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Abstract

Liver disease is a growing problem in the UK, and one of the major causes of working-
age premature death. Patients with advanced liver disease are typically admitted to
hospital on multiple occasions, where they are stabilised before discharge. At home,
there is little or no monitoring of their condition available, making it difficult to time
additional treatment. Here, a system for non-invasive assessment of serum bilirubin
level is proposed, based on imaging the white of the eye (sclera) using a smartphone.
Elevated bilirubin level manifests as jaundice, and is a key indicator of overall liver

function. Smartphone imaging makes the system low cost, portable and non-contact.

An ambient subtraction technique based on subtracting data from flash/ no-flash
image pairs is leveraged to account for variations in ambient light. The subtracted
signal to noise ratio (SSNR) metric has been developed to ensure good image qual-
ity. Values falling below the experimentally-determined threshold of 3.4 trigger a
warning to re-capture. To produce device-independent results, mapping approaches
based on image metadata and colour chart images were compared. It was found
that introducing a one-time calibration step of imaging a colour chart for each de-

vice leads to the best compatibility of results from different phones.

In a clinical study at the Royal Free Hospital, London, over 100 sets of patient
scleral images were captured with two different smartphones and paired clinical in-
formation was recorded. A filtering algorithm was developed to tackle the high
density of blood vessels and specular reflection observed in the images, yielding a
94% success rate. Strong cross-sectional and longitudinal correlations of scleral yel-
lowness and serum bilirubin level were found of 0.89 and 0.72 respectively (both
p<0.001). When the proposed processing was applied, results from the two phones
were demonstrated to be compatible. These results demonstrate the strong potential

for the system as a monitoring tool.



Impact Statement

The primary contribution of this thesis is the development of a non-invasive approach
for assessing jaundice in adults with advanced liver disease. Patients with advanced
liver disease typically end up in hospital needing urgent care on repeat occasions.
They are treated and then discharged home, where they have very little monitoring
available. It can be hard to know when to seek additional medical assistance, and
thus they may end up back in hospital requiring in-patient treatment. This cycle of
poorly timed repeat admissions is negative for their health and well-being as well as

very expensive for the NHS.

This work focusses on assessing bilirubin level, which manifests as jaundice, in a
cost-effective and non-invasive way. The bilirubin level is a key indicator of overall
liver health and the ability to monitor it non-invasively rather than via a blood
test would enable assessment outside of the hospital. The proposed approach to
assess bilirubin level could be incorporated into an overall home monitoring system
based around multiple indicators of patient health, such as heart rate variability and
weight. This overall system could help patients receive additional care in a timely

manner.

The proposed bilirubin assessment approach is based on smartphone imaging, and
has a very simple image capture step. Images can be captured using the front or
rear camera, making the method compatible with self-imaging or with use by a third
party. The low cost of smartphones and ease of use may help the approach to be

adopted.

Along with the future impact on patients with liver disease and their medical teams
upon deployment of the system, this work makes several academic contributions.
The use of an ambient subtraction technique to account for variation in ambient
light was further tested and demonstrated. In particular, a simple metric to ensure
that captured image data was appropriate for use with this technique was devel-
oped and tested. The ability to combine the subtraction technique with a one-time
calibration to produce results which no longer depend on the capture conditions or
device was demonstrated. This ability is key to avoid unnecessary recapture of data
and enlargement of datasets through the introduction of new devices. The general
two-step processing proposed may be of use to researchers aiming to quantify colour

using smartphones in other applications within and beyond medicine.

Another contribution of this work is the clinical dataset produced. Around 100



image sets were captured using two different phones in parallel, including longitudi-
nal captures, and detailed clinical information was also recorded. The use of several
phones, longitudinal information and the clinical detail sets this dataset apart from
previous work. In the future, it could be expanded further to improve the proposed
system or re-analysed to yield alternative approaches for monitoring bilirubin level

via smartphone images.
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1. Background

1.1. Motivation for monitoring

Liver disease is the third most common cause of working-age premature death in
the UK [1], with a UK death rate of around 15 per 100,000 people per year as of
2000 [2]. Whilst mortality rates have greatly improved for many chronic diseases,
the mortality rate for liver disease in the UK increased by 400% between 1970 and
2010 [1]. Even more concerningly, this value increases to nearly 500% for patients
under 65. With an average patient age lying between 55 and 60 years old [3-5],
patients are dying within their working life, leading to not only tragic losses to their

families, but a large economic impact and high costs to the NHS.

