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Abstract

In the complex study of rare diseases, it is crucial to find distinctive clinical features that
allow for accurate or possibly early diagnosis. However, as suggested in the class of of
such conditions, its rarity is a contributing factor of it being understudied. Fabry is a type
of rare disease that has a broad range of phenotypes, making it increasingly difficult to
detect and diagnose. The consequences of which are dire where Fabry patients could
experience premature death almost 20 years in advance. Although the condition in focus
was initially Fabry, the lack of data pushed this study towards the use of Sepsis data
which is similar in nature. This study explores the use of clinically sound methods of data
imputation for datasets with temporal nature and have large amounts of missing data.
Additionally, this study reports the features selected by the machine learning algorithms.
Gleaning from the knowledge from past studies, this study shows the differences in using
data that was imputed with the best clinical judgement and compares it. The findings of
this study is purposed as a foundation for future work on the use of artificial intelligence

in rare event detection models and temporal datasets.
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Chapter 1

Introduction

From robot health practitioners [1] to personalised and preventative medicine [2], the
healthcare sector is edging towards an exponential increase, with health spending across the
globe doubling in the next three years[3].Not only that, but the World Health Organization
claims that 80% of premature coronary heart diseases(CHD's), strokes and type II diabetes
can be prevented. Additionally, 40% of cancer could be prevented if risk factors, such

as diet and levels of physical activity, were modified early on[4].

Healthcare has evolved rapidly from the days where patients with cystic fibrosis only
had a life expectancy of 20 years, to now having an average expectancy of 40 years[5].
Although, as the focus tend towards diseases with a higher prevalence, a disregard for
those with an rare condition builds. It was shown that the population pool of rare disease

patients could be approximated to the size of the world’s third largest country[6].

Before the Orphan Drug Act of 1983, the lack of public awareness led to rare disease
patients being known as health orphans, as they lacked a treatment plan or even a fixed
diagnosis. Soon, after this policy was enacted the pharmaceutical agencies coined the
term 'Orphan drugs’ to refer to Rare disease drugs being developed in direct response

to the change in the financial burden of researching, developing and testing.

To date, there are over 7000 different rare diseases which afflict millions of individuals
in the World and are responsible of the deteriorating physical health, mental health and
socioeconomic conditions. These conditions are mysterious due to their rarity, resulting
in them being under studied and having neither formal diagnostic criteria nor cure.
Around 80% of these conditions are attributed to genetic mutation and other arise from

an exposure to toxins or infectious agents and, occasionally, from an adverse response to
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1. Introduction

therapeutic interventions[7]. Some of the rare disease patients face journeys that could
be long and difficult, spending an average of 7.6 years and going through seven different

doctors before obtaining a final diagnosis[8].

This is just the tip of the ice berg, as the individuals affected with any particular
rare disease is relatively small and the pool of rare conditions is so large, a series of
challenges complicates the development of safe and effective drugs and medical devices
to prevent, diagnose, treat, or cure these conditions. Treatments for rare conditions are
therefore increased. Take for example hereditary angioedema which is a life-threatening
genetic condition which causes idiopathic swelling in several areas of the body and has
a prevalence of 2 in 100,000 individuals. Its treatment can cost approximately $490,000
thousand for one patient in a single year[9]. Further, reviewing the annual median drug
cost per patient in the US, it is found that the estimated cost of non-orphan drugs per
patient is $28, 000 while orphan drugs could cost around $140,443 [10].

Fabry Disease (OMIM 301500) is one such disease. Fabry Disease (FD) is a progressive,
life-threatening, multi-systemic, genetic, lysosomal storage disorders with an estimated
prevalence rate of 1 in 40,000 to 1 in 60,000 live male births. The prevalence rate among
females remains unknown to date[11, 12]. FD is characterised by deficiency in transcription
or lack of a functional enzyme which leads to the accumulation of a fatty waste product

called globotriaosylceramide (GL-3) and related glycosphingolipids in different organs.

The main challenge in diagnosing Fabry is that there are no fixed event marking its start
or presence and that the prodromal symptoms are non-specific, thus making it challenging
to identify even among healthcare professionals [13]. During childhood, symptoms could
include neuropathic pain in the extremities, hypohidrosis, and gastrointestinal symptoms
such as abdominal pain, diarrhea, and food intolerance.These clinical manifestations could
be easily mistaken for other gastrointestinal conditions. Echoing similar sentiments, a study
on the misdiagnosis of Fabry found that rheumatic fever, food intoxication or a petechiaea,

in order of most misdiagnosed condition, are some of the incorrect diagnosis of Fabry [14].

The obvious traits of Fabry only start showing at adulthood by which time, significant
organ damage would have already occurred. As with most rare diseases, it takes an average
of 7-10 years and require up to seven different specialist for an accurate diagnosis [15].
This crippling late manifestation would not only seriously disrupt the lives of patients, if

left untreated, FD patients could have their life expectancy reduced by up to 20 years [16].
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1.1. Fabry Disease: A rare genetic disorder

It is, therefore, necessary for FD to be better understood through advanced methodolo-
gies. This study aims to understand the pathology of Fabry using Artificial Intelligence
(AI) and discuss the effectiveness of a rare event detection methods. This paper would
be helpful to direct future work in this area, for example, by pointing to a method to

detect rare events in Electronic Health Care Records (EHR).

1.1 Fabry Disease: A rare genetic disorder

This study focuses on showcasing the importance of temporal deep learning techniques in
identifying relevant biomarkers for rare conditions. The background information presents
the pathology, biomarkers and treatment options of Fabry, as well as Al techniques applied

on the detection of rare diseases.

1.1.1 Pathology

Fabry is a multi-system disorder affecting mainly the nervous system, skin, heart, kidneys
and the eyes. As it affects major organs in the body, the average lifespan of FD patients
have a significantly reduced lifespan. The average life expectancy of Fabry patients are
58 and 75 years for male and female, respectively [17].

It’s inheritance pattern is X-linked [18], but current findings suggest that females with
a mutation on one X chromosome can experience the same severity, although only evident
at a later stage[19]. Atypical manifestations may occur in males (atypical variants), with
manifestations more or less confined to 1 organ system (kidneys or heart) and later onset[20].

