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ABSTRACT

Drug-drug interaction related adverse events (DIAE) signals are a
major public health issue. Drug safety analysts must sift through
thousands of adverse event reports submitted daily to U.S. Food
and Drug Administration (FDA) to discover unexpected DIAE sig-
nals, which if addressed can lead to life-saving actions. To facilitate
the DIAE discovery from these massive data sets, we design sev-
eral technological innovations that together are integrated into an
interactive visual analytics system called DEVES 1. First, our state-
of-the-art DIAE mining algorithm efficiently infers potential DIAE
signals from these reports, and then ranks them based on their
significance score. For interpretability of these inferred DIAE sig-
nals, domain knowledge of adverse events and already known drug
interactions is extracted from external authoritative data sources
and then seamlessly integrated with the inferred signal set. Guided
by this augmented signal model, DEVES supports advanced signal
analytics — empowering the analyst to interact with linked visual-
izations offering complementary perspectives into the signal set
and its supporting evidence in the form of reports. Our demon-
stration showcases the technological innovations of DEVES using
real-world FDA datasets, demonstrating that DEVES effectively
supports the core regulatory tasks from signal screening, signal
prioritization to signal validation.
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1 INTRODUCTION

Motivation. Adverse events caused by drug-drug interactions (DI-
AEs) are a major cause of emergency room visits and hospitaliza-
tions [1]. Unfortunately, identifying all DIAEs in clinical trails is
prohibitively expensive and impossible in practice — as it would
require exhaustive testing of every possible drug combination on
human subjects. For early detection of DIAEs not found during
clinical trials, spontaneous reporting databases have been adopted
in the U.S. 2 and elsewhere 3 to collect and analyze information on
potential adverse events to prevent a major public health crisis.
Research Challenges. These reports, however, may not di-
rectly capture information about drug interactions. Hence, safety
reviewers either engage in the highly demanding and error-prone
task of manually sifting through these reports to attempt to put
together repeated patterns in their head; or more recently, compu-
tational techniques have been applied to attempt to automatically
derive potential DIAE signals [3, 7]. These machine generated sig-
nals, which serve as a hypothesis of potential undiscovered drug
interactions, then must be validated by domain experts to assess
their severity and validity before regulatory action can be taken.
Unfortunately, such machine learning techniques are currently not
used in the review process for several reasons. One, the volume
of generated signals is overwhelming, often much larger than the
number of reports themselves. For example, n distinct drugs and m
unique adverse events across a set of reports result in up to Q(2"™)
signals in the worst case. Two, it is challenging to interpret the
signals output by such algorithms. Therefore, an interactive end-
to-end system is required that generates these signals, seamlessly
integrates domain knowledge to assist the analysts in their analysis,
and provides visual analytics for direct involvement of the analyst
in the signal exploration and validation process.
State-of-the-art. In contrast, existing drug-drug interaction
tools * (5, 9] are designed as “fact check” systems, that is, they
inform a medical professional about known drug interactions to
help guide the prescription process. However, these displays neither
provide the means to generate and explore undiscovered poten-
tial machine-generated signal candidates, nor do they capture all
core relevant information critical for sense making of these poten-
tial signals. More importantly, these systems lack the support for
interactive analysis tasks core to the drug review process.
Proposed Solution. In this demonstration, we now tackle the
above challenges in a comprehensive fashion by designing an end-
to-end web-based visual analytic system for interactive DIAE signal

2 https://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/

Surveillance/AdverseDrugEffects/ucm082193.htm
3http://www.he-sc.gc.ca/dhp-mps/medeff/databasdon/index-eng.php
*https://www.drugbank.com
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analysis (Fig. 2). The resulting system DEVES is accessible at: http://
diva.wpi.edu:3000/. DEVES aims to bridge the gap between machine
learning and user-friendly visual interfaces for sense-making of the
mining results. DEVES first generates and then ranks DIAE signals
using rule mining from FDA’s spontaneous reports [7].