Liver disease is a general term for damage caused to the liver through a variety
of issues. Liver disease is most commonly caused by alcohol abuse, hepatitis C or
both, with around 75% of cases due to alcohol abuse [5]. Early on, liver disease is
asymptomatic [6] so the best option for detecting cases is via biopsy. This approach
is clearly impractical for screening, and using non-invasive testing it is not possible
to catch all cases [7,8]. The result of this difficulty is most patients not presenting
to the healthcare system until they have already developed advanced cirrhosis [1].
Cirrhosis is the term for the scarring of the liver caused by long-term issues. As the
liver disease develops further, the deterioration in liver function can be described
by a few key stages. An acute decompensation (AD) event is where a major com-
plication presents alongside the general deterioration [4]. An example of a major
complication is ascites, where fluid builds up on the abdomen, sometimes in the
order of tens of litres. Acute-on-chronic liver failure (ACLF) is an extremely serious
condition which affects around 30% of patients who have already had an AD [5].
ACLF presents with organ failure as well as an AD and has a very high mortality
rate, with 30% of patients with ACLF dying within 30 days [5]. As well as high
mortality rates, patient quality of life is reduced even further for those with ACLF
compared to those with decompensated cirrhosis. Additionally, quality of life is also

affected for close relatives proportionally to patient quality of life [9].

Liver disease can be unpredictable and since it is characterised by periods of rela-
tive stability followed by sudden deterioration, patients are repeatedly admitted to
and discharged from hospital. After discharge, around 20% of patients are readmit-

ted within 30 days [3]. This process is clearly undesirable for a number of reasons.
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Whilst at home, patients’ quality of life and independence, whereas in hospital there
are risks of infection and costs for care are very high [10]. Upon readmission certain
tests get repeated, often unnecessarily, which can affect patients’ faith in and opinion
of the treatment system [3,10]. Since outside of hospital patients have little or no
access to any monitoring of their condition, it is up to them to gauge when they need
to seek treatment. Due to very reasonable fear, this can lead to costly unnecessary

readmissions which waste patient time and expose them to risks described above [11].

The far larger issue with readmissions is the concerning statistic that the death
rate for hospitalised patients is around 27% in 90 days, whereas for outpatients
it is only 10% [3]. This suggests that readmissions are happening too late in the
deterioration to be able to offer sufficient care, supported by the finding that the
death rate is increased for unexpected readmissions [12]. The schema in Figure 1.1
demonstrates this concept. The predicted natural deterioration in liver function
over time for patients with liver disease is shown. A sharp decline is observed at the
occurrence of an AD event, however the majority of function can be restored when
treatment for this event is received soon after its onset. Far less function can be
restored when there is a delay in treatment, and any future AD events are likely to
be fatal.

Liver function

Time

Figure 1.1: Typical decay in liver function over time is shown with a green dashed
line. The rapid decline in function after an acute decompensating (AD) event is
shown in orange, and the restoration of most function when treatment is rapidly
received. The scenario when treatment is delayed is shown in red, where significant
loss of function remains even after treatment and any further AD events are likely
to be fatal.
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It is therefore clear that early intervention is key to improving patients’ quality of
life and survival rate, with readmissions timed appropriately. There have been a
variety of studies carried out aiming to reduce readmission. The kinds of interven-
tions introduced can be split into specifically targeted or more broad, and simple to
implement or more complex [10]. An example of a simple specific process is where
paper and electronic checklists were introduced within the hospital setting target-
ing a specific subgroup of conditions [13]. The goal was to optimise inpatient care
thereby reducing readmissions. A reduction in readmissions was found, however
adherence to the process was low since it required a change to the standard work-

flow. Since our goal is to help time readmissions better, this approach is less relevant.

Broad, complex interventions involve reorganising care for all liver disease patients,
for example by increasing inter-clinician communication and outpatient monitor-
ing [10]. These kinds of interventions have been found to improve survival rates and
simultaneously reduce readmission rates. A successful example of a broad complex
intervention was implemented by Morando et al, and named the ‘care management
checkup’ system [14]. The system involved an outpatient unit with an increase in
sharing of information between the hospital and this unit, the use of a day hospital,
and real time parameter evaluation. A reduction in readmissions was found. Whilst
it is desirable to reduce readmission rates purely for patient care, the healthcare
provider would still like to see a lowering in cost. A general study covering attempts
to reduce readmission rates across a range of diseases and conditions found that
the economic benefits of these interventions varied widely [15]. The interventions
proposed by Morando et al found not only a reduction in readmissions and decrease
in the 12 month mortality rates, but also a reduction in the overall costs involved

because of the lower rate of costly hospital stays.