The condition is characterised by a deficiency or malfunction of the a-Gal A enzyme,
localized on Xq22.1, which results in progressive storage of glycosphingolipids including
globotriaosylceramide (Gb3) and other glycolipids. The accumulation occurs in many types
of cell, mainly in the kidney, heart, liver and smooth muscle of the vascular system [21].

Classic manifestations of Fabry Patients including onset of acute and chronic neuro-
pathic pain(Acroparaesthesia), hypohidrosis, angiokeratoma and gastrointestinal symp-
toms typically occur in the first two decades of their lives, which significantly reduces
the quality of living [22]. As the condition progresses it leads kidney dysfunction and
renal failure, cardiovascular disease, stroke, and premature death. Additional clinical

features are elaborated further below beginning with Acroparaesthesia.



1. Introduction

Acroparaesthesia refers to the condition of burning or tingling or numbing sensations
affecting various parts of the body. It is caused by the excessive storage of Gb3 in nerve
endings and dorsal root ganglia. Another explanation for the condition is that the
exposure to cold causes the blood vessels to constrict and small fibre mal-perfusion due to
accumulation of storage material in cutaneous vessels and vasa vasorum [23]. Luciano et
al. found a duration-dependent dysfunction of a-delta and c-fibres that further impairs
the cold than warm sensation of Fabry cases [24]. The decreased cold and warm senses is
phenomenon more evident at adulthood than childhood. Identifying specific neuropathic
pain pathways in patients would be be beneficial for a more precise treatment. A wide
spectrum of other neurological and psychological manifestations include fatigue, tinnitus,

recurrent vertigo, headache and depression [25].

Hypohidrosis is the reduced ability to perspire due to the accumulation of Gb3 in the
eccrine sweat glands and their associated blood vessels [26]. It is more evident in male than
in female patients. This condition is commonly associated with physical activities mainly
in the summer where temperature changes in the body are triggers [23]. Hypohidrosis
yields to an inability to cool the body during exercise. If left untreated, it could cause

hypothermia, heat stroke, increased neuropathic pain and death [27].

Angiokeratoma are small, raised, dark-red spots on the skin. Although this condition
is not specific to FD, it is the only known sign that presents early and would allow
for early detection of FD. In the absence of angiokeratoma, early clinical diagnosis is
often difficult to establish [28].

Gastrointestinal symptoms are common, presenting with diarrhoea, constipation,
recurrent nausea or vomiting and abdominal pain. These symptoms often lead to
hospitalisation and are sometimes mistaken for chronic inflammatory bowel disease.
Altered intestinal motility and diarrhoea could be caused by the accumulation of fats
in intestinal autonomic nerve ganglia while malabsorption could be caused by storage

deposition in the small intestine [29].

Both Cardiac and renal deterioration are symptoms that are observed in adults and
children, hence early diagnosis and careful monitoring is necessary [30]. A biomarker
that is associated with detecting renal dysfunction is the level of a major plasma protein
(albumin) in the urine. The condition known for excessive levels of the protein is

known as albuminuria, usually the first indication of renal dysfunction [31]. Progressive
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1.1. Fabry Disease: A rare genetic disorder

renal insufficiency occurs in older patients, although significant renal involvement has
previously been reported [32].
Many attempts have been made over the years to find a disease-specific marker that

would ideally serve as a rapid screening tool as well as indicator of therapy response.

1.1.1.1 Diagnostic Pathway and Biomarkers

Although Fabry mainly affects the heart, kidney and skin, no suitable suitable plasma or
urine marker has been found [24]. In tissue biopsies, Gb3 which accumulates in lysosomes,
is routinely used to diagnose the disease. However, there are debates on the usefulness of
it. Young’s study on hemizygotes, heterozygotes and healthy controls did not identify
significant increase in Gb3 levels in plasma and urine in heterozygotes and hemizygotes
with non-classical mutation [33]. Moreover, Schiffmann did not find any correlation
between plasma or urine Gb3 and clinical response to Enzyme Replacement Therapy (ERT)
[34]. On the use of detecting Gb3 deposits in peripheral blood mononuclear cells (PBMCs),
it was found to have failed in detecting Gb3 deposits in atypical mutations.

While controversies surround the use of Gb3 as a biomarker for Fabry, the product of its
degradation, Globotriaosylsphingosine (lysoGb3), is currently used in disease monitoring
[29] and identifying pathogenicity of a mutation for homozygotes as well as heterozygotes.
Fig. 1.1 shows the current diagnosis procedure. An evaluation/validation study of 124
patients found that higher lysoGb3 levels were correlated with the diagnosis of Fabry [35].

In a study [36], females with normal -Gal activity who were found with accentuated
levels of lysoGb3 had a subsequent diagnosis of Fabry. Furthermore, lysoGb3 levels
have been shown to decrease with ERT, especially among patients with classical forms
of the disease [34]. These cogent findings result in lysoGb3 being widely accepted as
the most accurate marker of the disease.

Several other biomarkers have been explored but are not yet widely in use due to the lack
of data. Cammarata et al successfuly identified four micro-RNAs specific for Fabry patients
in a pilot study regardless of mutation type, sex and age [37]. However, two of which
were linked with endothelial dysfunction and the the size of the study population with 30
patients and 30 controls respectively, meant it could not be generalised. Other attempts on
identifying Fabry-specific biomarkers include identification of new Gb3 isoforms using
metabolomics [38] and using proteome analyses to measure abnormal urinary protein

excretion; however, none were able to validate a clinically useful parameters.
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Suggestive physical examination (eg, angiokeratomas, cornea verticillata)
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1.1.2

As noted above, existing studies using basic analysis such as correlation have found
meaningful information between biomarkers, severity of the disease, outcomes of treat-
ments and the clinical outcome, Fabry. Although, some studies lack confidence when

applied to a different pool of patients, it is primarily due to the heterogeneity of the

Figure 1.1: Diagnosis Pathway

Application of Artificial Intelligence

diseases and its manifestations.

While simple analytical methods can provide insight into correlations between bio-
markers, they are not capable of modelling all the possible scenarios and might overlook
some hidden patters such as time-trends on the granular patient level. On the other hand,

advances in information technology have led to a more widespread application of artificial
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1.1. Fabry Disease: A rare genetic disorder

intelligence (Al) and machine learning in the field of medicine and healthcare [39], where

they are capable of performing nearly as well as an expert would on the subject area.

