical interac-
tion.

The main methods used are found in literature, but the movable, collapsible and scalable portlets, in
combination with the ontology selector, enable better usage of vertical screen space than charts on fixed
positions. The temporal abstraction used for the seizures respects the temporal distribution of the events
as much as possible, by keeping the width of the bars to a minimum, without losing information. Finally,
we choose to combine related variables into one chart, based upon ontology.
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Chapter

Patient Research and Exploration Tool

Clinical researchers at Kempenhaeghe commonly gather patient information for their studies by means of
manual retrieval of cohorts of patients from the database in spreadsheet format. We aim for improvement
of that situation by means of a system that automatically retrieves this data, offers visual methods for
exploration and makes it more easy to share studies among other researchers.

A study normally starts with selection or specification of a cohort of patients that is examined regard-
ing a certain variable, for instance, the effect of a substance over time on the seizure rates. As discussed
in Chapter 4, the MPS EHR systems found in literature usually offer charts showing aggregates, temporal
distributions of variables, or a comparison widget for multiple event sequences (featuring sentinel events
and / or temporal abstractions) of a cohort of patients. The specification of a cohort of patients is generally
done via a faceted search mechanism, which implies that if a user wants to compare cohorts with other
cohorts of patients, the user has to save each cohort separately.

Although it may be beneficial for Kempenhaeghe to investigate a cohort of patients by comparing events
sequences, there is a more compelling first step to be made, namely the specification of a cohort of pa-
tients by visual means, instead of working with data in spreadsheet format. We could adopt the faceted
search approach, but aim for more flexibility so cohort specification can be partly shared between multiple
cohorts and be altered on the fly.

The tool we have developed is dubbed the Patient Research and Exploration Tool (PRET) and is shown in
Fig. 6.1. A researcher specifies a cohort of patients using a series of filters that are connected graphically
in a graph. The result of a series of filters is a group definition that can be inspected visually using the
visualization panel.

On the top left a toolbar is shown offering standard functions, like saving the study and zooming the
graph drawing canvas in the center. The left toolbar contains the graph drawing modes and tools. There
is an element selection mode (arrow pictogram), canvas panning mode (hand pictogram) and a green and
red arrow (edge) mode. Furthermore, there are the grouping / ungrouping buttons for selected filters.
Thirteen data filters are available and two special filters for computing union and intersections of cohorts
of patients (the pictograms of circles with green fillings). Finally there are the patient group and notes
pictograms.
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Figure 6.1: Overview of the Patient Research and Exploration Tool (PRET). (a) Main toolbar with new / save buttons, zoom functionality buttons, label
mode selector button and run button (b) Graph drawing elements (c) Graph drawing space. (d) Visualization panels. (e) Filter properties panel.
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Filters and patient groups can be added as nodes of the graph. If a node is clicked, its properties are
shown and editable in the properties window on the right. Lastly, a patient group node can be selected in
the visualization panels on the bottom for visual inspection and comparison.

6.1 Cohort specification using a DAG

Inspired by the Outflow system (see Fig. 4.11), we employ a graph drawing tool as visual metaphor for
defining sequences of filtering steps, the filtering takes place on various aspects of the patient data and in
stages, one aspect after the next, stepwisely reducing the cohort of the patients. If a sequence of filters
could fold back on itself we could specify an indefinite filter process. Therefore, we restrict the graph
from containing cycles. Also, a sequence of filters must have a clear direction, hence we use a directed
graph. A graph with the former two properties is called a Directed Acyclic Graph (DAG).

For an example specification using the tool see Fig. 6.2. The starting point of the graph in the PRET
is a node called the patient cloud, of which there is always one present on the graph drawing space. It
represents the cohort of all patients of which data is stored in the database at Kempenhaeghe.
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Figure 6.2: Example specification using the PRET. On the top left of the tools panel, there are interaction
modes for selection, moving, connection arrows and grouping nodes in the DAG. Just below those are the
filter nodes. In the graph drawing space the patient cloud is on the top left, connected via a green arrow
to the medication filter. The cohort is filtered on medication and the resulting cohorts are defined as "Use
Lamotrigine" and "No Lamotrigine".

A researcher connects, starting from the patient cloud, a series of filter nodes using green and red arrows.
Each arrow represents a subset of the original set of patients, before the filter was applied. A green arrow
represents the patients passing through the filter and a red arrow represents all patients in the cohort that
are filtered out. Either resulting cohort can subsequently be filtered by a new filter node. If a cohort is
sufficiently specified it can be connected to a patient group node. This node basically assigns a label
and color to the cohort for reference. It is possible to continue connecting arrows, starting from a patient
group, to more filters. A cohort of patients then simply passes through the patient group node to the next
filter. Additionally, there are two "filters" for computing the union or intersection (unconditionally) of
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multiple cohorts.

To save space, the researcher may select a set of nodes and define a node group using the buttons be-
low the green and red arrow connector buttons in the tools panel. A group can be collapsed and expanded
at will, maintaining the arrow connections. A collapsed group has the size of a regular filter, but typically
represents a more complex filter.

When the researcher is done specifying he/she presses the "play" button in the main toolbar. This causes
the system to compute the new cohorts of patients and update the labels on the arrow. The labels show
the number of patients directed along arrows and the percentage of the patients, with respect to either the
patient cloud or the previous node. The user can toggle the percentage mode in the main toolbar.

Let us now consider the difference between specify a cohort using the DAG and using the faceted search
mechanism. As stated before in Section 4.4, the filter mechanism behind a faceted search translates the
conditions on each facet (of the data) into a query. The intersection of the resulting sets of all these queries
defines the final result set.
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Merge Patientgroup_4
,' ______________________________________ 1
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1 - 1
I 1
I Filter Filter Filter Patientgroup_2 "

Figure 6.3: Specification using DAG vs faceted search. The filter sequences inside dashed rectangles can
be specified using a faceted search, while the filter sequences derived from the dashed sequence cannot.
As can be observed from the picture, the comparison options for cohorts of patients (patient groups) is
more flexible with a DAG specification.

In contrast to the DAG, the faceted search is a linear sequence of filters, see Fig.6.3. Existing EHR systems
feature the comparison of cohorts of patients that are defined individually with such a linear sequence.
If the researcher wants to split a cohort of patients into alternative cohorts simultaneously, merge them
together or inspect these separately, specification using individual faceted search is more involved than
using the more flexible DAG.

Moreover, using the DAG a researcher can specify a cohort indirectly by disallowing specified subgroups
with more expressiveness than using a faceted search. This difference in expressiveness is illustrated in
Fig 6.4. The faceted search results in a group of patients that is computed by taking the intersection of all
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subgroups that are defined by conditions on a facet per subgroup, see Fig. 6.4a.

Now consider two arbitrary sets A and B. The set operation A \ B returns all items in set A that are
not in set B. This operation can be rewritten as {z | © € A Az ¢ B}. Therefore, by negating the
condition for a facet in a faceted search, subgroups can be excluded, see Fig. 6.4b. What about excluding
subgroups defined by multiple facets? The faceted search may provide setting multiple conditions on a
facet, but all these facets remain independent, and therefore, this is not supported.

Using the DAG, any specified subgroup can be used as a filter on another one. Setting conditions on
multiple facets simultaneously in such group specification is straightforward. Hence, the DAG offers
more expressiveness, see Fig. 6.4c. For instance, a researcher wants to specify a cohort that excludes
women over age 55, because a certain medicine is prescribed with caution to women that are fertile and
he wants to avoid statistical bias. This requires conditions on the gender facet and the age facet simultan-
eously, which cannot be specified directly using a faceted search, without excluding men aged under 56.
The solution using the DAG is shown in Fig. 6.5.

o
N

(a) Conditions on fa-
cets f1, f2, and f3
yield three subgroups
of which the intersec-
tion is taken as the
result, indicated by a
green color.

A
AN
o/

(b) Conditions on facet
f1 and negated condi-
tions on facet f2 and f3
yield three subgroups
of which the intersec-
tion is taken as the
result, indicated by a
green color.

<

(c) Filtering f1 using a
set yielded by the in-
tersection of the groups
yielded by conditions
on facet f2 and 3 (f1\
(f2Nf3)), indicated in
red, resulting in the set
indicated in green.

Figure 6.4: Expressiveness of the faceted search and the DAG. (a) the basic filter logic for a faceted
search. (b) filtering by negating conditions in faceted search. (c) filtering using the intersection of multiple
facets, only possible using the DAG.

Patiénten Medicatie Lamotrigine Doorsnede Lamotrigine
cloud filter gebruikers gebr. excl.
VT, < S8jr
0 [——] T > &E‘% [ — )@ )b#@a
32295/ 32295 © 6188/32295 6188 / 32295 | S—
100,00% 19,16% 19,16% 3297 /32235
10,21%
e —— Geslacht Leeftijd Vrouwen 29374 | 32295
32295132295 filter filter < DS6jr
100,00% 90,96%
~53) =]
F e >T— >
5 [ s—] pay — (
14906 / 32295 T 2921132295
46,16% 9,04%

Figure 6.5: Filtering using a specified subgroup and the intersection filter. The age was determined on
the first usage of "Lamotrigine". The percentages are with respect to the number of patients in the patient
cloud. The negation of a patient group is with respect to the patient cloud (universe).
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6.2 Filters

For the filter design we faced the question of filter complexity. On the one hand, a filter can be designed
to include all possible aspects of the data, making the filter a complex filter leading to a more compact but
less informative graph. On the other hand, a filter can be made a simple as possible, but then more filters
are needed in a graph to specify cohorts. We have chosen the approach of keeping the filters as simple as
possible, but we added to that the notion of multiple subfilters for that filter type. The rationale behind
this is not only to support more experienced users, but also expressiveness.

Patignten Lengte Kleine
cloud filter mensen

@ 8
(a) Graph specification for filtering patients on height.

Datum tussen 01-01-1900 en |01-09-2015
Lengte (cm) tussen: |0 ¥ |en| 143 v

== Filter toevoegen = Uitsluitingsfilter toevoegen

De patiénten die voldoen aan één of meer van de volgende filters worden toegevoegd aan het

resultaat:
Start datum Eind datum Min. cm Max. cm
01-01-1900 09-01-2013 0 145

(b) Filtering properties for height filter. All height measurements values must be between 0 - 145cm during the time
period starting on 01-jan-1900 and ending on 01-sept-2015.

Figure 6.6: Basic PRET filter. (a) Graph specification for filtering patients on height. (b) The properties
of the height filter.