To make these signals useful for the drug review process, we
design strategies for extracting domain knowledge such as known
DIAEs and severe adverse events from external data sources with
automatic ETL (Extract, Transform, and Load) techniques both for
pre-mining data cleansing and for post-mining result factoring. We
also design innovative interlinked visualizations empowering the
safety analysts to perform their review tasks. These tasks include: (1)
screening and prioritizing a particular signal out of the huge number
of machine-generated DIAE signals, (2) in-depth investigation of a
selected signal to determine if it indeed warrants to be promoted to
be a true signal to take regulatory action by analyzing its adverse
events, its associated meta information and the underlying reports
all integrated within one powerful analytics platform.

2 THE DEVES SYSTEM

The DEVES framework in Fig. 1 consists of two main components,
namely, the Signal Miner and the Signal Analyzer modules. First,
each report is converted into a two-set tuple where the first set
models the suspected drugs and the other the respective events.
This structured information is then fed into the Signal Generator
that uses a rule learning based DIAE inference algorithm [7] to
generate non-spurious signals. The Signal Augmenter integrates
multiple knowledge bases with the inferred signals such as sever-
ity of events and signal status, i.e., whether the signal is known
or not. The augmented DIAE signals are then stored into Signal
Database. Analytics Executor executes the data exchange requests
from the offline Signal Miner. It also supports the online DEVES
interactive visual analytics. Results from frequent interactions are
cached so that real time user experience is achieved. The DEVES
Signal Analyzer is a web-based interface consisting of innovative
coordinated views that assist analysts in exploring and validating
the augmented signals on various levels of abstraction.
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Figure 1: The DEVES framework.
3 DEVES TECHNICAL INNOVATIONS

Technical innovations for signal analytics are described below.

3.1 Non-Spurious Signal Generation & Ranking

FDA adverse event reports contain information about patients de-
mographics, the drugs being taken and the adverse events being
observed, along with a text narrative explaining the details of the
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events. For signal generation using rule mining, we utilize the struc-
tured information consisting of drugs and events to find the most
significant drug pairs leading to adverse events. These signals are
essentially rules with only drug combinations as antecedents and
adverse events as consequents. For example, the rule (Aspirin, War-
farin = bleeding) states that taking Warfarin and Aspirin together
can lead to bleeding. However, examining the huge number of
potential DIAE signals generated by a standard rule mining algo-
rithm can be prohibitively time-consuming. We thus developed an
algorithm for not only generating non-spurious signals but also
establishing a ranking for the signals based on their likelihood to
be promising using the contrast measure published in KDD [7].
Non-spurious signals are true representative of the reported
drugs and events in the reports and the mining algorithm avoids
generation of misleading signals conveying partial associations that
are not fully backed by actual reports. The intuition for the contrast
measure is that if adverse events are triggered by the drug-drug
interaction, then they should have less chance of being triggered
by any of the individual drugs in the DIAE signal. This contrast
score highlights the most statistically significant signals in DEVES.
DIAE signals with higher scores have a higher chance of being true
signals warranting action, therefore are recommended by DEVES
with higher priority to the analysts. Details on non-spurious signal
generation and the contrast measure can be found in MARAS [7].

3.2 Domain-Based Signal Augmentation

The machine generated signals are merely association rules rep-
resenting drug pairs and adverse events. These mining tech-
niques [3, 7] are only truly useful when their output can be lever-
aged during the drug review process to take appropriate actions
to cope with potential signals. However, without proper enhance-
ments, the non-technical domain experts barely can interpret let
alone use these signals to form a hypothesis. To enhance the inter-
pretability and help analysts make sense of the generated signals,
we integrate domain knowledge driven through our interviews
with domain experts into these signals. One such domain specific
data element is the severity of the adverse events, as some adverse
events such as heart attack or kidney failure are more critical then
headache or nausea. For this, we leverage the list of designated
medical events (DME) used within the FDA to prioritize the severe
events during signal detection.