Al and machine learning typically use large, multivariate datasets to train algorithms,
which are then used to make predictions and on the new or test data. Importantly, the
computations by which these methods generate their output are not explicitly developed
by a programmer, but instead are implicitly learned by the algorithm from training dataset

(hence the term “machine learning”).

Given the complexity in identifying diagnostic and response biomarkers in conditions,
even more so for rare diseases, research on the subject matter would greatly benefit from
the application of Al and machine learning techniques. Case in point, while it is virtually
impossible for a physician to memorize information about thousands of rare diseases
as well as pathologies in relation to common ailments, modern computers can easily

“memorize” and handle huge quantities of digital information.

A scoping review [40] that spans from 2010 to 2019, further emphasises the lack of
publications in this area. Fig. 1.2 showcases the number of published studies on the Al in
the field of Rare disease, ranging from improving time to diagnosis with machine learning

to assessing genetic mutation through the patients symptomology.

All these studies apply a series of methods with the most common being the application
of ensembled techniques, which are characterised by the congregation of artificial learning
models, that are capable of best differentiating between a case and a control. These models
uniquely posses different characteristics that when combined yields to a better results
than each single one alone[41]. Fig. 1.3 enhances the image of the algorithms applied to
rare diseases and not only hints at the lack of literature but also the fact that Artificial

neural networks are not the most common technique applied to rare disease.

Digging in a bit deeper, shows that the use of Neural networks through a series of
application in healthcare, tends to lead to a higher classification and prediction accuracy,
as noted in [42, 43]. The use of these networks extends to the domain of imbalanced
datasets and temporal learning, which are the main attributes of our dataset. In [44], a
Diagnostic decision support systems (DDSSs) that predicts onset of a rare condition was
developed and could calculate the probability that a patient would develop a disease
based on the patient symptomes, its top suggestion matched the confirmed diagnosis in
89.25% of cases. The underlying neural network understood the temporality and rarity

of the conditions and obtained such promising results.
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80

Machine learning publications:

60-

5406 — 4

Number of publications
=
o

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Figure 1.2: Publications on Applying Al to tackle the battle of Rare conditions Vs Al in healthcare
(inside figure)[41]

Despite the evident potential of the application of Al in rare disease detection, the
literature on its application in the study of rare diseases was scarce and even more so for
Fabry. This gap that was identified is the motivation of this study, which aims to present a
rare event detection algorithm which can provide for further a better understanding of the

rare conditions, severity levels and responses in biomarkers with clinical soundness.

1.1.3 Rare Disease and Fabry Data Registries

One of the most extensive knowledge bases for rare diseases is Orphanet [45]. It provides
information including disease epidemiology, associated genes, inheritance types, disease
onsets and useful references for the clinical terminologies. It is also linked to special care
services, patient care registries amongst other resources.

EuroBioBank leverages on RDConnect for information sharing. RDConnect is a
centralised data repository that contains a combination of registries, biobanks and genetic
data for research on rare disease. It also has an in-house bioinformatics tool for data

linkage and exploration which is useful for non-experienced users [45]. It follows an easy
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1.1. Fabry Disease: A rare genetic disorder

Algorithms

Ensemble Learning-
Support Vector Machine
Artificial Neural Network-

Regression (Logistic)
Regression (Other)
Clustering-

Bayesian Methods
Decision Tree-
Instance-based Learning
Discriminant Analysis
Other

o

20 40 60 80
Number of publications

Figure 1.3: Artificial Intelligence algorithms used in Rare disease publications[41]

process for requesting access to the data through e-mail. Researchers seeking to have access

should have basic information on the rare disease of interest prepared prior to the request.

Fabry Outcome Survey (FOS) [46] is a European based database for Fabry patients
with who are receiving, or are suitable candidates for, enzyme replacement therapy with
agalsidase alfa in various parts of Europe. The patients include both genders of full
age range. It also contains historical clinical records, including the year of diagnosis,
demographic details, family history and treatment for each patient that allows for a
more comprehensive research on the disease. Additionally, signs and symptoms are
recorded using an extensive checklist, which covers majority of the Fabry’s pathology.
Quantitative measurements from routinely collected data in primary care are also included
in FOS. Although results from advanced scans and investigations such as cardiac and
renal ultrasound and biopsy data are part of the dataset, these measures are not routinely
collected thus lesser data of these measures are found. Essential biomarkers such as
measurements of a-galactosidase A activity are recorded as categorical variables. It is

evident that FOS would be the ideal data source for studies on Fabry. However, obtaining
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1. Introduction

the data requires applicants to file in a request with the scope and objective of the project
and intended use of the data. It also requires an approval from an ethical approval
board since it contains patient data.

The final registry for data is the Secure Anonymized Information Linkage (SAIL)
databank [47]. It contains nearly 80% of care information of the Welsh population
registered with Welsh healthcare services. It acts at a gateway to data from a range of
healthcare providers and services. Some of the many datasets available in SAIL include
primary care, outpatient, hospital, mortality, emergency and demographic data. The
anonymized patient data allows for data linkage, similar to FOS. Another similar aspect
is that it contains historical records and electronically recorded measures associated
with patients. SAIL differs from FOS in that it contains data of patients registered with
general practices in Wales instead of only Fabry patients. However, it was found that
only 60 Fabry patients exist within the databank. The request for access to SAIL data
is similar to that of FOS. Data users are also required to take a certification on ethical
data usage before being granted the access.

An important note when applying for access in these registries is that they require pay-
ment for use. Although, the price would be insignificant when compared to the intangible
cost of improving the diagnosis rate of medical conditions in patients and allowing better

treatments or preventive measures to be found from the analyses of these data.

1.2 Sepsis

It can be noted that moving into the 21st Century there is a greater emphasis on data
linkage in healthcare. Thus, the availability of such resources should foment a greater
research into the pathology of rare diseases.

Although the premise of this study is on Fabry, at the time of the study data on Fabry
was not yet made available. As such, a replacement of condition was called for. However
this, should not shift the motivation of this study, which is to improve the clinical outcome
of Fabry patients and potentially yield an algorithm which is capable of predicting a
condition in a temporal highly imbalanced dataset.