In the basic filter setup, the user sets basic temporal conditions followed by conditions on the data attrib-
utes of the entity, see Fig. 6.6. Another example is shown in Fig. 6.7. In this case, the patients are filtered
on IQ class using inclusion and exclusion subfilters in combination with green and red arrows. The green
arrow directs the patients for which the conditions in the filter apply and the red arrow the rest. Note that
the exclusion filters work with respect to the green arrows and not the red arrows. Some more involved
filters are shown in Fig. 6.8 and Fig. 6.9.
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(Sub)normaal
[[e]
[ ]
12348 | 14665 |
Patiénten 1Q Filter 1Q Filter 84,20% (3
cloud
32295/ 32295 14665 / 32295
100,00% 45,41% Laag IQ

| —
2317 1 14665
15,80%

(a) Graph specification for filtering patients on IQ class. It involves two IQ class filters. The first filters out all
patients with an unknown IQ class. The second filters patients with a normal or high IQ class. By using the relative

percentage labels on the arrows, we see that 45.41% of the patients have a known IQ class, Furthermore, within that
group, 84.20% has a normal or high IQ class.

1Q Klasse: | Onbekend v

+ Filter toevoegen = Uitsluitingsfilter toevoegen

De patiénten die voldoen aan één of meer van de volgende filters worden toegevoegd aan het
resultaat:

1Q Klasse

De patiénten die voldoen aan één of meer van de volgende filters worden (alsnog) uitgesloten van
het resultaat:

1Q Klasse

Onbekend

(b) Filtering out patients with an unknown IQ class. Since there are no inclusion subfilters specified, by default all
patients are included. The exclusion subfilter, however, does filter out all patients with an unknown IQ class.

1Q Klasse: | Diep verstandelijk beperkt ( 0-20) v

+ Filter toevoegen <+ Uitsluitingsfilter toevoegen

De pati&énten die voldoen aan één of meer van de volgende filters worden toegevoegd aan het
resultaat:

1Q Klasse

Subnomaal (70-90)

Normaal (=90)

(c) Selecting all patients with a (sub)normal IQ class.

Figure 6.7: PRET specification for filtering patients on IQ class. (a) Graph specification for filtering
patients on IQ class. (b) The properties of the first IQ filter. (c) The properties of the second IQ filter.
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Datum tussen 01-01-1800 en |09-08-2013

Leeftijd tussen en

Meetmoment: | Eerste medicatie moment v |

Meetwaarde: | FYTINEZUUR

v]

+ Filter toevoegen | = Uitsluitingsfilter toevoegen

De patiénten die voldoen aan één of meer van de volgende filters worden toegevoegd aan het

resultaat:
Start Eind Min.
datum datum leeftijd
01-01- 09-08- 10
1900 2015

Max.
leeftijd Meetmoment Meetwaarde
30 Eerste medicatie FYTINEZUUR

moment

(a) Selecting all people with an age between 10 and 30 at the moment of their first prescription of "FYTINEZUUR".
That first prescription date has to be between 01-01-1900 and 09-08-2015.

Datum tussen 01-01-1900

en [09-08-20135

Voorgeschreven door arts: | Niet van toepassing (NVT) A

Werkzame stof: | OXCARBAZEPINE

v

Dosering (mg) tussen 1

en 99999

+ Filter toevoegen = Uitsluitingsfilter toevoegen

De patiénten die voldoen aan één of meer van de volgende filters worden toegevoegd aan het

resultaat:

Beg. Eind
datum datum  Arts

01-01-  09-08-  Mietvan
1900 2015 toepassing
(NVT)

01-01-  09-08-  Mietvan
1900 2015 toepassing
(NVT)

Min. Max.
Werkzame stof hoeveelheid hoeveelheid
CARBAMAZEPINE 1 99999
LAMOTRIGINE 1 99999

De patiénten die voldoen aan één of meer van de volgende wuitsiuitingsfilters worden (alsnog)

uitgesloten van het resultaat:

Beg. Eind
datum  datum  Aris

01-01-  09-08-  Nietvan
1900 2015 toepassing
(NVT)

Min. Max.
Werkzame stof hoeveelheid heoeveelheid
OXCARBAZEPINE 1 99999

(b) Selecting all patient that have been prescribed either "CARBAMAZEPINE" or "LAMOTRIGINIE", but not "OX-
CARBAZEPINE" between 01-01-1900 and 09-08-2015, with dosage between 1 and 99999mg.

Figure 6.8: Properties of the age filter (a) and the substance filter (b).
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Datum tussen 01-01-1900 en 07-08-2013
Arts: | Niet van toepassing( NVT) v
Aanval: | Hypermotore aanvallen v

Aanvalstype: | Zowel Aanvallen als Clusters v |

Aanval status epilepticus: | Zowel Ja als Nee v

Aantal tussen 1 en 9999

== Filter toevoegen = Uitsluitingsfilter toevoegen

De patiénten die voldoen aan é¢én of meer van de velgende filters worden toegevoegd aan het resultaat:

Beg. Eind Status Min. Max.
datum datum Arts Aanval Type Epilepticus aantal aantal
01-01- 07-08- Nietvan Dialeptische  Zowel Aanvallen Zowel Ja 1 9999
1900 2015 toepassing aanvallen als Clusters als Nee

(NVT)

De patiénten die voldoen aan één of meer van de velgende filters worden (alsnog) uitgesloten van het
resultaat:

Beg. Eind Status Min. Max.
datum datum Arts Aanval Type Epilepticus aantal aantal
01-01- 07-08- Nietvan Hypermotore  Zowel Zowel Ja 1 9999
1900 2015 toepassing aanvallen Aanvallen als als Nee

(NVT) Clusters

(a) Selecting patients that have had seizures of class "Dialeptische aanvallen". We explicitly exclude those patients
that have had seizures of class "Hypermotore aanvallen" from the results.

Datum tussen 01-01-1900 en |09-08-2015

Geregistreerd door arts: | Niet van toepassing (NVT) v

Medicijn: \ Niet van toepassing v

Werkzame stof: ‘ FYTINEZUUR v

Serieusheid: | Alleen serieuze bijwerkingen v

Aantal bijwerkingen tussen: [1__ v |en[200 ¥

Notitieveld bevat onder andere de trefwoorden: Alle trefwoorden moeten voorkomen

hoofdpijn

De patiénten die voldoen aan één of meer van de volg; filters g gd aan het resultaat:
Start Eind Werkzame Trefwoorden Alle Min. Max.
datum  datum  Arts Medicijn stof Serieusheid in notitie trefwoorden aantal aantal
01-01-  09-08- Nietvan Niet van FYTINEZUUR  Alleen serieuze hoofdpijn nee 1 200
1900 2013 toepassing toepassing bijwerkingen

(NVT)

(b) Selecting patients that have had a serious headache ("hoofdpijn") as an adverse effect of the substance "FYT-

INEZUUR"

Figure 6.9: Properties of the seizures filter (a) and the adverse effects filter (b).

For the prototype, thirteen filters have been defined that roughly correspond to the basic characteristics of
a patient and the related entities outlined in the problem statement covered in Section 3.2.2. In particular,
we have the following filters.
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+ The age filter: All patients that had an age between a given age range at the moment of their first
prescription of a certain substance or the first seizure of a certain type. That moment has to lie in a
given time interval.

» The gender filter: All patients that are either male or female.
» The main treatment location filter: All patients that have a specific main treatment location.
« The IQ class filter: All patients that have a specific IQ class (range).

+ The weight filter: All patients with their weight over time always between a given range and within
a specific time interval. This was considered sufficient for now by the domain expert, but there are
more possibilities, like filtering all patients that have been losing weight recently.

+ The height filter: All patients with their height over time always between a given range and within
a specific time interval.

* The blood compounds filter: All patients having their blood compounds measurements values
between a given range, for a specific substance, during a given time interval. Optionally, the asso-
ciated doctor can be specified.

+ The adverse effects filter: All patients having an adverse effects count in a given range that were
registered between a given time interval. Optionally, the doctor that reported the seizures is expli-
citly set, as well as the associated medicine and/or active substance. Finally, keyword matching in
the associated description of the event can be included.

+ The seizures filter: All patients having the seizure count in a given range for a given time interval.
Optionally, the seizure class, type and status epilepticus can be set.

+ The active substance filter: All patients prescribed a given substance during a given time interval
and with the dosage between certain bounds.

» The medication count filter: All patients that have been prescribed a medication count in a given
range during a particular time interval. Optionally, only anti-epileptic medicines are included in the
count.

» The reports filter: All patients that have an associated report count in a given range during a
particular time interval. Optionally, only reports issued by a given doctor, having a specific type,
or containing certain keywords are included in the count.

« The temporal pattern filter: All patients that have a specified temporal pattern in their medication
sequences. All sequences have to overlap the given overall time interval.

Temporal filtering

With the filters described above, a time window can be specified in which certain conditions on specific
variables must hold individually, but what about temporal patterns within the order of events that involve
multiple variables? To filter patients with conditions on these patterns, the temporal filter was designed.

The temporal pattern filter works as basic filter, but the properties of subfilters are set using a dedic-
ated temporal pattern editor, shown in Fig. 6.10d. A pattern consists of a number of element sequences
that are specified in juxtaposition. Adding and removing a sequence is done via the panel on the left. Each
sequence is specified on a line and for a single element type, where an element represents one ore more
events. Elements can be moved or resized horizontally and clicked to set its properties in the panel on the
right. Within an element, its properties are displayed textually and / or graphically.
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There is no ordinary time axis on which to relate the various element to each other, but an implicit ordinal
time axis: only the order from left to right matters. Therefore, the left side of an element represents the
start of an event and the right of an element represent the end of it. Consequently, two elements in a
sequence define a pattern in which the event represented by the second (most right) element does not start
before the event of the first element has finished. For the prototype we have implemented elements for
two types of events: medication (prescription of a substance) and time intervals.

For a medication element, shown in Fig. 6.10e, some details on the distribution over time of the sub-
stance can be set. There is the titration phase in which the doctor tries out the substance on a patient with
increasing dosage, the maintenance phase of a substance in which effective dosages are prescribed and
the down titration phase for stepwise reduction of the dosage. The researcher can set a fixed number of
steps for the titration phase, a minimal percentage increase per step (with respect to the maximum value
in the temporal distribution of the substance) and time period. The same properties can be set for the
down titration phase and the maintenance phase, except for the maintenance phase there is no percentage
threshold, but an absolute range (in mg) for the dose. Finally, for the time element a period of time needs
to be specified, see Fig. 6.10f.

Patignten Patroon Lamotrigine
cloud filter <= 356d

i o
) g R — )\=ﬁ
322931 322935 42635 | 322935

100,00% 13,21%

(a) Specification of a group using the temporal pattern editor filter node.