Second, the goal of analysts is to find unknown or novel signals,
so that they can take regulatory actions to avoid future incidents.
Therefore, identification of already previously known signals is
crucial for the drug safety review. To achieve this, we extract infor-
mation about known signals from the Twosides database [8] and
then integrate it with our generated signals to form the augmented
signal space. However, different medical naming conventions and
terminologies make the integration non-trivial. For instance, due
to different adverse event terminologies followed by spontaneous
reports and Twosides database, a generated signal with the same
drug pair and event may not match. For example, the inferred sig-
nal Aspirin, Metoprolol = Myocardial Infarction from DEVES does
not match with a known signal form Twosides database Aspirin,
Metoprolol = Heart Attack. Although, they both refer to the same
fact. This problem is addressed in DEVES by mapping the adverse
events from both sources to unified standardized terms using the
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Figure 2: The user interface of DEVES.

Medical Dictionary for Regulatory Activities (MedDRA) ° preferred
term encodings. In rare cases, where an event can have multiple
preferred terms, a concensus was made to keep both in the signal
by differentiating them by a marker ().

Similarly, different variants of a drug in the generated sig-
nals is another challenge during the integration. For example,
“Diazepam" and “Diazepamlnjectable” both refer to the same
drug, however, with different modes of administration; while
“zerit15mgoralcapsule” and “zerit20mgoralcapsule" refer to the same
drugs with different dosages. To tackle this, we develop a variant of
the edit distance [2] algorithm that utilizes the number of edit oper-
ations required to transform one string (drugname) into the closest
string (drugname) to determine if both drug names can be equated
with each other. Constraints are added to limit the number of oper-
ations, in cases where the operations might turn a drugname into a
different drug using the drugname lexicon. We used the RxNorm ©,
a dataset of prescribable drugs managed by the National Library of
Medicine as drugname lexicon for mapping names using the edit
distance strategy. Using this technique, we got an accuracy of 89.6%
on a set of hundred randomly selected drugs after applying this
disambiguation technique.

3.3 Signal Visual Analytics Techniques

DEVES signal analytics (Figure 2) follows a human-in-the-loop
strategy [4], designed based on formative interviews conducted
with domain experts at the FDA. DEVES follows the principals of
mixed-initiative, where the system and user work collaboratively
to meet the user’s goals [4]. Existing techniques to visualize associ-
ation rules [6] are mainly semantics-based, i.e., exploration based
on the antecedents or consequents. However, these systems do not
focus on tasks related to the investigation of rules to be used to take

5 https://www.meddra.org/
®https://www.nlm.nih.gov/research/umls/rxnorm/
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decisions that have critical impact such as banning a drug from the
market.

DEVES ’s innovative displays (Fig. 2) support the major drug
review tasks: (1) signal screening, (2) signal prioritization, (3) signal
forensics, and (4) signal validation. The top panel (Fig. 2) contains
different controls to interactively drill down to a set of drugs or
signals by searching, filtering or sorting signals based on their
significance score [7], or their status being known or unknown.

The Screening panel (Fig. 2-Left) uses a network diagram to
display the generated signals. From the screening view, the analyst
can interactively screen the drugs of interest to explore further. The
Triage panel (Fig 2-Middle) displays the interactions of individual
drugs with options to be filtered based on severe events or highly
scored signals. It can help an analyst prioritize drugs from a set of
hundred possible drugs for further analysis. The Forensics panel
(Fig. 2-Right) displays details of all signals related to a selected
drug including the adverse events. Finally, the Reports panel (Fig 4)
displays the reports used to extract a selected signal. The analyst
can easily access and analyze the reports to see if the signal makes
sense, or if there are additional factors such as other drugs taken by
the patient that might be causing the events. This visual analytics
approach completely revolutionize drug safety review.

4 DEMONSTRATION SCENARIOS

In our demonstration, the audience will be able to directly interact
with DEVES via a visual web interface to understand how DEVES
assists the analysts in signal review practices. The case study below
will also be shown to demonstrate how DEVES empowers analysts
to interpret the inferred DIAE signals and validate them.