Sepsis is similar to Fabry in that both conditions require analysis of biomarkers,
usually assessed against normal ranges. Both are heterogeneous conditions and are
temporal in nature. If not well managed or left undiagnosed, both conditions could

deteriorate drastically, resulting in premature death. Within their respective datasets
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1.2. Sepsis

which is highly imbalanced and contains a large amount of missing data, both conditions

form the minority of the clinical outcomes.

In 1991, the American Society of Chest Physicians (ACCM), introduced the idea that
sepsis was caused by the host’s response to the infections rather than the invading organism
alone. According to them sepsis was; “a life threatening organ dysfunction caused by a
deregulated host response to an infection” [48]. This could lead to tissue damage, organ
failure and eventually death, if not treated [49]. It is estimated that 30 million people

develop sepsis globally and accounts for 6 million deaths annually [50].

Sepsis prediction is highly relevant though complicated, mostly due to a low specificity
of usable physiological parameters [51]. The reliable and early identification of sepsis
is often complicated by its broad range of clinical manifestations, which attributes to
delays in treatment and diagnosis. Several studies adopted the use of machine learning
techniques to identify clinical features useful for predicting the disease outcome. In 2016,
Calvert et al. introduced a novel algorithm called InSight which is capable of extracting
key diagnostic features from the MIMIC III sepsis database [52].

1.2.1 Clinical Scores

Another important aspect to training deep learning models on medical data, especially
temporal data, is the ability to rely on previously assessed clinical scores to facilitate

in picking up hidden trends.

1.2.1.1 Systemic Inflammatory Response (SIRS)

Systemic Inflammatory Response (SIRS) could be used to describe if the sepsis was present
on patient or not. SIRS was and still is quite common (almost up to 90%) among the
patients in the Intensive Care Unit (ICU)[53].

Although, by examining the SIRS criterion’s, clinicians and doctors were able to figure
out if the patient had a serious medical situation with high sensitivity, but its specificity
was quite low to determine if the patient was developing sepsis or not. Therefore, same
consensus got back together in 2016 in order to come up with a more specific explanation
and description in order to detect sepsis. This lead to the development of the sequential

organ failure clinical values.
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Body temperature: >38°C or <36°C

Heart rate: >90 beats per minute

Tachypnea: manifested by a respiratory rate >20 breaths
per minute or a PaCO, of <32 mmHg

White blood cell count: >12,000/mm? or <4,000/mm?,
or the presence of >10% immature neutrophils

Figure 1.4: SIRS Table Scoring Criteria[54]

1.2.1.2 quick SOFA

Severe cases of Fabry and Sepsis result in multiple organ failure. The measure of
extent of this measure and the rate of disease deterioration could be quantified using
the quick Sequential Organ Failure Assessment(qSOFA)[55]. This method detects the
propensity to multi-system organ failure and consists of attributing a point for each
criteria listed in Fig. 1.5.

By assigning qSOFA scores at various time points in the temporal Sepsis data, it is

possible for the LSTM model to identify trends in organ failure with time.

aSOFA

Hypotension Altered
Systolic BP Mental
<|00 mmHg Status

Score of =2 Criteria Suggests a Greater Risk of a Poor Outcome

Figure 1.5: quick SOFA Score Criteria
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1.2. Sepsis

1.2.1.3 SOFA

The Sequential Organ Failure Assessment (SOFA)[56], a similar metric for assessing organ
functions, requires a 24 hour window for the accurate score calculation. The formula
used in its calculation to be calculated and is also more complex than in qSOFA. Yet,
with the understanding that clinical scores are vital, an hourly SOFA score for each
organ group calculated and stored as additional features in the dataset. The scoring
criteria can be found in Fig. 1.6. It aims to understand the state at which an organ is,

as compared to its optimal function

Variables/score 0 1 2 3 4
P.O,/FiO, (mmHg) =400 =400 =300 =200 =100
Platelets (x10%/uL) >150 =150 =100 =50 =20
Bilirubin (mg/dL) <12 12-19 2-59 6-11.9 >12
Cardiovascular (Hg/kg/min) - MAP<70 Dop=5 Dop>5 Epi=0.1
(Epi=0.1)
Glasgow Coma Scale 15 13-14 10-12  6-9 <6
Creatinine (mg/dL) <12 1.2-19 2-34 3.5-49 >5
MAP = mean arterial pressure; Dop = dopamine; Epi=epinephrine.
doi:10.1371/journal.pone.0031256.t002

Figure 1.6: SOFA Table Scoring Criteria[57]
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Chapter 2

Methodology

2.1 Data Origin

The Sepsis dataset used in this study is publicly available and was obtained from the
website which hosted the PhysioNet/Computing in Sepsis Challenge held in 2019[58].
The focus of the competition on predicting sepsis with a 6 hour history of patients
using anonymized Intensive Care Unit EHR before the onset time of sepsis according
to Sepsis-3 clinical criteria[51].

The original data source was the Beth Israel Deaconess Medical Center. According to
the National Institutes of Health, the challenge did not belong to human subject research
and thus did not require an institutional ethics approval for the use of patient data.

The data consisted of a combination of averaged hourly vital signs, laboratory values,
patients age and demographics. In particular, the data contained 40 clinical variables: 6
demographic features (discrete), 8 vital signs (continuous) and 26 laboratory measurements
(continuous), listed in Table 2.1. As a whole,the data included over 1.3 million hourly

time windows and 7.5 million data points.

2.2 Data Pre-Processing

Initial analysis led to the discovery that there were columns with a high number of missing
values. This meant that filling this values would require a complex approach to maintain
the clinical significance of the data and to not generate false patterns. Thus, Imputing

the dataset initially was out of question.
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2. Methodology

Table 2.1: Feature table of Sepsis Dataset

Vital signs (columns 1-8)

HR Heart rate (beats per minute)
O2Sat Pulse oximetry (%)
Temp Temperature (Deg C)
SBP Systolic BP (mm Hg)
MAP Mean arterial pressure (mm Hg)
DBP Diastolic BP (mm Hg)
Resp Respiration rate (breaths per minute)
EtCO2 End tidal carbon dioxide (mm Hg)

Laboratory values (columns 9-34)