Datum tussen 01-01-1900 en |10-09-2013

+ Filter toevoegen =+ Uitsluitingsfilter toevoegen

De patié&nten die voldoen aan één of meer van de volgende filters worden toegevoegd aan het

Patroonlabel

resultaat:
Beg. Eind
datum datum Patroonlabel Arts
01-01- 10-09- Lamotrigine < Niet van toepassing # Patroon bewerken
1900 2015 year (NVT)

(b) The addition of a new pattern to the filter, which has a large time window that spans the complete history of the
data on all patients.

Figure 6.11: Specification of a temporal pattern filter in the DAG.
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Medicatie
+ Werkzame stof: LAMOTRIGINE ; LAMOTRIGINE

¥

| LAMOTRIGINE - st: 0, 0%; Dos.: 1-200; st: 0, 0%; i

t: o-o0d t: 1-365d t: o-o0d

(a) A sequence of one element that specifies a maintenance period of at most one year in which "Lamotrigine" has
been prescribed. The dose has to be between 1 and 200mg. Both the titration phase and down titration phase are
disabled, by setting a minimum and maximum of 0 days for the time period.

LAMOTRIGINE

st: 0, 0%; Dos.: 1-200; st: 0, 0%;
t: 1-99d t: 1-9999d t: 1-99d

CARBAMAZERIMNE

st 0, 0%; Dos.: 1-200; st: 0, 0%;
t: 1-99d t: 1-9999d t: 1-99d

(b) The prescription of "Carbamazepine" starts O or more days before the prescription of "Lamotrigine" ends.

LAMOTRIGINE

st 0, 0%; Dos.: 1-200; st: 0, 0%;
t: 1-99d t: 1-9999d t: 1-99d

CARBAMAZERIMNE

st: 0, 09%; Dos.: 1-200; st 0, 0%;
t: 1-99d t: 1-9999d t: 1-99d

(c) The prescription of "Carbamazepine" starts on the same day that the prescription of "Lamotrigine" ends.

LAMOTRIGINE

st: 0, 0%; Dos.: 1-200; st: 0, 0%;
t: 1-99d t: 1-5999d t: 1-99d

CARBAMAZEPRPINE

st: 0, 0%; Dos.: 1-200; st: 0, 0%;
t: 1-99d t: 1-9999d t: 1-99d

(d) The prescription of "Carbamazepine" starts O or more days after the prescription of "Lamotrigine" ends.
Figure 6.12: Examples of temporal patterns.
As an example, suppose that a doctor wants to filter al patients that have been prescribed "Lamotrigine"
for at most a year. First he uses the DAG to specify a patient group using the temporal pattern editor node

and adds a new pattern to the filter, as shown in Fig. 6.11. Then, the added pattern itself is specified us-
ing the pattern editor, see Fig. 6.12a. There are 4265 of the 32295 EHRs exhibiting this pattern (Fig. 6.11a).

Analogously, elements of multiple sequences together yield a more complex pattern via the relative po-
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sitions of their start and end points. Examples of patterns yielded by two types of medication elements
are shown in Fig. 6.12b-Fig. 6.12d. With the time period element we can force time constraints between
begin and end points of prescriptions, see Fig. 6.13.

LAMOTRIGINE

st: 0, 0%; Dos.: 0-9999; st: 0, 0%%;
t: 1-99d t: 1-9999d t: 1-99d

¥
o CARBAMAZERPINE

st: 0, 0%; Dos.: 0-9999; st: 0, 0%;
t: 1-99d t: 1-99994 t: 1-99d
ijdsinterval

o:: 1-60d

ijdsinterval

o:: 1-90d

Figure 6.13: Pattern with two time intervals. Time period element (d) is positioned between the start
point of prescription (a) and prescription (b) and enforces the condition that the two starting points of
the events are a minimum of one day and a maximum of 90 days apart. Similarly, time period element
(c) forces an interval of 1 to 60 days between the starting point of prescription (b) and the end point of
prescription (a).

In Fig. 6.14 another example of a pattern is sketched. It involves three sequences with elements of type
medication and one sequence with elements of the time period type. The start and end points of the ele-
ments are projected onto the ordinal time scale, which yields a series of periods. Every two successive
points define a period between them. Some interesting periods are described in the figure.

The start of the first prescription of "substance 2" commences before the start of the first prescription
of "substance 3" and the end of the prescription of "substance 1" coincides exactly with the end of the
second prescription of "substance 3"; Since the PRET pattern editor uses a day as the unit for the ordinal
time axis, these former prescriptions have to end on the same day. The time period elements explicitly
create time periods with conditions on the minimal and maximum number of days. Furthermore, the width
of an element in itself has no influence on the series of periods, only the relative order does, but it may be
convenient or even necessary to stretch the width of an element while specifying the order of elements.
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Figure 6.14: The ordinal time scale of the pattern editor.

For an additional use case see Section 8.1.

The PRET filters patients for a temporal pattern filter nodes as follows. First, all patients that have all
element types in their EHR, as specified in the filter, are selected. For each selected patient, all elements
within the EHR that overlap the overall temporal window of the filter node are selected and projected on
an ordinal time scale, in the same way as shown in Fig. 6.14. During the projection all relevant event data
associated with the elements are saved along with the start points and end points of the periods on the
ordinal time scale for later reference.

Given the projection of the elements in an EHR, the second step is to determine whether there is a sub-
pattern in this projection that matches the pattern of the projection of the filter node. For this purpose,
the pattern yielded by the EHR is overlaid with the pattern yielded by the filter node. Starting with both
initial periods coinciding, the pattern yielded by the filter node is shifted to the right, in increments of one
period, in search for a complete match with a subpattern of the pattern yielded by the EHR.

A match is determined in steps. In the first step it is checked whether the correct events occur the EHR
at the start points and end points of all periods in the pattern yielded by the filter node, like the start or
end of a prescription. If this is the case, the second step is to check the constraints specified by the time
interval elements in the filter node, using the data stored in the projection of the EHR. Finally, in the third
step, more details are checked, like dosages and time spans. In case of a complete match, the patient is
selected.

6.2.1 Expressiveness

There are two aspects to the expressiveness of the pattern editor in relation with the DAG that we like to
discuss: the indeterminate overlap or absence of elements and the temporal aspects of divergence.
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Indeterminate overlap and absence

S
*Slbstance 1

| Substance 2 Substance 2

Substance 3 S

Figure 6.15: Expressing absence and indeterminate overlap of elements. A red glyph on top of the yellow
colored element indicates the absence of this event in the pattern. The blue shades around the blue colored
element indicate an indeterminate interval, which means that interval is "flexible". This implicitly defines
multiple patterns at once. In this case, the prescription of "Substance 3" can either end before the start or
after the start of the prescription of "Substance 2".

Systems like EventFlow (Fig. 4.16) enable the user to specify explicitly the absence of events and other
systems, like planning systems using Gantt charts, provide a means of specifying indeterminate event in-
tervals, as shown in Fig. 6.15.

Our domain expert stated that those additional means of specifying patterns are too complicated for this
first prototype, hence they are left out. Consequently, a clinical researcher using the PRET pattern editor
has no means to specify the absence of an events and has to specify alternative patterns explicitly. For high
complexity patterns with many alternatives, this leads to a combinatorial explosion of possibilities. Cur-
rently, the complexity of the patterns is estimated to be low, but in the future, as this complexity increases,
the shorthand of specifying indeterminate intervals should be reconsidered.

Temporal aspect of divergence

We have seen no common methods for specifying alternatives in a temporal pattern. An informal expres-
sion like "either event a or event b has to overlap with event c", is not readily translated. Even if there is a
hypothetical mechanism to specify alternative subpatterns, what if that subpattern diverges into alternative
patterns itself? The more divergence, the more complex handling the mechanism becomes.

In the PRET editor we do have the DAG to support alternative traces on a high level (at the cost of
specifying all patterns for each trace explicitly), but we have to be cautious here with the temporal aspects
in the DAG. For each node, the temporal window can be specified, but two consecutive nodes can operate
on two completely unrelated temporal windows. There is no linear progression in time for a trace through
the DAG. Partly, this can be compensated for by specifying adjacent temporal windows. An open question
is if there is an intuitive way to preserve this linear progression of time in a trace and what improvements
it could offer.
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6.3 Cohort visualization

Once a researcher has specified a patient group, it can be investigated via the visualization panel, where
two visualizations can be rendered simultaneously for direct comparison. The PRET prototype supports
visualizations for the:

1. Demography: basic characteristics of a group;

2. Medicine usage: the usage of the top 10 medicines over time;

3. Anti epileptic medicine count: the anti epileptic medicine usage count over time;

4. Seizure distribution: the seizure count over time, during the prescription of a given substance;
5. Survival rate curve: the percentage of patients using a substance over time.

An example of all visualizations is found in Fig. 6.16. The seizure distribution and survival rate curve are
actually used in clinical research, see for instance the work of Boutsma [4].

Fig. 6.16a shows that for the majority of all patients treated at Kempenhaeghe, the IQ class is either
unknown or normal. In the seizure distribution, shown in Fig. 6.16b, by far the most common is the tonic
seizure class. According to Fig. 6.16c, Fig. 6.16d and Fig. 6.16g, there is a huge peak in the number of
medicine prescriptions around 2005 and a smaller one around 1992. Note that the line plots show a sudden
downward curve towards 2015. This is because the charts were rendered with a snapshot of the data up to
2014 and the data of 2015 was not available. In Fig. 6.16e and Fig. 6.16f we observe a significant increase
in the number of seizures after two years of "Lamotrigine" usage and generally more seizures have been
reported for males than for females. Finally, Fig. 6.16h shows that the percentage of patients still using
"Lamotrigine" after 6000 days approaches zero. Note that the curves for the males and females are almost
identical.

Medication Visualization And Cohort Specification 69



CHAPTER 6. PATIENT RESEARCH AND EXPLORATION TOOL

Aanvalsklasses 2
Aantal patiénten: 32295 (mannen: 17389, 53.84%; vrouwen: 14906, 46.16%)
Gemid. leeftijd: 40.03, std. afw: 20.45 (mannen: 39.59, std. afw: 20.91; vrouwen: 40.56, std. afw: 19.88) ﬁgt vrouwen [
100k mannen [
1Q kiasses S0k
80k
16K vrouwen [ s
18k mannen [ 60k
12k 50k
40k
10k 30k
20k -
2‘3'; 10k
. 0.0

r - ; £ o g g
: ‘ Fisssgfssié
& s & F G FESFFs i fg Feiess
Aanvalsklasses N N “ & FFFFFsds Fs5s £ F5& §F7
CEEFTE FEFsTFEE © g¢ <
FEE Ty S STy &

(a) Demography: patient count (male / female), aver-
age age, and IQ class distribution (stacked for male / fe-  (b) Demography: seizure types distribution (stacked for

males). male / females).
5009 3,000]
450
2,500
400 .
g
g 350+ § 2,000+
2 300 =
Ea— E 1,500
E 3
5 2004 1,000
150
100 500
50+ 0
[ = 1980 1985 1590 1995 2000 2005 2010 2015
I oiazeram 1 oxcareazermie [ conazeram [ TOPIRAMAAT
[ 1azepam [ oxcarsazering [l cLonazeram [ TOPIRAMAAT B FenvTOINE B LeverraceTam [l cLosazam B carBAMAZEPINE

B renvTOINE B everraceTam [l cLoBazam B CARBAMAZEPINE
9 varpromezuur Bl LAMOTRIGINE

(d) Stacked plot of the top 10 medicine prescriptions
(c) Plots of the top 10 medicine prescriptions over time.  over time.