Data Loading and Signal Generation. With the click of a but-
ton on the control panel, adverse event reports are loaded into
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DEVES. The data cleansing and extraction processes are then trig-
gered. Once completed, the signal generation module on the server
side produces the DIAEF signals.

Signal Augmentation. Thereafter, for each signal generated
by the DIAE signal generator, DEVES extracts its status from the
TwoSide database. These inferred signals are then augmented with
their status, such as, known or unknown and stored in the DIAE
signal database (Fig. 1).

Making Sense of the Inferred Signal Space. To offer an
overview of the inferred DIAE signals, the screening view right
panel (Fig. 2) displays the drug-drug interactions using a network
view. This gives a quick glimpse of the inferred signals. The ana-
lysts can screen the interesting signals to analyze them further by
filtering based on significance score and novelty from the control
panel (Fig. 2-top). Options to zoom-in and out are provided. Click-
ing on the node or edge also adds the respective report tabs, which
are helpful in retrieving the evidential reports corresponding to a
drug (node) or signal (edge). Looking at high scored and unknown
signals, the analyst adds the drugs Lansoprozole and Singulair to
her Triage view by clicking on the nodes.

Prioritizing a Drug to Analyze its Signals. The Triage view
middle panel (Fig. 2) uses a micro-graph display to help examine
a drug related interactions in isolation. The goal of this view is
to help prioritize drugs based on number of interesting associated
signals. Option of sorting based on multiple criteria is provided.
After sorting the selected drugs Lansoprazole and Singulair based
on severity and significance score, she finds Lansoprazole having
high score severe signals. The analyst wants to know about the
adverse events of signals associated with Lansoprazole.

Honing in On Specific Drug Related Signals. To further eval-
uate Lansoprazole, the analyst zooms-in by clicking the zoom but-
ton on the micro-graph (Fig. 2) to analyze its corresponding signals
including the adverse events using the Forensics view (Fig. 3) She
notices that interaction with Digoxin is significant and currently
unknown yet results in a severe adverse event ‘acute kidney injury’
depicted by purple color. The analyst is curious and wants to ana-
lyze the raw reports used to generate this signal to find if there are
anv other factors that are causine the severe event.
myalgia

lansoprazole o .  acute kidney injury

dizziness
myalgia

Figure 3: The Forensics view of Lansoprazole.
Drilling Down to Evidence Exploration. The analyst wants

to examine the reports related to the Digoxin and Lansoprozole
signal. By clicking on the report tab (Fig. 2-top), the corresponding
reports are retrieved in the Reports view (Fig. 4). On top (Fig. 4) a
histogram-based distribution of drugs reported along with Digoxin
and Lansoprazole is displayed. By clicking on the first bar represent-
ing the most frequent drug, the rows with the drug ‘Furosemide’
are highlighted. She adds, “Furosemide is used to treat kidney disor-
ders, the patients who were taking Lansoprozole were also taking
Furosemide". That means, they might already be having a kidney
disorder and Furosemide was prescribed to them for treatment. She
annotates the signal as co-occurence to avoid its repeated exami-
nation in the future. The displays and interactions simplified this
exploration and investigation of the inferred signals.
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Figure 4: The Reports View to validate DIAE signal related to
Digoxin and Lansoprazole.

5 CONCLUSION

In this demonstration, we showcase DEVES , an end-to-end ana-
lytics paradigm that combines computational techniques and visu-
alization in a user-driven manner to tackle the drug safety review
problem. DEVES revolutionizes how a safety reviewer approaches
signal screening by recommending the most significant signals to
the analyst’s attention, which they can interactively examine and
validate within context supported by critical domain knowledge
integrated into the signal store.

This DEVES opens new opportunities for research in machine
learning and visual analytics. As the analyst is the main driver of
the review process, integrating analysts’ feedback into the rule
mining algorithm promises to improve the quality of the generated
signals, particularly where the interacting drugs belongs to the same
disease class. The integration of additional external knowledge both
as pre-processing for signal augmentation and data cleaning as well
as post-processing to support in-context literature review during
signal validation are challenging open problems.
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