BaseExcess Measure of excess bicarbonate (mmol/L)
HCO3 Bicarbonate (mmol /L)
FiO2 Fraction of inspired oxygen (%)
pH N/A
PaCO2 Partial pressure of carbon dioxide from arterial blood (mm Hg)
Sa02 Oxygen saturation from arterial blood (%)
AST Aspartate transaminase (IU/L)
BUN Blood urea nitrogen (mg/dL)
Alkalinephos  Alkaline phosphatase (IU/L)
Calcium (mg/dL)
Chloride (mmol/L)
Creatinine (mg/dL)
Bilirubin_direct Bilirubin direct (mg/dL)
Glucose Serum glucose (mg/dL)
Lactate Lactic acid (mg/dL)
Magnesium (mmol/dL)
Phosphate (mg/dL)
Potassium (mmol/L)
Bilirubin_total =~ Total bilirubin (mg/dL)
Troponinl Troponin I (ng/mL)
Hct Hematocrit (%)
Hgb Hemoglobin (g/dL)
PTT partial thromboplastin time (seconds)
WBC Leukocyte count (count*10°3/uL)
Fibrinogen (mg/dL)
Platelets (count*1073/uL)

Demographics (columns 35-40)

Age Years (100 for patients 90 or above)
Gender Female (0) or Male (1)
Unitl Administrative identifier for ICU unit (MICU)
Unit2 Administrative identifier for ICU unit (SICU)
HospAdmTime Hours between hospital admit and ICU admit
ICULOS ICU length-of-stay (hours since ICU admit)

1§utcome (column 41)
For sepsis patients, SepsisLabel is 1 if ttsepsis6 and 0 if t<tsepsis6.

SepsisLabel For non-sepsis patients, SepsisLabel is 0.




2.2. Data Pre-Processing

Within the initial column in Fig. B.1, there is a clear pattern that shows most data missing
came from laboratory measurements which were not routinely collected and were optional
for collection. A closer look at the frequency of laboratory measurement over length of
stay in Fig. 2.1 suggests that there is evidence to conclude that the missing laboratory
measurements follows a Not Missing At Random (MAR) description. Supporting literature
on imputation suggests that for datasets that are classed as Not Missing at Random (NMAR)
should not be imputed[59]. This is consistent with a clinical environment where patients
laboratory tests conducted at specific time intervals. Creatinine is a lab value which is
measured both at around 6 hours and 24 hours. In [60] it was suggested time between
tests period of 8 hours is required to note the difference in Kidney functionality instead
of imputing values. This 8 hour period is further reviewed in a study assessing the "The
Top 10 Things Nephrologists Wish Every Primary Care Physician Knew" [61], which
concludes that depending on the physiology and age of the patient an increase of serum
createnine within 8 hours could reflect a reduction is the Glomerular filtration rate (GFR),

indicative of renal dysfunction.

Frequency of time differences between measurements

Creatinine
12000 4 Lactate
Alkalinephos
10000 4
BOOO 1
E
-
S 000 {
4000
2000
0 L T T L T T T
6 12 18 24 30 36 42 43

Time differences between measurements in hours

Figure 2.1: Frequency of time differences between measuremetns [62]

On the other hand, the vital and demographic data show a pattern of Missing At
Random (MAR). The values excluded from the study was the location of the patient
during the measurements (Unitl and Unit2), where Unitl is an ICU stay in the Medical

Intensive Care Unit or Unit 2, the Surgical Intensive Care unit. These features excluded
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2. Methodology

as they contained above 50% of missing data and there is a lack of literature to suggest
a correlation between the patients unit and the diagnosis of Sepsis.

It was noted that there was a substantial number of missing Diastolic Blood Pressure
(DBS), which was easily calculated by using the Systolic Blood Pressure(SBP) and the
Mean Arterial Pressure(MAP)[63], as seen below:

DBP = (MAP % 3) — SBP)/2 2.1)

A custom function to implement this mathematical function was also created Listing 2.1.

1 | #HH##HHE#HHRH#E MAP = (SBP + 2(DBP))/3 Now we can fill in NaN of DBP as all SBP
missing values are alos missing DBP ############H#####H

# Dyastolic Blood Pressure Missing Values
DBP = trainSetA_concat.copy()

DBP_missing = DBP[DBP['DBP'].disna() == True]
DBP_missing.isna().sum()

@ N O Ul e W N

#it############ Partially filling In DBP missing values from MAP and SBP
HAHFHHAHHAHARAARAHH

10 | for row in range(1l,len(trainSetA_concat)):
11

12 if pd.notna(trainSetA_concat.loc[row,'SBP']) and pd.isna(trainSetA_concat.loc[row
, 'DBP']):
13 trainSetA_concat.at[row, 'DBP'] = (((trainSetA_concat.loc[row, 'MAP']*3) -
trainSetA_concat.loc[row, 'SBP'])/2).round(0)
14 else:
15 pass
16 #print('DBP or No SBD Value Present')

Listing 2.1: Calculation of Diastolic Blood Pressure

With all of the above in mind, a flow diagram was generated to describe the approach

taken in both case scenarios, as seen in Fig. 2.2.

2.21 Random Under-Sampling

An added challenge of this dataset is that it is highly imbalanced where Sepsis patients
were the minority class, representing 7.5% of all patients. In order to account for the
heterogeneity of Sepsis while allowing the algorithm to be capable of detecting it, a

resampling method is necessary in the training of the individual submodels.
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2.2. Data Pre-Processing
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Figure 2.2: Imputation Criteria Flow Diagram

To avoid losing vital or hidden patterns within the data, only non-septic patients were
randomly under-sampled. This resulted in a total of 4000 patients being excluded from
the study. The high number of excluded patients aids the training of the submodels,
which are Long Short Term Memory (LSTM) models, to better discriminate sepsis and
non-sepsis patients. An added advantage is that the computational time and resource

is reduced in the training of the individual models.

After the individual models were joined in the ensemble model, the full dataset was

used in the training and prediction of the full model.
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2. Methodology

2.2.2 Clinical Interpolation

The following figure, Fig. 2.3, shows how the forward interpolation algorithm works by
picking up the previous available data point which is not NA, Null or NAN and linearly
interpolated the missing values until the next non-missing value. The linear function
allows the model to identify trends such as a deterioration or improvement in a biomarker,

as events that occur in a series of time-steps.