Er zijn 4204 patiénten waaraan LAMOTRIGINE is voorgeschreven, zonder overlap in tijd met andere
woorgeschreven medicatie
Aanvalsverloop geclassificeerd

Aanvalsverloop 7 =W
1 7.0k
vrouw

jd |

5.0k -
6.0k ||

5.0k
5.0k -
ol 4.0k
o 3.0k
2.0k 2.0k |
1.0k 1.0k
0.0+ 0.04— " A B A A

61 2 34 56 7 B 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 b 7 B 5 10 11 12 13 14 15 16 17 18 19 20 21 22 23

kwartalen kwartalen

(e) Seizure distribution over time for a given substance  (f) Seizure distribution over time for a given substance
(stacked for male / females). (stacked using seizure class).

stof: [ LAMOTRIGINE v

Aantal voorgeschreven anti-epileptica

50 o vrouwen [l
401 mannen [
S 35 g0 totaal [li]
S 30 7 70
Bl = 604
= c
E 20 2 50+
£ H
® 15 % 404
100 =

' 1975 1de0 1985 1sbo 185 zdoo  zdbs 2di0 21 104 \\___\
o T

2,000 4000 6000 6000 10,000 12000 14,000 16,000 '

W tot=al A2 v [ K tijd (dagen)

(g) The anti epileptic medicine prescription count over  (h) The survival rate curves for a given substance (plot-
time. ted for total, males and females).

Figure 6.16: PRET visualizations (a)-(h).

70 Medication Visualization And Cohort Specification



CHAPTER 6. PATIENT RESEARCH AND EXPLORATION TOOL

6.4 Statistical aspects

If a cohort is filtered, one needs to keep in mind that the numbers reflect what is known in the data so far.
The registration of adverse effects, for instance, started much later than that of medication, introducing a
bias. Researchers need to keep in mind these type of biases, before drawing conclusions.

The PRET has currently no support for checking the statistical prerequisites when comparing two co-
horts. It is up to the researcher to select a cohort properly. For this prototype we offer the demography
chart, but this is just a first step. The proper use of statistics in clinical research has been addressed by
Feinstein [8].

Feinstein explains that the common statistical tabulations in medical literature do no necessarily represent
a disease correctly and that the use of standard statistical methods is not sufficient for proper scientific
clinical experimental research [8, p. 17-27]. A clinical experiment is about studying the sequence

initial state ——— subsequent state.

The maneuver can be chosen by nature, the investigator, or by the person who acts as the experimental
preparator.

Most of the experiments cannot be adequately planned with the concepts described in current statist-
ical writings about experimental design (more recent work may have improved this situation, but we still
need to take note of the fundamental aspects). Statistical strategems can often be used successfully if the
scientific architecture has already been well designed. For the types of clinical experiments described
above, many times the statistical models are not pertinent or too superficial for the fundamental demands
of scientific rigor.

The statistical tactics of "design" depend upon the basic assumptions that
1. the research is being performed as an experiment,
2. the experimental material and its responses can be reproducibly identified,
3. "random samples" can be readily obtained, and
4. "random allocations" will provide satisfactory solution to problems in "control".

For scientific design in clinical investigation, these assumptions are often erroneous or naive. This might
suggest why the analytic focus strategy of random sampling is absent for all systems in Table 4.1.

Feinstein [8, p. 25-26]) forwards five basis prerequisites to scientific research:
1. Did the researcher choose the right people to question or experiment on?
2. Did the researcher choose a statistical unit that made his problem solvable?
3. Did the researcher use a control group and choose and use it properly?
4. Are the groups truly comparable?
5. Did the researcher guard against a probable bias in the people he was testing?

Underlying these questions, is the problem of bias. A patient ends up in a cohort via a sequence of choices
and circumstances. These include choices based upon subjective reasoning by the patient, as to how to
proceed with treatment, and varying diagnosing capabilities of a doctor. If a researcher selects a sample
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of the population, these underlying factors can introduce a sampling bias. This occurs when members of
some segments of the population are not sufficiently represented in the sample.

For example, suppose you want estimate the number of times people favor driving a car instead of riding
a bicycle, when it is not necessary to take the car. Therefore you create a poll you ask people to fill in.
If the majority of your sample population consists of people who are a member of the bicycle club, you
create a bias by favoring people who already strongly like riding a bicycle over people who dislike riding
a bicycle. Such a sample is not a good representation of the general population and generalizing statistical
results based upon such samples leads to errors.

This previous example shows the need to reduce bias as much as possible. Therefore, when selecting
a cohort of patients we need insight in the sequence of events and circumstances that lead to each patient
becoming a member of a cohort. Hence, we need to use this so called "soft data" in conjunction with the
the "hard data" that usually only involves concrete numbers (of measurements).

The PRET supports some filters that include keyword based filtering of patient events, but if in the fu-
ture soft data is properly structured and recorded, new filters in that regard can be added within the same
paradigm. Possible sources of bias can then be investigated by alternating the tweaking of those filters
with the visual inspection of the cohorts. Additionally, segments of the population can be explicitly ex-
cluded or merged using the DAG.

According to Feinstein [8, p. 197-213]), there are two ways of collecting research data on patients. In
the first form, the data is first collected by people that are not performing a specific investigation and
recorded in routine records. Then, the data is extracted from these records by a researcher for an investig-
ation. This form of collection data is called retrolective. Alternative, there is the prolective form, in which
plans are made before actually collecting any data on patients.

Regardless of the way in which the data was collected, there are two directions of populational pursuit,
forward or backward. In forward research we can, for instance, create two groups of people. One group
is given a medicine and the other group is not. Then the development rate of a certain condition is mon-
itored. In backwards research, we first assemble a group of people that has the condition and one group
that has not. Then we take note of the proportionate frequency with with the groups had previously used
the medicine.

The term cohort describes a group that is pursued in the forward or prospective direction. Conversely, a
group that is pursued in the backword or retrospective direction is called a trohoc, a term coined by Fein-
stein. Depending on the principal maneuver that is studied, the cohort may be divided for comparison of
the effects of the maneuver. The main problem with trohoc research is, given some observed effects, to
trace back the causes.

To trace back the causes, a trohoc may be divided into segments with distinguishing properties. In general
it is impossible to proof the absence of (all) bias, because the full sequences of hidden events that lead
to the observed effects for the group are not known. The best a researcher can do is to apply as much as
domain knowledge as possible to compensate for as much bias as possible. Also, the calculation of (rates
of) probabilities are easily erroneous due to the underlying bias.

It is an interesting question if we can extent the DAG in such a way that the temporal progression is
maintained. This could then possibly support effective forward reasoning or backward reasoning. Also,
auxiliary features can be more effective if the PRET is sensitive to the direction in which the reasoning
takes place. For instance, the PRET may inform the researcher about the impact that several (automatic-
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ally) identified segments of a trohoc have on the statical results.

By extension, the visualizations of statistical data must be accompanied with the data the statistics are
derived from. For the PRET this means that only showing the end result of a statistical calculation is not
enough. It should be as clear as possible on how the calculation led to the end result that is shown. The
user should be enabled to explore and adjust the underlying segments of a cohort / trohoc interactively, in
combination with the DAG. If statistics are computed based upon other statistics, the researcher should
have the ability to fully inspect these underlying statistic factors as well. The improvement of the current
system using all of these insights, requires more research in cooperation with the clinical researchers at
Kempenhaeghe.

6.5 Extensions

Currently, the time windows of two sequential nodes are independent. An interesting question is whether
temporal progression can be maintained in traces through the DAG. Additionally, the readability of the
DAG might be improved, such that a user can quickly interpret the DAG on a deeper level, without in-
specting the properties of the nodes. The property panels of the nodes can be improved by employing
more graphical methods for setting the conditions on the filter that provide more realtime insight in the
incoming / outgoing data of the filter. The work on Scented Widgets by Willett et al. [33] is a good starting
point.

Furthermore, the pattern editor should be extended with the remaining temporal entities, like seizures,
adverse effects, blood compounds and reports. In this way, the temporal components between those entit-
ies can be fully utilized in the filtering process. Also, new visualizations can be added that show statistical
properties and indicate possible sources of statistical bias. If visualizations are added that show the in-
volved doctors, protocol violations can be reported on a per doctor basis.

Next to coming up with new filters, it would be beneficial to add import and export functionally to the
PRET, preferably in spreadsheet format. Perhaps the patient cloud is then replaced with an import source
and the visualization panel offers ways to investigate the patients within a cohort using graphical means
(e.g., event sequence comparison), but also using a table. Clicking on a patient the GEHR is triggered for
that patient.

To the pattern editor one could add some artificial intelligence that predicts common patterns while spe-
cifying a pattern. This could be based on, for instance, a Bayesian network.

6.6 Bridging the gap with the GEHR

A direct way to bridge the gap between the GEHR and the PRET is to add the capability of clicking
on an item in the GEHR and compare that value with a cohort of patients, which was defined earlier in
the PRET. For all variables in the EHR, one could either reuse an existing visualization of the PRET or
design a dedicated one. Single values of a variable can be put into perspective by direct comparison with
the distribution of that variable over a group of patients. We have added an example of this feature to the
prototype of the GEHR, which is shown in Fig. 6.17.

For temporal variables, the sequence can be compared with the sequences of a group of patients, either
directly or with an abstract summarized version of the sequences of the group. Furthermore, one could add
a button to the GEHR for generating a DAG in the PRET based upon the active EHR. All static variables
could be translated into individual filters and all temporal variables could be translated into subpatterns
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of a temporal filter. Starting from this, a clinical researcher can start tweaking the filters to find similar
patients, for further investigation.

6.7 Generalization

The PRET method of using a DAG with filter nodes is not domain dependent. It is a filter methodology,
like the faceted search, which can be adapted to other domains by redesigning the filters and visualizations
in accordance with the domain ontology and entities.
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Figure 6.17: Example feature for combining the GEHR with the PRET. The retention time (first us-
age) of "CARBAMAZEPINE" is compared, in a pop up chart, with a cohort consisting of all "CAR-
BAMAZEPINE" users, defined earlier in the PRET. It shows the percentage of patients that uses the
substance over time (days). Up to roughly 500 days there is a significant drop in percentages of male
patients that are using the substance. Similarly, there is a significant drop for female patients after 2000
days. The purple vertical line indicates that the patient has been using the substance for 551 days.