Success in these studies, combined with the desire to help time and target inter-
ventions, led to the goal of creating a low-cost monitoring system appropriate for
use in the patients’ homes. Additionally, the COVID-19 pandemic led to reallocation
of resources in combination with a healthcare system already under immense strain,
highlighting the need to move away from traditional treatment [16]. To be appro-
priate for use outside a hospital, the system must be simple to use and be based on
one or more indicators of liver condition that can be measured non-invasively. The
system would monitor these indicators, and through linking with a clinician who
could critically review results, the system would be able to warn patients when it
may be necessary to seek medical attention. This would hopefully reduce the time
between, for example, AD events and treatment, and so both improve survival rates
and decrease costs for the NHS.
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1.1.1. Smartphones in medicine

Smartphones are becoming ever more ubiquitous worldwide with over 8 billion sub-
scriptions by 2019 [17]. Their widespread availability and portability means that a
large amount of research is being carried out into leveraging smartphone capabilities
within different areas of medicine [18]. Some examples include GPS monitoring to
support dementia patients with a tendency to wander [19], passive monitoring of
factors such as sleep duration and kinesthetic activity to perform behavioural mon-
itoring for mental health assessment [20], and performing a common test for lung

function based on forcible exhalation, spirometry, using the microphone [21].

Use of smartphones within care for patients with liver disease has also been inves-
tigated [22,23]. Examples include passive monitoring of sleep patterns and activity
to try to predict urgent visits and hospitalisations [24], assessment of hepatic en-
cephalopathy via an app version of the Stroop test, involving naming the colours
of presented words not what the words say [25,26], and monitoring of ascites via
bluetooth connected weighing scales [27]. Importantly, a recent study found that
the majority of cirrhosis patients both have a smartphone and are willing to use

them as part of their disease management [28].

Kazankov et al recently reported the first work trialling home monitoring of cirrhosis
patients using a smartphone app [29]. Existing monitoring devices were linked to
the CirrhoCare® app to enable users to report heart rate, blood pressure, weight,
% body-water, cognitive function (via the CL-Animal Recognition Test (CL-ART)
App), self-reported well-being, and intake of food, fluid and alcohol on a daily basis.
The group of 20 patients who had used the CirrhoCare® system were found to have
fewer unplanned abdominal fluid drains as well as both reduced and shorter hospital
admissions compared to an equivalent control group over 10 weeks of follow-up. This
work perfectly demonstrates the potential improvement to patient care in the home
when incorporating smartphone apps. Further improvements to patient outcomes
may be possible when incorporating additional biomarkers, for example those used

in existing clinical scores.

1.2. Clinical scores

In order to help clinicians gauge the severity of a cirrhosis patient’s condition and
predict mortality at set time points, a number of clinical scores based on different
biomarkers have been developed. Of these, we will describe four commonly used

scores in greater detail, highlighting the biomarkers they depend on in order to mo-
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tivate a choice of biomarker for this system.

The first score is the Child-Pugh score. This was proposed in the 1970s and was
originally developed to assess the risk of surgery in cirrhosis patients [30]. The
score depends on five factors: bilirubin, albumin and INR levels, and hepatic en-
cephalopathy and ascites grades. Bilirubin is a normal breakdown product from red
blood cells, and is usually processed by the liver into a form which can be excreted.
However, when the liver is unable to process the bilirubin, it builds up in the body,
leading to elevated levels. Albumin is a protein generated by the liver, so decreased
levels can indicate a struggling liver. INR stands for International Normalised Ratio
for prothrombin time, which provides a measure of clotting. These first three factors
are measured via a blood test. Hepatic encephalopathy (HE) is a decline in brain
function caused by a drop in liver function. The severity of the effect varies, and
is assessed for this score via the West Haven criteria which give a categorical level
based on observed changes in factors such as behaviour and intellectual function [31].
The final factor is an assessment of the level of ascites, a build-up of fluid on the
abdomen. These five factors were chosen empirically, based on clinical experience of
managing patients with liver disease. Points for each factor are assigned based on
thresholds and then summed to give a final score, with details shown in Table 1.1.
The final score ranges from 5-15, where a higher score indicates a more severe ill-
ness. The Child-Pugh score is now commonly used in assessing prognosis, and is
simple to calculate. Its downsides include that the factors were chosen empirically,
the presence of a ‘ceiling’ effect where for example drastically increasing bilirubin
still produces the same score, and the inclusion of the somewhat subjective factors
of HE and ascites [32].