It is crucial for the first method of interpolation to be forward so as to not allow the
interpolation algorithm to assign inferred values to measures which were not recorded at an
earlier point in time. In sum, performing backwards fill first could result in a less clinically

accurate measurement for missing especially for key clinical features such as the heart rate.
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2.2. Data Pre-Processing
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Figure 2.3: A depiction of the Interpolation method for Continuous Data. Yellow dots sow the
patient was diagnosed with Sepsis.

2.2.3 K-Nearest Neighbour Imputation

After filling some missing values through forward fill, Fig. B.1 shows that there are still

columns containing over over 50% of missing values in both the sepsis and non-sepsis
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2. Methodology

patients. Since the number of missing data in both group remains 50% or above, imputing
data for these columns would result in a large variation which is not clinically accurate.
As such, these columns were excluded from the dataset.

The K-Nearest Neighbour (KNN) method was the second step taken for imputing
missing data. This method was used in a study for imputing missing data in a genomics
dataset [64]. Moreover, a study on the application of clustering methods for missing
data [65] presented that KNN imputation method is applicable and is useful when
handling medical data.

The KNN algorithm uses the euclidean distance as a similarity metrics. Taking into
consideration the full set of features, similarity scores are calculated and totalled across
each patient. Individuals with similar scores are considered as nearest nearest neighbours.
After obtaining the feature vectors of the the nearest 10 members of an individual, it
uses the distance of the feature space as weights to identify the best fitted value for the
missing column for imputation. Higher K values is directly proportionate to the level
of certainty in the value used for imputation.

To ensure clinical soundness of the imputed values, each biomarker was evaluated

against their normal manifestation range after imputation.

2.3 Ensemble Sequential Deep Learning

The final step before presenting the data to LSTM models, is to Z-score all non- categorical
variables, to reduce the computation power required to run the algorithm, and to aid the
algorithm in detecting changes in continuous variables more effectively.

LSTM have proven to be great at modeling temporal sequences[66], as they manage to
overcome the vanishing error problem. They can learn to connect small time lags with over
1000 discrete time steps by applying a constant error through the “constant error carrousels”
(CECs) within the LSTM cells. This aids in retaining the general pattern of the dataset.

2.3.1 Architectures

Two LSTM Architectures were chosen to model Sepsis.
A simple Vanilla LSTM consists of a Padding and Masking Layer which allowed for
the variable batch_size of patient data. This was followed by a Batch Normalization layer

which aids the next layer in interpreting the data better by normalizing the feature vectors.
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2.3. Ensemble Sequential Deep Learning

Following on, two 400 Neuron RELU activated LSTM layers are used to learn the
temporal development of Sepsis in patients. These layers are constructed by consecutive
neurons with a forget,input and output gate. The forget gate is responsible of forgetting
a portion of the information learned from the precious neuron as to avoid over-fitting
the model. The input gate is where information to each neuron is fed through, this will
then be added on to the information from the previous neuron. A final output gate, will

transmit the activated, transformed and aggregated neuron output to the next cell.

The final portion of this network consists of a series of TimeDistributed Dense Layers,
where a Dense (fully-connected) operation to every time-step of a 3D tensor is applied.
This leads to obtaining a probabilistic output the patient is suffering from sepsis at

a given time-step.

A Second Stacked LSTM architecture was also used, as viewed in Fig. 2.4, this structure
was obtained from a previously successful LSTM Sepsis classification model[67]. It is
quite similar to the Vanilla LSTM, with the single addition of an extra LSTM layers, which

allows the algorithm to model a second hidden state of the classification.

Input
Masking Masking layer due to variabhe
I e of tirme steps
LSTM 2 LSTM layers with 200 units
| —=rrre B and batch normalization.
1
Dense [RelU) 4 dense layers with Relll
| . B activathen and decreasing unit
I T oount (250, 150, 100, S0
T -
4 - :
2 unit dense layer with
Dense (Softmax) /\i) softrnax activation
Output

Figure 2.4: Stacked LSTM Architecture
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2.3.2 Loss Functions

A novelty of this study is the comparison of four different loss functions, which are

then stacked into an ensemble LSTM and used to yield a higher classification rate, by

benefiting from the strengths of each loss function.

The function were as follows:

. Sparse categorical Cross Entropy: the loss is a measure of the dissimilarity between

the distribution of observed class labels and the predicted probabilities of class

membership.

. Binary Cross Entropy False Positive weighted[68]: the loss is a measure of the

dissimilarity, but the adapted function is additionally weighted with the factor w
= (.7 to emphasize that a false negative prediction is worse than a false positive

prediction

. Weighted Mean Squared Error: As the name suggests, it is the squared difference

between the target and the prediction values.the probability for each class is the
multiplied by the according weights and summed over each column, to obtain the

loss.

. Sparse Categorical Focal Loss: is a Cross-Entropy Loss that weighs the contribution

of each sample to the loss based on the classification error. This allows the function
to output a low loss for correctly classified example but a high one for those harder

to classify. It is a recent technique that aims to tackle imbalanced datasets.

O 0 N N Ul W N =

=R =
N = O

def weighted_mse(y_true, y_pred):# (batch_size, 2)

# calculating squared difference between target and predicted values
loss = K.square(y_pred - y_true) # (batch_size, 2)

# multiplying the values with weights along batch dimension
loss = loss * [0.3 , 0.7] # (batch_size, 2)

# summing both loss values along batch dimension
loss = K.sum(loss, axis=1) # (batch_size,)

return loss
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2.3. Ensemble Sequential Deep Learning

The code listing above (Listing 2.2) shows an the implementation of the weighted mean

squared error function, with class weights attributed to each batch and prediction.

2.3.3 Evaluation Metrics

Different studies often employ different evaluation metrics, and such metrics do not
necessarily reflect the clinical utility of sepsis detection and treatment. Traditional scoring
metrics, such as area under the curve (AUC) metrics, do not explicitly reward early
detection or penalize false alarms or overtreatment. For the Challenge, we devised a
novel evaluation metric that addresses these issues and could be generally applicable

to predicting infrequent events in time series data.

tearly toptimal tsepsis Tlate

Utility functions 0 3908800800888 08880888t  Utility functions

non-sepsis patient s
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a) Sepsis Utility Scoring Function b) Non-Sepsis Utility Scoring Function

Figure 2.5: A depiction of the utility score grading function in Sepsis and Non-Sepsis Patients [58].
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Chapter 3

Results and Discussion

3.1 Results

This section aims to present the results compiled from the application of rare event
detection methods in the early diagnosis of Sepsis.