6.8 Summary

We have designed the PRET that aids researchers and doctors at Kempenhaeghe in their studies of cohorts
of patients. It enables automated retrieval of patient information of the database and interactive explora-
tion of it. Moreover, researchers can share their studies and findings more easily.

The PRET is designed for flexible cohort specification using a DAG, as opposed to the faceted search
method. Using simple filter nodes, cohorts of patients are specified one step at a time. In this setting,
also temporal patterns are first class citizens in the DAG as another filter node. Each node can be split
into alternative cohorts and two cohorts can be merged together using union and intersection operations,
allowing for more complex cohort specification than possible with a faceted search.

Intermediary cohorts of patients can be compared visually with their demography and explored using
charts on medication and seizures. This also enables the user to explore the data more rapidly, by tweaking
a filter and updating the charts immediately thereafter. The temporal pattern filter can be easily extended
to include more entities in the patterns. It is also straightforward to apply the method of a DAG with filter
nodes in other domains, if the filters and visualizations are redesigned in accordance with the domain
ontology and entities. Finally, we have considered the possibilities of bridging the GEHR with the PRET
and implemented one of these that shows how the clinical interaction can benefit from the bridging.
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Implementation

In this chapter the implementation is briefly discussed. First an overview is given and then the tiers of the
software architecture are presented.

7.1 Overview

As mentioned in Section 3.3 on the research objectives, the application is in the form of a web application.
The GEHR and the PRET are conceptually two subsystems that are only connected via the database, but
for the implementation we used a shared code base. Especially for the bridging example of the GEHR
and the PRET this was convenient. For an overview of the system, see Fig. 7.1. The system is a three-tier
application, consisting of data tier, processing tier and presentation tier.

7.2 The data tier

For the data tier of the application we rely on the PostgreSQL [27] database server. The data Kempen-
haeghe has provided has been augmented and imported in the database, leaving the original important
links intact, such that the system is easier to integrate if it gets out of prototype stage. The used database
scheme is found in Appendix A.

7.3 The processing tier

This tier is backed by the Laravel PHP Framework [21]. It is responsible for sessions management and
performs most of the computations on the data, before sending it to the presentation tier. The models and
controllers that are coded reflect the entities in the data. Routes are coupled to the controllers using the
RESTful resource naming convention, which prescribes a standard for URL formats. The HTTP requests
are passed down via the Nginx web server. The other way up, the PHP code returns data using Web Stand-
ards Model [30] and the Extensible Markup Language (XML) [29].

In support of the presentation tier, where a lot of the computing on visualizations goes on, there is much
processing dedicated to preprocessing the data from the database in such a way that there is minimal com-
putational overhead in the presentation tier. The timeline data for the GEHR, for instance, is delivered as
one precomputed data structure that is shared by the portlets.
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Figure 7.1: Overview of the system.

Before updating the DAG in the PRET the order in which the nodes have to be processed is efficiently
calculated using an algorithm for topological sorting. To find the next node to process in case of a small
number of nodes, however, a loop to search the next unprocessed node for which all parents nodes have
already been processed suffices. We keep track of all intermediate results generated by the nodes. The
results are stored in dynamically created tables with names related to the session and id's of the nodes in the
graph. Every time an update is required, the temporary tables were reused for the new intermediate results.

The presentation tier performed well using this setup, but the query times indicate a steep increase in
processing time if the number of patients goes up. This is mostly due to the structure of the data and the
temporal nature of some queries, involving many conditions to be checked. For the prototype the response
time was good enough: all statistics for the graphs shown in this work were computed within 30 seconds,
running the web server and database server locally. Cohort visualization is done efficiently, because the
data of a cohort is cached for each node in the graph. Still the number of patients increases and the filters
become more complex, the need for more efficient support for (temporal) querying by the data tier will
increase.

7.4 The presentation tier

The presentation tier is supported by the AngularJS JavaScript MVW Framework [9] and several third
party JavaScript libraries. All the JavaScript files are compressed into one file using the RequireJS JavaS-
cript file and module loader [6]. This means that the user downloads a single JavaScript file containing
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the entire applications once. The advantage is an increase in response time for the application on the client
side.

Angular]JS provides a convenient framework on top of JavaScript to make front end programming more
structured and reusable by means of a directive. A directive is a means to specify a new custom HTML tag
that is (almost) as easily reused as classic HTML tags. The GEHR and PRET are hierarchically divided
up into panels and finally charts or property windows. All of these are coded as (reusable) directives.
When coding web applications for visualization purposes it is well worth investing effort into using the
Angular]S framework for this return of investment on the reusability aspect.

For the visualisations and graph drawing panel we relied mainly on the D3 [3] and the mxGraph [13]
JavaScript libraries.

7.5 Code size

The main components of the code are listed, along with the lines of code, in three tables separately. The
fifteen Laravel controllers are shown in Table 7.1, the 47 directives and eight AngularJS controllers are
shown in Table 7.2 and Table 7.3. In total we have 15394 lines of code for the main components.

A client using the application has to download a single JavaScript file, containing the application of 1.8
MB. This is large, but once it is downloaded and cached, the application only transfers data occasionally
with the server. This results in a highly responsive application. The size of the PostgreSQL database
dump, including the database scheme, is 13.5 MB.
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Laravel controller

LOC Description

AuthController 80  Handles user authentication
Bloodcompound- 18  Transfers blood compound resources
sController
DoctorsController 93  Transfers doctor resources
HomeController 22 Transfers main template and JavaScript file through the only Laravel
view defined for the system
IQClassesController 16  Transfers IQ class resources
MedicinesController 76  Transfers medicine resources
PatientsController 606 Transfers patient resources, including the timeline data for the GEHR
PrescriptionsCon- 107 Transfers prescription resources
troller
ReportsController 11 Transfers report resources
SeizureClassesCon- 16  Transfers seizure class resources
troller
SeizuresController 107 Transfers seizure resources
StudiesController 92  Transfers study resources
StudyToolController 3236 Backend for the PRET that transfers cohort data and handles the
updating of the graph
SubstancesControl- 24 Transfers substance resources
ler
UsersController 126  Handles the users of the system
Total 4630
Table 7.1: Code size of the Laravel controllers.
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AngularJS directive LOC Description
timeline/portletDose 314
timeline/portletSeizures 509
timeline/timelineDragbar 138
timeline/portletWeights 326
timeline/timelineBrushbar 426
timeline/timeline 29
timeline/portletReports 400
timeline/portletMedication 1003
studyTool/studyToolPortletVisualization 245
studyTool/studyToolPropertiesGenderFilter 63
studyTool/studyToolPropertiesUnion 20
studyTool/patternMedication 156
studyTool/patternSeizureElement 291
studyTool/patternEditorPropertiesMedicationElement 98
studyTool/patternEditorPropertiesSeizureElement 63
studyTool/patternSeizure 157
studyTool/patternEditorSeizureSelector 67
studyTool/patternEditor 196
studyTool/patternEditorTimePeriodSelector 32
studyTool/patternTimePeriod 149
studyTool/patternMedicationElement 593
studyTool/patternEditorPropertiesTimePeriodElement 58
studyTool/patternEditorMedicationSelector 68
studyTool/patternTimePeriodElement 287
studyTool/patternEditorProperties 68
studyTool/studyToolProperties 261
studyTool/studyToolPropertiesWeightsFilter 112
studyTool/studyToolPropertiesReportsFilter 167
studyTool/studyTool Visualizations 32
studyTool/studyToolPropertiesPatientList 78
studyTool/studyToolPropertiesMedicationFilter 159
studyTool/studyToolPropertiesAgeFilter 174
studyTool/studyToolPropertiesPatternFilter 187

studyTool/studyToolPropertiesBloodCompoundsFilter 160
studyTool/studyToolPropertiesAdverseEffectsFilter 221

studyTool/studyToolPropertiesSeizureFilter 187
studyTool/studyToolPropertiesMainLocationFilter 101
studyTool/studyToolPropertiesIntersection 20
studyTool/charts/seizureRemission 395
studyTool/charts/antiEpileptic 206
studyTool/charts/medicineUsage 358
studyTool/charts/survivalRateCurve 256
studyTool/charts/demography 349
studyTool/studyToolPropertiesEpilepticaFilter 128
studyTool/studyToolPropertiesHeightFilter 112
studyTool/studyToolPropertiesPatientGroup 50
studyTool/studyToolPropertiesIQFilter 109
Total 9578

Table 7.2: Code size of the AngularJS directives.
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AngularJS Controller LOC Description

patientTimelineCtrl 408  Core of the GEHR frontend

homeCtrl 6 Starting point of application
loginCtrl 43 Handles users logging in
applicationCtrl 15 Core of application
patientsCtrl.js 62 Patient search page
logoutCitrl 9 Handles users logging out
studyToolCtrl 547  Core of the PRET frontend
studiesCtrl 75 Studies search page

Total 1186

Table 7.3: Code size of the AngularJS controllers.
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Chapter

Evaluation

We have presented our work in the previous chapters, in this chapter we evaluate this. We start with some
use cases, next review the research objectives, and finally perform a comparison with related work.

8.1 Use cases
The three use cases below are defined to capture the essence of the GEHR and the PRET.
GEHR

Consider a patient visiting the doctor complaining about a couple of seizures he has had in the past week.
In response, the doctor uses the GEHR of the patient with the focus on the recent events, using the time
period selector. The doctor notices a recent dose change for the prescribed substance, using the medic-
ation portlet. He also notices that some adverse effects have been reported by the patient since the change.

The doctor clicks on the adverse effects for more details and starts searching for the two most frequent
ones using the search bar. A couple of matches show up and he immediately notices that the dates as-
sociated with the matches are close to each other. Then he navigates to the interesting time period and
notices that a seizure, of a specific seizure class, is spiking during that time, after the same initial adverse
effects. It seems to the doctor that recently reported events might be indications that the specific seizure
is again about to spike. He knows that that particular seizure is often caused by a high value of one of the
metabolites of the substance.

The doctor enables the showing of blood compounds with metabolites and sees that it is indeed the case
that the value of one of the metabolites has been increasing steadily over recent times. Hence, he explains
his findings to the patients using the GEHR. The patients sees the pattern in the series of events that lead
to the seizures previously and recognizes a similar pattern building up in recent times. The patients now
knows the pattern and will be more alert in the future. The doctor changes the dose and starts prescribing
another substance too, with full understanding on the side of the patient.

PRET 1

Suppose that a clinical researcher is interested in exploring the seizure distributions of young adults (aged
20 to 39) and middle aged patients (aged 40 to 64) that have been prescribed "Lamotrigine" or "Oxcar-
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bazepine". The age is measured at the moment the substance was used for the first time. To compare the
seizure distribution we want to filter out patients that were using multiple substances simultaneously. The
dose over time for Lamotrigine must be between 0 and 600 mg (under 2 DDD) and the dose over time for
Oxcarbazepine must be between 0 and 2000 mg (under 2 DDD).

The doctor opens the PRET and adds a substance filter to filter out all patients using Lamotrigine and
Oxcarbazepine with the dosages as required. Next, he places two age filters to filter out the two age
groups. Finally, he defines two patient groups for visualization. The result is shown in Fig. 8.1. Next he
specifies the filters, as shown in Fig. 8.2 and updates the graph. He selects the seizure distribution chart in
the visualization panel and selects the substance under consideration. The PRET automatically excludes
the data of patients that are using multiple substances simultaneously before rendering the chart. Finally,
he compares the charts of the groups, shown in Fig. 8.3. A new research question comes to his mind about
why there is such an increase in seizures for young adults (especially males) using Oxcarbazapine, after
15 quarters, which is not there for middle aged patients.
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Figure 8.1: Graph specification.
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1900 2015 toepassing (NVT) p: g loegevoey(
resultaat:
01-01- 01-09- Niet van OXCARBAZEPINE 0 2000 Start Eind Min. Max.
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scription is recorded, hence the lower bound of zero  (b) Selecting young adults for which the age is meas-
does not lead to inclusion of patients that have not  ured at the first time they had been prescribed "Lamo-
been prescribed the substance. trigine" or "Oxcarbazapine".

Figure 8.2: Defining the filters. (a) Substance filter. (b) Age filter for young adults. Filtering out the
middle aged patients is a similar case.
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Er zijn 1475 patiénten waaraan LAMOTRIGINE is voorgeschraven, zonder overlap in tijd met andere
voorgeschreven medicatie.

Aanvalsverloop

01 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23
kwartalen

(a) Young adults using Lamotrigine.

Er zijn 561 patiénten waaraan OXCARBAZEPINE is voorgeschreven, zonder overlap in tijd met andere
wvoergeschreven medicatie

Aanvalsverloop

123456 7 8 910111213 141516 17 18 19 20 21 22 23 24 25 26 27
kwartalen

(b) Young adults using Oxcarbazepine.

Er zijn 1253 patiénten waaraan LAMOTRIGINE is veorgeschreven, zonder overlap in tijd met andere
voorgeschreven medicatie

Er zijn 405 patiénten waaraan OXCARBAZEPINE is voorgeschreven, zonder overlap in tijd met andere
voorgeschreven medicatie.

Aanvalsverioop Aanvalsverloop

01 2 3 4 5 6 7 B8 9 10 11 12 13 14 15 16 17 18 19
kwartalen kwartalen

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 17 18 19 20 21 22 23

(c) Middle aged adults using Lamotrigine. (d) Middle aged adults using Oxcarbazepine.

Figure 8.3: Seizure distributions for young patients (a)-(b) and middle aged patients (c)-(d).

PRET 2

Suppose that there was a protocol put into effect from the year 2000 onwards at the treatment location in
'HEEZE' that dictates that "Lamotrigine" can only be tried once on a patient. In addition "Oxcarbazapine"
is supposed to be tried before "Lamotrigine" is tried. A researcher wants to find out the number of patients
for which the protocol has been violated since the year 2000.

He sets up the DAG as shown in Fig. 8.4. Two temporal filters are added for checking the two condi-
tions since the year 2000, see Fig. 8.5. The result of these filters are then merged together using a union
filter. In total three patterns are required for the specification, one for the pattern filter node on top and
two for the pattern filter node on the bottom. These are depicted in Fig. 8.6. This is because there are two
cases of overlap that need to be included for the filter on the bottom.The final group consists of 2903 pa-
tients, for which one or both of the two conditions of the protocol have been violated since the year 2000.
Finally, the researcher takes note of the demography of the resulting group, which is shown in Fig.8.7.

322951 32295
100,00%

—
32295 | 32295
100,00%

Figure 8.4: The DAG for PRET use case 2.
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Figure 8.5: Filter propeties for PRET use case 2. (a) Properties for the filter on top. (b) Properties for the
filter on bottom. Two subpatterns are needed to cover the two cases overlap that are of interest.
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Figure 8.6: The patterns for PRET use case 2. (a) Pattern for the filter node on top. (b)-(c) Patterns for
the filter node on the bottom, which filter two separate cases of overlap.
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Figure 8.7: Demography for the resulting group of PRET use case 2.
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8.2 Review of the research objectives

In this section we review the research objectives that are formulated in Section 3.3. For each objective we
point out on what basis the objective has been fulfilled.

1. The development of an interactive visualization method for gaining a quick overview and insight
into the EHR of any patient that:

(a) shows graphical navigable display of medication over time,

v'See the GEHR components in Fig. 5.1(b) and Fig. 5.1(c).

(b) including all (important) events, and,

v'See the GEHR component in Fig. 5.1(c).

(c) offers the ability for searching on events using keywords.

v'See the GEHR component in Fig. 5.1(g).

2. The development of a method for comparing a patient (group) directly with another specified, pos-
sibly similar, patient group, such that:

(a) the group definitions by Paul van der Corput are integrated,

v'We have based our design around the perspective of a patient. The PRET user can spe-
cify freely the group (cohort) required, as shown in Fig. 6.1(a), Fig. 6.1(c) and Fig. 6.1(e).
Some of the remaining definitions are slightly altered and put into a visualization, like for in-
stance the retention time of a medicine in the form of a survival rate curve, see Fig. 6.16h.

(b) a way to investigate a single patient is included,

v'The EHR of a single patient can be investigated using the GEHR (Fig. 5.1), which can act
as a bridge between the GEHR and the PRET subsystems to compare a patient with a group
of patients. For instance, the survival rate curve of a group can be used for direct comparison
with a patient's retention time in the GEHR, as shown in Fig. 6.17.

(c) the statistical underpinning is (reasonably) considered, and,

v'We have added the demography charts for the researchers, to assess the statistical similar-
ities of groups, which are needed for good statistical practise, see Fig. 6.16a and Fig. 6.16b.
We do think that future work is required to improve the (automated) support for this by the
system, as described in Section 6.4.

(d) can we generalize the method, for use in other disciplines?

v Yes, the method of a DAG in combination with filter nodes and visualizations is domain
independent, like the faceted search method. The filter nodes and visualizations must be de-
signed in accordance with the domain ontology and entities.
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3.

4.

8.3

The augmentation of the previous method for temporal patterns for:

(a) the specification of patient groups based on medication, and,

v'For this we have developed the medication filter and the temporal pattern filter / editor.
See Section 6.2 and Fig. 6.10.

(b) testing adherence to prescription protocols.

v'This can be done using the PRET, using the temporal pattern filter, see Section 8.1.

Contemplate and / or implement a bridge between the two methods above as an example of how
techniques for SPS and MPS can be integrated

v’ This is covered in Section 6.6.

User evaluation study

For a small user evaluation study two neurologists and one clinical researcher were gathered to test the
system in its entirety. All participants were familiarized with the system before completing a series of
tasks that involved utilizing most of the features the system has to offer.

8.3.1 Scope and setup

At the start, the test subjects were given a short overview of the purpose of the system, followed by a
tutorial featuring the capabilities of the system. This familiarized the participants with the concepts and
with the user interface of the system. Questions were answered in the meantime as well.

The specific features that were introduced during the tutorial for the GEHR are:

Next,

The patient search box;

The patient characteristics bar;

The selection trees;

The medication panel dosage charts, including blood compounds and adverse effects;
All medication panel properties, except the option for prediction blood compound values;
The seizures, weights and reports panels;

The time period selector and drag bar;

The selection details panel;

The event search bar; and

The pop-up chart for comparing a patient to a group was shown.

the features introduced for the PRET are:

The buttons for opening a new project, saving a project, running a project and zooming and the
usage of mouse buttons in the graph editor;

Selection modes and arrow connector modes;

86
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All filter nodes, with detailed examples of the gender filter, the substance filter, and the seizure
filter;

* The pattern editor node was discussed with full specification of two medication subpatterns with a
time period in between;

* The union node and the patient group node; and
* The demography chart and seizure distribution charts were shown.

It was made sure that the participants understood each step before progressing with the tutorial and that
all aspects of it were registered.

8.3.2 Feedback and observations

After the tutorial the participants carried out tasks to answer a series of questions and provided feedback
on the system. The used questionnaire is found in Appendix C. Apart from minor errors in the answers,
like writing down a corresponding date when a value was asked, the questions were answered correctly.

GEHR

The feedback on the GEHR in general and its individual components are summarized in Table 8.1 and
Table 8.2 respectively. Clearly, the feedback is positive and shows that systems are welcomed and valued
by all participants. The time period selector was found to be the component of least usability, to which
we add that the testing system experienced some latency when updating for a newly selected time period.
This decreased usability mostly when the participants wanted to select a time period manually, as opposed
to picking a predefined time period.

Participants were given the opportunity to share any additional feedback, which included:
I was not waiting for such a system, but it is very welcome and handy.
* The font and the figures are a bit too small.

* I can easily search for reports on conducted research, but I also want to search the reports for the
syndrome a patient was diagnosed with (this data was not included in the dataset).

* The system is constructed logically.

During the session some observations were made. Participants really valued the idea of a single timeline
on which all critical events were plotted simultaneously. Interestingly, the selection trees were used cun-
ningly, whilst this possibility was not thoroughly demonstrated during the tutorial. This suggests that one
of the main reasons for including the selection trees in the first place (Section 5.3), which is familiarity
with scrolling through a list of events sorted on date, had paid of. Later on, when navigating the timeline,
using a particularly small time span, the selection trees were effectively used in combination with the time
period selector.

A comment on the reports chart was that there should be color coding based on all types of reports. We
fully agree, but the reports chart was solely included to indicate a possibility in the prototype and therefore
we limited support to only three types of reports: "RAPPORTAGE", "DECURSUS" and "ANDERS". We
also want to add that only dummy data was provided for the reports and that if the number of reports for
a patient is large, reusing the seizures chart for the reports is an option. The pop-up charts for comparing
a patient with a group of patients seemed to impress the participants. Lastly, it was nice that some par-
ticipants had also used the system afterwards for creating some figures for their own research and used

Medication Visualization And Cohort Specification 87



CHAPTER 8. EVALUATION

these as visualizations in a paper.

Aswas the case during the user study done by Paul van der Corput, most questions of the participants were
simple questions about the user interface. For instance: where was that search bar again? It is reasonable
to suggest that the initial confusion on Ul details is quickly resolved after a little hands-on experience with
the system. Although the users were capable of handling the time period selector after a short inspection,
the user satisfaction remained only neutral. In line with the comments by Paul van der Corput on his time
period selector, we also forced to question the intuitive quality of our time period selector. That is not to
say that one should value less the concept of using a timeline in itself.