All models were trained for 5 epoch, with the patience parameter set to 2. They were
set to continuously monitor the loss of the model and where reset at every run, to lead

to an effective classification the first time round.

3.1.1 Correlation Matrix and Feature Importance

Fig. 3.1 show a number of positive correlation between, mainly arising from the vital
signs and the laboratory values. This further reiterates that the imputation of missing
values in this study was quite thorough.

What is astounding, is the fact that SOFA and qSOFA features show a mild correlation
with other features. Within a clinical environment the ideal metric would be the clinical
scores and the biomarkers would serve as a more in depth assessment of the patient.

Another surprising feature and the only one that lacks a correlation with any of
the variables is the Hospital Admission time. This could be due to this study mainly
focusing on vital and laboratory events and excluding administrative transitions. It
could also show a lack of correlation between the time that patients where admitted
to ICU and their prognosis.

Fig. 3.2 is a depiction of a Decision tree classifier, which yields the top six most import

features to be the Length of Stay in the ICU, The fraction of inspired oxygen, which is
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Figure 3.1: Correlation matrix of all model features

followed right after by th ration of temperature and then the PaCO2/FiO2. The last

two are Bilirubin total and Lactate.

These are evidently features that appear in literature supporting the early diagnosis
of sepsis, which asserts that the data preparation model has successfully modelled the

original pattern of the data.

3.1.2 Model Evaluation

Even after tedious hours, Fig. 3.3 showcases that the results of the classifier are much to
low to be industrially competitive. This is mainly evident in the low precision, which
signals a high number of False Positive and False Negatives.

One variant of the model managed to achieve a higher precision of 30% but this was

at the cost of misclassifying over 3% of sepsis rows.
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Figure 3.2: Feature Importance for of all model features

3.2 Discussion

From the analysis, we can conclude that there is evidence to believe that the data was
imputed well and that there are correlations between variables. Although, it is true that

the decision tree generated very low importance scores for each of the features.

So, breaking this down, the initial variables Length of Stay in the ICU. This is because
during analysis of the dataset, evidence arose that patients suffering from a septic
shock or septicemia where monitored for longer hours in the ICU. As sepsis is a multi
systemic disorder, patients who have a septic shock are prone to sequential organ failure,
which gives reason to believe that ICU length of stay is strongly correlated with being
diagnosed with Sepsis[69].

The second most important variable is temperature and it has a strong correlation with
most variables. This also has a strong correlation with Sepsis diagnosis. As literature

suggest that a high fever is one of the first indicators of sepsis[33].

The next variable that shows a high importance and a correlation with other features

is the fraction of inspired oxygen (FiO2) which combined with the PaO2 forms the third
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3. Results and Discussion

Minority Class
Model i . Utility Time to Train
Loss Function Precision Recall
Structure Score per epoch
Sparse Categorical Cross 8 minut
Vol Entropy 23% 21% 0.18 minutes
antia Weighted Mean Squared Error 20% 23% 0.17 5 minutes
Focal Loss 30% 18% 0.18 26 minutes
Sparse Categorical Cross 12 minut
o Entropy 23% 21% 0.21 minutes
5t ) .
acke Weighted Mean Squared Error 20% 23% 0.19 10 minutes
Focal Loss 30% 18% 0.21 30 minutes
Sparse Categorical Cross 6h
Entropy 23% 23% 0.25 ours
Ensembled .
Weighted Mean Squared Error 23% 23% 0.25 3 hours
Focal Loss 23% 21% 0.25 10 hours

Figure 3.3: Results for all the models

most important feature,according to the decision tree classifier.This ratio of PaO2 to FiO2
is known as the SOFA score for the respiratory systems, which allows to deduce if the
patients lungs are functioning well[70] and highly correlated with sepsis diagnosis.

Again the final two values are Bilirubin Total and Lactate, both of these have an average
importance and both form the basis of the SOFA score for kidney[71] function, with lactate,
recently being recognises as a valuable biomarker for sepsis.

As to conclude the discussion, it is evident that the data exhibits some of literature
related patterns and that if the feature importance yielded a higher importance for the
confounding variables, then the prediction model would be more accurate.

The study also faced some limitations such as long training times, low recall and the
structure of the data presented a challenge when embedding sequential models. Although

with the resources available, a utility score of 0.25 was achieved.
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Chapter 4
Conclusions and Future Work

In conclusion of this study, it was found that rare event detection method have the potential
to tackle highly imbalanced datasets, but that a through data preparation stage is required.
This study focused on modelling the hourly sequential nature of, which is quite different
to the windowing time approach that most other studies attempt at early diagnosis of
sepsis. This goes to show that the algorithm was able to correctly fit a sepsis model but
has easily skewed of the normal and tends to over-fit or under-fit.

The new framework to imputing missing values, puts a great deal of importance on
clinical accuracy, to retain the original significance of the data, which showcases responsible
innovation in Artificial intelligence, where the human is given a higher importance. This
is viewed to generate the most clinically competent version of this dataset studied, as it
ranks the correct features according to their clinical importance.Added on to the inclusion
of clinical scores, used currently in intensive care units, such as the SIRS, qSOfa and SOFA,
which although not at the top did influence the diagnosis.

On the other hand the effectiveness of the algorithm may not imply industry com-
pliance,this study aims to present a base line model for hourly classification of sepsis in

sequential patient records, within a highly imbalanced dataset.

4.1 Future Work

Future Work, will entail revisiting the data preparations steps and applying a 6,12,24 hour
windowing function. This should yield a higher clinical utility score, due to the change in

the patients condition being more evident over time. An addition of other clinical scores
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for sepsis detection, such as SIRS, which is defined under the new guidelines for quick
sepsis diagnosis and could aid in improving the prediction[55].

Another area to focus future work on, is in testing customising our own focus loss
function to be capable of tuning the cross entropy loss contribution parameter and adjust
it to resemble a healthcare scenario, where false negatives are more heavily penalised
than false positives. As well as defining a modifiable parameter for the class weight
given to the probabilities.