Statement Strongly = Dis- Neut- Agree Strongly
disagree  agree  ral Agree

I was really waiting for such a system 1 2

The system was easy to use 2 1

The system enables me to quickly gain insight into
an electronic health record of a patient

It seems useful to me to continue using / researching 2 1
with this system

I would like to use the system in the future 1 2

Table 8.1: Results user review of the GEHR in general.

Component Not Very Diffi- Neut- Easy Very
used difficult cult ral easy

The time period selector 3

The medication, blood compounds and 2 1

adverse effects overview

The seizures overview 2
The weight and reports overview

The selection details panel

= N = =

The keyword based search functionality 2

Table 8.2: Results user review on usage of the individual GEHR components.

PRET

All participants were capable of answering the questions using the PRET. Table 8.3 and Table 8.4 show
the feedback on the system. Again the feedback is positive on the value of the system. The feedback on
usability was more polarized, though still mostly positive. Consider first the additional feedback shared
by the participants:

* I 'was (also) not really waiting for this system, but it is welcome and handy.

» This PRET was more difficult than the GEHR, but that is all right. Not all users need to use the
PRET, because one can ask for help.
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It would be nice to expand the pattern filter later on.

* Once you get it, it works logically.

It would be nice to filter on the syndrome a patient is diagnosed with.

« It would be nice to filter on seizure frequency per time interval. [This could be done in the form of
an extension of the pattern filter].

After the sessions the participants were eager to express their strong interest in deploying the system during
the upgrade phase of their workplace to a lab. They stated that this system should go beyond prototyping.

During the sessions it was observed that less questions about the UI were asked than for the first round
with GEHR. Also, there was a was a distinct difference in the learning curve between participants with or
without a background in mathematics and / or the workings of computer software. Yet, the basic concept
of filtering in stages and working towards a resulting patient group that can be inspected seemed very
intuitive.

In practice it may be beneficial to start with a small user base consisting of trained experts in clinical
research that easily grasp the concepts the tool is build upon. Furthermore, features for exporting / im-
porting patient groups are deemed necessary.

In conclusion we can say that the system was received very well for providing a valuable methodology. We
take note that certainly more work is needed with clinical researchers to really battle test the system in the
future, work on the obvious improvements and additions, and, keep an eye on the statistical implications
and conditions.

Statement Strongly Dis- Neut- Agree Strongly
disagree agree ral Agree
I was really waiting for such a system 1 2
The system was easy to use 1 1 1
The system enables me to quickly gain insight 2 1

into a patient group
It seems useful to me to continue using / 1 2
researching with this system

I would like to use the system in the future 3

Table 8.3: Results user review of the PRET in general.

Component Notused Very difficult Difficult Neutral Easy Very easy
The chart drawing mechanism 1 1 1
The basic patient filters 1 1
The group operations 2 1
The pattern filter 1 1 1
The charts 2

Table 8.4: Results user review on usage of the individual PRET components.
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8.4 Comparison with related work

We review the GEHR and the PRET according to the basic distinguishable features, user intent model and
the analytic focus strategies, as described in Section 2.5 and Section 2.6.

The GEHR is capable of handling numerical and categorical data and shows five portlets having at least
one variable. The medication portlet can show multiple medication variables, including blood compounds
and adverse effects. Under the assumption that a couple of charts can be shown on an average screen, we
estimate the number of variables it can show simultaneously around ten.

The PRET is also capable of handling numerical and categorical data and shows the statistics about the
current flow of patients. In addition, there are two visualization panels that show one variable each. There-
fore the systems supports up to three variables.

Extended comparisons using the user intent model and the analytic focus strategies are shown Fig. 8.8
and Table. 8.5. Using the user intent model, we see that the GEHR offers a decent number of features and
that it is the only system for which an extra effort was made to avoid occlusion (with the flexible portlet
setup). The GEHR, like many systems, incorporates a feature for temporal data binning, but keeps the
abstractions to a minimum to preserve as much as the underlying distribution as possible. It is the only
system that allows the user to compare a single patient directly with a group of patients, which can be
specified dynamically (using the PRET).

A decent number of features is also supported by the PRET and if the mentioned extensions, mentioned
in Section 6.5 are implemented, the PRET offers a large amount of features in comparison with other
systems. Unlike most other systems, the PRET does not provide a means for navigating in time in a way
that shows the values of (all) variable at a specific time or time period. It distinguishes itself by the more
flexible way it allows the users to select a cohort of patients via a DAG with filter nodes. These filter
nodes can, however, filter given an time window that is unrelated to the time window specified for other
filter nodes. Cohort specification using a DAG in general offers more expressiveness than a faceted search
mechanism, because subgroups can be used to define a group.

Temporal patterns can be used independently of other selection criteria and multiple alternative temporal
patterns can be used simultaneously for specifying a group. In comparison with the faceted search, the
advantage of using a DAG is that (intermediate) groups can be compared against each other. This leads
to more efficient exploration, because when filters are tweaked, the changes propagate forward through-
out the DAG, updating all related patients groups at once. The latter feature becomes more relevant if
statistical aspects are integrated in the future and the researcher wants to investigate possible sources of
bias. Also the checking of protocols can easily require multiple subspecifications that are more easily
expressed in the DAG paradigm.
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Figure 8.8: Extended comparison of the user intent model.

Medication Visualization And Cohort Specification 91



g oz 2 2
E ﬁ 8 .—é < @ [
> 2 &£ 8 %z 82
n 4 4 » O U B\ &~
Goal-driven record extraction ° e o o O o °
Goal-driven event extraction ° e o o o o °
Temporal windowing ° e o o °
Random sampling of records
Temporal folding
Grouping event categories (aggregation) ° e O
Selecting sentinel events in a stream na. e e e O o
Converting multiple point events into a single interval event n.a. e o o o
Converting multiple interval events into a longer interval event o
Identify hidden complex events n.a. . o o

Table 8.5: Estimation of support for analytic focus strategies by the MPS systems, based upon the descrip-

tions of the systems. e: Full support, o: Partial or indirect support, " ": no support, n.a.: not applicable.
The partly supported strategies are supported partly or indirectly using the filters.



Chapter

Conclusions

In this chapter we summarize the achievements and options for future work. Finally, we give some re-
commendations to the staff at Kempenhaeghe.

9.1 Achievements

We have presented our design of the prototype of a modernized version of the EHR system at Kempen-
haeghe. Using interactive visualization techniques, the data of a single EHR can be investigated over time
in one overview. The staff, who is used to working with an EHR system that mainly presents the data in
tabular format, still has the ability to work in that fashion, but evaluated the new graphical format as highly
advantageous. A main advantage is that the temporal aspect of the data is now easily interpretable, which
allows for visual comparison of temporal variables. Additionally, a new search mechanism saves the staff
a lot of time during the clinical interaction, because no more manual searching through the data is required.

Clinical researchers at Kempenhaeghe currently have to retrieve patient data from the database manu-
ally in spreadsheet format. All temporal aspects have to be reconstructed and / or calculated by hand. We
improve this situation by offering a new system that features a graph drawing mechanism, where the nodes
represents filters, to specify cohorts of patients interactively. Filters operate on a time window and filter
out patients based upon variables in their EHR. A dedicated filter enables the filtering on event sequences
as well, allowing the researcher to check for protocol compliance.

In comparison with the common faceted search method, our method offers more expressiveness, because
a group of patients can be specified by including or excluding other specified subgroups. A change in a

subspecification is propagated to all related groups, without the need to respecify all groups individually,
and therefore, interactively comparing (intermediate) groups becomes more efficient.

9.2 Future work

For further development of the system, we propose the following points of interest:
* better integration of the substance types in the EHR overview;

« extend the research tool with more filters and event types for the pattern filter;
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+ improve the direct interpretability of the graph used for cohort specification and incorporate more
graphical methods in the property panels for the filters;

« correctly integrate more statistics (see Section 6.4) in the visualizations of the PRET and add options
for comparing multiple patient groups in a single chart, whereby the fixed color assigned to a group
can be used to distinguish the group in the chart;

+ automatically translate the EHR of a single patient to the research tool to start;

+ integrate machine learning / probabilistic methods to support the selection specification of pattern
by suggesting common patterns; and

+ add more "soft" (subjective) data on patients to support (automated) methods for detecting bias in a
cohort.

9.3 Recommendations

In order to fully support the future work, a better date structure is required for the database used at Kem-
penhaghe. For an example of such a system see van der Linden et al. [28]. Reconsider the way in which
prescriptions are recorded. In that way, more efficient data retrieval might be possible when dealing with
temporal questions. Also, make sure that a continuous prescription is stored as a single prescription with
a series of prescription periods. Sometimes, a doctor starts a new prescription right after the previous
one has ended, which degrades the quality of the data in the database. Finally, involve more clinical
researchers in future development of the research tool.
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Appendix

Detailed Entity Relationship Diagram

In Fig A.1 the tables for storing the data on the entities are depicted. In the database there were some

auxiliary tables for storing user credentials the XML data for the PRET, but these are left out for clarity.
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APPENDIX A. DETAILED ENTITY RELATIONSHIP DIAGRAM

adverse_effects

S id INTEGER
patientid  INTEGER
doctor_ id  INTEGER
medicineid INTEGER

su bstance_id |NTEGER

date TIMESTAMP{&) WITHOUT TIME ZQNE
serious BOOLEAN

notes TEXT

created_at TIMESTAMP{&) WITHOUT TIME ZONE

updated_at TIMESTAMP(&) WITHOUT TIME ZONE

prescription_periods
& id INTEGER
patient_id INTEGER
doctor_id INTEGER
medicine_id INTEGER
prescription id INTEGER
startdate TIMESTAMP (& WITHOUT TIME ZONE
commencementdate TIMESTAMP (& WITHOUT IME ZONE
dosed uration REAL
dailydose REAL
unit CHARACTER VARY ING(255)
timel CHARACTER VARY ING([255)
dosel REAL
time2 CHARACTER VARY ING(255)
dosed REAL
time3 CHARACTER VARY ING([255)
dosed REAL
timed CHARACTER VARY ING(255)
dosed REAL
times CHARACTER VARY ING([255)
dosel REAL
created_at TIMES TAMP (& WITHOUT TIME ZONE
updated_at TIMES TAMP (& WITHOUT IME ZONE
reports
*id INTEGER
patient_id INTEGER
doctor_id  INTEGER
type CHARACTER VARYING[255)
date TIMES TAMP [6) WITHOUT TIME ZONE
notes TEXT
created at TIMES TAMP () WITHOUT TIME ZONE
updated_at TIMES TAMP (&) WITHOUT TIME ZONE
seizures
o id INTEGER
patient_id INTEGER
doctor_id INTEGER
seizure classes id INTEGER
date TIMESTAMP{&) WITHOUTTIME ZONE
time CHARACTER VARYIN G[255)
count INTEGER
type CHARACTER VARYIN G[255)

statu s epilepticus CHARACTER VARYIN G[255)

created_at TIMESTAMP({&) WITHOUTTIME ZONE
updated _at TIMESTAMP(&) WITHOUT TIME ZONE
blood_compounds
Cid INTEGER
patientid  INTEGER
doctor_id INTEGER

su bstance_id |NTEGER

date TIMESTAMP{&) WITHOUT TIME ZONE
time CHARACTER VARYING(255)

walue CHARACTER VARYING(255)

unit CHARACTER VARYING(255)

study TEXT

created at  TIMESTAMP(&) WITHOUT TIME ZONE
updated at TIMESTAMP({&) WITHOUT TIME ZONE

medicines
“id INTEGER
code CHARACTER VARYING[25%)
name TEXT
» dose TEXT
unit TEXT
> abc_code_id  INTEGER

substance_id |NTEGER
¥ created_at

e BOOLEAN
prescriptions
Y id INTEGER
patientid  INTEGER
medicineid INTEGER
su bstance_id INTEGER
startdate TIMESTAMP({&) WITHOUT TIME ZONE
en ddate TMESTAMP(E) WITHOUT TIME ZONE
created at TMESTAMP(E) WITHOUT TIME ZONE
updated at TIMESTAMP(E) WITHOUT TIME ZONE
weights
Jid INTEGER
patient_id INTEGER
date TIMESTAMP{&) WITHOUT TIME ZONE
value REAL
creaed_at  TIMESTAMP{&) WITHOUT TIME ZONE

updated_a TIMESTAMP(&) WITHOUT TIME ZONE

heights
Jid INTEGER
patient_id INTEGER
date TIMESTAMP{&) WITHOUT TIME ZONE
value REAL
created at  TIMESTAMP(&) WITHOUT TIME ZONE

updated a TIMESTAMP{&) WITHOUT TIMEZONE

doctors
Jid INTEGER
code CHARACTER VARYING(255)
n ame CHARACTER VARYING(255)
group CHARACTER VARYING(25%)
created_at TIMESTAMP{&) WITHOUT TIME ZONE

updated_a TIMESTAMP(&) WITHOUT TIME ZONE

seizure_classes
“id INTEGER
code CHARACTER VARYING(255)
d escription CHARACTER VARYING(255)
icon CHARACTER VARYING(25%)
creaed_at  TIMESTAMP{&) WITHOUT TIME ZONE
updated_a TIMESTAMP({&) WITHOUT TIME ZONE

TIMESTAMP{&) WITHOUT TIME ZONE
updated & TIMESTAMP(E) WITHOUT TIME ZONE

YYYY Y Y Y Y

atc_codes
& id INTEGER
" cade CHARACTER VARYING(255)
description TEXT
created a TIMESTAMP(E) WITHOUTTIME ZONE
updated_at TIMESTAMP (&) WITHOUTTIME ZONE
[ substances
& id INTEGER
code CHARACTER VARY ING[255)
name TEXT
*  definedd il ydosBEAL
created at TIMES TAMP [& WITH OUT TIME ZONE
. updated_at TIMESTAMP (& WITH OUT TIME ZONE
patients
id INTEGER
code CHARACTER VARY ING[255)
gender CHARACTER VARY ING[255)
age INTEGER
igclass id  INTEGER
mainlocation CHARACTER VARY ING[255)
created_at TIMESTAMP({& WITHOUT TIME ZONE
updated & TIMESTAMP{& WITHOUT TIME ZONE
igclasses
» & id INTEGER
lowerbound INTEGER
upperbound INTEGER
description  TEXT
created_at  TIMESTAMP{&) WITHOUT TIME ZONE

updated & TIMESTAMP(E) WITHOUT TIME ZONE

Figure A.1: The tables used for storing the entities in the database. Foreign key references are indicates
by arrows.
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Appendix

Color codes for substances and body
mechanisms

Figure B.1 shows the color codes the active substances and relates these to the different mechanisms of
the bodies, on which the substance has an effect.

INHIBITOIRE SYSTEEM EXCITATOIRE SYSTEEM
GABA systeem K+ Na+ kanalen Ca2+ kanalen Glutamaat SV2A Carbo Multiple
Anti- Kanale modulerin | anhydras main
«epilepticum n 9 e mechanism
remming
Verlenging | Toename Remming GABA Ander | Kalum Snelle Tangzame | T-type Ttype AMPA Ander

chioride frequenti GABA reuptake s kanaal | inactiverin | inactiverin receptor s

kanaal echloride | transaminas | remmin blokker 9 9 antagonis

opening kanaal e a t

©pening
carbamazepine +4++
clobazam +++
clonazepam +++
diazepam +++
eslicarbazepin
& +++
etho suxim ide ++
+
+ + ++
fenabarbital +++
fenytoine +4++
gabapentine ++
+
lacosamide +++
lamotrigine +++
levetiracetam +++
. ++
pregabaline
+
primidon +++
retigabine +++
rufinam ide Ry
+ + + + +
stiripentol +++ ++4+ +++
++ + + +
+ + +

Figure B.1: Color codes for the substances. The number of plus signs shows the relative impact of the
substance on the mechanism. The main mechanism that is impacted is indicated with colored plus signs.
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Appendix

User Evaluation Questionnaire

The figures below show the four pages of the questionnaire.
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APPENDIX C. USER EVALUATION QUESTIONNAIRE

User evaluation questionnaire
Part 1: Patient timeline
Please lookup the patient with code 31255 using the patient search bar before answering the qustions below.

Question 1. What is the minimum, maximum and average weight of the patient? When (approximately) was the
maximum weight recorded?

‘ Min. weight: Max. weight: Avg. Weight: When max. weight: ‘

Question 2. What was the dose distribution on day for the substance loreclezole initially, when the total dose was
75mg?

Question 3. Look at the medication overview and enable the showing of adverse effects and blood compounds. What is
the last recorded adverse effect and who has reported the effect? What is the last known value for the blood compound,
before the effect took place, for the related substance and who has reported the value?

Adverse effect: Reported by:

Blood sample value: Reported by:

Question 4. Which type of seizures have been reported between in 2009 between may the 5th and 9th and how many
occurences are there per day? Make use the time selector with a small timespan.

Seizure type May 5th | May 6th | May 7th | May 8th | May 9th

Question 5. When was the request for a wheel chair (keyword: 'rolstoel') reported? Make use of the searchbar on the
top right of the screen.

Question 6. Select the pop-up chart for carbamazepine and select the Survival Rate Curve. Pick the study called
‘carbamazepine' and group called 'carbamazepine'. For how many days has carbamazepine been used by the patient.

‘ Number of days: ‘

Question 7. Please formulate a question for yourself. Does the system enable you to answer your question easily?

Figure C.1: Questionnaire page 1/4
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APPENDIX C. USER EVALUATION QUESTIONNAIRE

Question 7. Please indicate to what extent you agree with the following statements.

Statement Strongly | Disagree | Neutral | Agree |Stronlgy
disagree Agree

1 was really waiting for such a system 0 0 0 0 0
The system was easy to use 0 0 0 0 0
The systems enables me to quickly gain insight into an electronic 0 0 0 0 0
health record of a patient

It seems useful to me to continue using / researching using this 0 0 0 0 0
system

1 would like to use the system in the future 0 0 0 0 0

Question 8: Please indicate your opinion on how easy it was to use the listed components of the sytem for selecting and

/ or intepreting the data.

Component Notused| Very | Difficult |Neutral| Easy | Very
difficult Easy
The time period selector 0 0 0 0 0 0
The medication, blood compounds and adverse effects 0 0 0 0 0 0
overview
The seizures overview 0 0 0 0 0 0
The weight and reports overview 0 0 0 0 0 0
The selection details panel 0 0 0 0 0 0
The keyword based search functionality 0 0 0 0 0 0

Question 9: Please write down any additional feedback you would like to share.

Figure C.2: Questionnaire page 2/4
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APPENDIX C. USER EVALUATION QUESTIONNAIRE

Part 2: Patient Research and Exploration Tool

Question 1. Select all patients that are threated in Heeze that have an IQ range that is either unknown or subnormal
(70-90)? How many male and female patients have an unknown IQ and how many have subnormal 1Q? Make use of the
threatment location selector, iq selector, the patient group and the demography chart.

Unkown IQ males / females: / Subnormal 1Q males / females: /

Question 2. Open a new study. Split all patient on gender using a single gender filter. Create two patient groups using
a green and red arrow. Compare the medication top 10 for males and females. What can be said about the usage of both
Lamotrigine and Carbamazepine in both groups?

Males:

Females:

Question 3. Select all patients that were in their 80 (80-89), measured at the first prescription date of Lamotrigine.
Define a patient group and observe the Survival Rate Curve(s) for Lamotrigine. Draw a rough sketch of the curves.

Question 4. First filter all female patients and then add a pattern filter. Specify in the pattern filter that Oxcarbazepine
was prescriped before Lamotrigine and that there is a time period of 1-30 days between the two. Define a patient group
and chart the seizure distribution for Lamotrigine over time (using ‘aanvalsverloop' chart). Please draw a rough sketch
of the seizure distribution and state how many patients are involved.

Number of patients involved:

Question 5. If time alows for it, please formulate a question for yourself. Does the system enable you to answer your
question easily?

Figure C.3: Questionnaire page 3/4
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APPENDIX C. USER EVALUATION QUESTIONNAIRE

Question 6. Please indicate to what extent you agree with the following statements.

Statement Strongly | Disagree | Neutral | Agree |Stronlgy
disagree Agree

1 was really waiting for such a system 0 0 0 0 0
The system was easy to use 0 0 0 0 0
The systems enables me to quickly gain insight into an electronic 0 0 0 0 0
health record of a patient

It seems useful to me to continue using / researching using this 0 0 0 0 0
system

1 would like to use the system in the future 0 0 0 0 0

Question 7: Please indicate your opinion on how easy it was to use the listed components of the sytem for selecting and

/ or intepreting the data.

Component Notused| Very | Difficult |Neutral| Easy | Very

difficult Easy
The chart drawing mechanism 0 0 0 0 0 0
The basic patient filters 0 0 0 0 0 0
The group operations 0 0 0 0 0 0
The pattern filter 0 0 0 0 0 0
The charts 0 0 0 0 0 0

Question 8: Please write down any additional feedback you would like to share.

Thank you!

Figure C.4: Questionnaire page 4/4
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