Additionally, the need to experiment with more complex LSTM structures, may yield
a better retention of information. Advances in Representation Learning also bring a
new wave of rare event detection method, which may offer a visual boundary of the
conditions[72]. This combined with deep learning interpretation techniques such as
LIME and Shapely Values, could stand as the perfect representation of an explainable
temporal neural network.

When access to the Fabry patient dataset is available, future work will look at analysing
ECG data, specifically the left ventricular hypertrophy (LVH) and the recently emerging
biomarker T1 mapping[73].This will involve real-time signal processing of ECG data
combined with rare event detection, which may prove to yield novel results.

Overall, rare event detection is still a relatively new field in the area of deep learning
and still has a vast pool of opportunities to explore, with this study serving as the

baseline to evaluate against.
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Appendix A

Implementation of a Relevant
Algorithm

1 | def utility(y_true, y_pred):

2

3 # Set parameters

4 dt_early = -12

5 dt_optimal = -6

6 dt_late =3

7

8 max_u_tp = 1

9 min_u_fn = -2

10 u_fp = -0.05

11 u_tn =0

12

13 # Load labels and predictions.

14

15 labels = y_true

16

17 if y_pred.shape[1l] == 2:

18 predictions = tf.math.argmax(y_pred, axis=1).numpy()
19 elif y_pred.shape[1l] == 1:

20 predictions = y_pred

21

22

23 #unique_elements, counts_elements = np.unique(predictions, return_counts=True)
24 #print ()

25 #print (np.asarray((unique_elements, counts_elements)))
26 #print ()

27

28 # Check labels and predictions for errors.
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Implementation of a Relevant Algorithm

29
30

31
32
33
34

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

44

if not (labels.shape[0] == predictions.shape[0]):
raise Exception('Numbers of labels and predictions for a file must be the

same."')

num_rows = labels.shape[0]

def compute_prediction_utility(labels, predictions, dt_early=-12, dt_optimal=-6,
dt_late=3.0, max_u_tp=1, min_u_fn=-2, u_fp=-0.05, u_tn=0, check_errors=True):

# Does the patient eventually have sepsis?
if np.any(labels):

is_septic = True

t_sepsis = np.argmax(labels) - dt_optimal
else:

is_septic = False

t_sepsis = float('inf')

n = labels.shape[0]

# Define slopes and intercept points for utility functions of the form
#u=mx*t + b.

m_1 = float(max_u_tp) / float(dt_optimal - dt_early)

b_1 = -m_1 x dt_early

m_2 = float(-max_u_tp) / float(dt_late - dt_optimal)

b_2 = -m_2 x dt_late

m_3 = float(min_u_fn) / float(dt_late - dt_optimal)

b_3 = -m_3 x dt_optimal

# Compare predicted and true conditions.
u = np.zeros(n)
for t in range(n):
if t <= t_sepsis + dt_late:
# TP
if is_septic and predictions[t] == 1:
if t <= t_sepsis + dt_optimal:
ult] = max(m_1 * (t - t_sepsis) + b_1, u_fp)
elif t <= t_sepsis + dt_late:
ult] = m_2 x (t - t_sepsis) + b_2

# FP

elif not is_septic and predictions[t] == 1:
ult] = u_fp

# FN

elif is_septic and not predictions[t] == 0:

if t <= t_sepsis + dt_optimal:
ult] =0
elif t <= t_sepsis + dt_late:
ult] = m_3 x (t - t_sepsis) + b_3




74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

95
96
97

98

99

100

101

102

103

104

105

106
107

# TN
elif not is_septic and not predictions[t] == 0:
ult] = u_tn

# Find total utility for patient.
return np.sum(u)

# Compute utility

observed_utilities = np.zeros(1)
best_utilities = np.zeros(1l)
worst_utilities = np.zeros(1l)
inaction_utilities = np.zeros(1)

best_predictions = np.zeros(num_rows)
worst_predictions = np.zeros(num_rows)

inaction_predictions = np.zeros(num_rows)

if np.any(labels):
t_sepsis = np.argmax(labels) - dt_optimal
best_predictions[max(0, t_sepsis + dt_early) : min(t_sepsis + dt_late + 1,
num_rows)] = 1
worst_predictions = 1 - best_predictions

observed_utilities = compute_prediction_utility(labels, predictions, dt_early,
dt_optimal, dt_late, max_u_tp, min_u_fn, u_fp, u_tn)

best_utilities = compute_prediction_utility(labels, best_predictions, dt_early,
dt_optimal, dt_late, max_u_tp, min_u_fn, u_fp, u_tn)

worst_utilities = compute_prediction_utility(labels, worst_predictions, dt_early,
dt_optimal, dt_late, max_u_tp, min_u_fn, u_fp, u_tn)

inaction_utilities = compute_prediction_utility(labels, inaction_predictions,
dt_early, dt_optimal, dt_late, max_u_tp, min_u_fn, u_fp, u_tn)

normalized_observed_utility = (observed_utilities - inaction_utilities) / (

best_utilities - inaction_utilities)

eval = best_utilities - observed_utilities

return eval

Listing A.1: An implementation a modified version of the evaluation metric that calculates clinical

utility.
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B. Supplementary Data

After Interpolation
Sepsis  [Mon-Sepsis|Total

Missing Values | Initially

Exdude

HR 7.7%

025at 12,0%
Temp 66,2%
15,2%

9,8%

40,4%
14,0% 16,6% 16,6%
23,5% 42,6% 42,2%
23,3% 38,5% 381%

BaseExcess

Fio2

252% 41,0% 40, 7%

PaC02
$a02 59,0% | 652% 65,1%
AST

BUN

Alkalinephos

Calcium 19,6% 34,3% 34,0%
Chloride 13,9% 16, 7% 16,6%
Creatinine 17,8% 17,8%
Bilirubin_direct Yes
Glucose 14,0% 13,9%

Lactate 39,8% 64,9% 64,3%
Magnesium 14,9% 22, 7% 22,6%

Phosphate 19.3% 33.7% 33,4%
Potassium 15,0% 14,9%
Bilirubin total

Troponinl Yes

Hct
Hgb
FTT
WEC 18,3%
Fibrinogen
Platelets

13,2%
14,8% 16,3% 16,2%

Yes

Age

Gender

Unitl Yes

Unit2
HospAdmTime
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Sepsislabel

Figure B.1: Missing Values before and after interpolation
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