The second score is the MELD-Na score, which stands for Model for End-stage Liver
Disease with sodium. The MELD score was originally developed for predicting sur-

vival after a shunt operation [33], with further development and focus on assigning

Factor +1 +2 +3
Bilirubin (pumol/L) <34 34-51 >51
Albumin (g/L) >35 28-35 <28
INR < 1.7 1.7-22 >22
Encephalopathy (West Haven criteria) None 1-2 3-4
Ascites Absent Slight Moderate

Table 1.1: Definition of the Child-Pugh score. Contributions of the five component
factors are assigned 1, 2, or 3 points depending on their level and these points are
summed to give an overall score between 5 and 15 [30].
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liver transplants [34]. Multivariate analysis was used to select three key parameters

and a regression model with survival produced the formula for the MELD score as
MELD = 9.57In(Cr) + 3.78In(Bi) + 11.20in(INR) + 6.43 (1.1)

where Cr represents creatinine level (mg/dL), which is measured via a blood test
and is linked to both kidney function and amount of muscle, and Bi is bilirubin
(mg/dL) [34]. Later work by another group found sodium level was another impor-
tant predictor of survival, and created the MELD-Na score based on the original
score

MELD-Na = MELD(1 — 0.025(140 — Na)) + (140 — Na) (1.2)

where MELD is the original score given by Equation 1.1, and Na is the sodium level
(in mmol /L, thresholded to the 125-140 range) measured via a blood test [35]. The
MELD-Na score falls into the 6-40 range, with higher scores indicating more severe
illness. Both the original MELD score and the MELD-Na score are now commonly

used to assess prognosis, along with the Child-Pugh score.

The third score is the CLIF-C AD score, which stands for Chronic Llver Failure-
Consortium Acute Decompensation score [4]. This score was developed specifically
for patients with acute decompensation. As described in Section 1.1, the presence
of acute decompensation is known to significantly affect mortality rates particularly
within a short time frame, and so the scores described so far may not be as accurate
for this patient population. Multivariate analysis was used to select predictors of

mortality for this patient group, yielding a score definition of
CLIF-C AD = 0.3Age+6.6/n(Cr) +17.1In(INR) + 8.8in(WCC) — 0.5Na+80 (1.3)

where Age is the patient age (years), Cr is the creatinine level (mg/dL), WCC is the
white cell count (10 cells/L), and Na is the sodium level (mmol/L). The CLIF-C AD
score is thresholded to the 0-100 range, however in the original paper they found no
values outside the 23-82 range [4]. As with other scores, higher values indicate more
serious conditions - for this patient population, the CLIF-C AD score was found to

have an improved predictive power compared to Child-Pugh or MELD-Na [4].

The final score is the ACLF grade [5]. As described in Section 1.1, ACLF is a
very serious condition whereby organ failure occurs on top of acute decompensation.
Patients with ACLF have even higher mortality rates than those with ‘just’ acute
decompensation. The ACLF grade was developed to help assess patients specifically
with ACLF. A grade of 0 indicates no ACLF, and values of 1-3 denote increasing
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levels of severity. The grades are based around the number of organ failures, with
criteria for organ failure for the relevant organs/systems summarised in Table 1.2.
A patient is considered to have grade 1 ACLF if they fall into one of these three

groups:

1. Single kidney failure

2. Single failure of the liver, coagulation, circulation or respiration with a creati-
nine level of 1.5-1.9 mg/dL and/or mild to moderate hepatic encephalopathy

3. Single cerebral failure with a creatinine level of 1.5-1.9 mg/dL

A patient is considered to have ACLF grade 2 or 3 if they have two or three organ

failures respectively [5].

Organ or system Criteria for failure
Liver Bilirubin >12.0 mg/dL
Kidney Creatinine >2.0 mg/dL or use of renal replacement therapy
Cerebral Hepatic encephalopathy grade >3
Coagulation INR > 2.5 or platelet count <20x10°/L
Circulation Use of dopamine, dobutamine or terlipressin
Respiratory Pa0,/FiOs <200 or SpO,/FiOy <214

Table 1.2: Criteria for organ failure used in determining the ACLF grade [5].
Respiratory terms are as follows: PaQO, is the partial pressure of arterial oxygen
(mmHg), FiO, is the fraction of inspired oxygen, and SpOs is the pulse oximetric
saturation (%).

1.3. Choice of biomarker

Each of the clinical scores described in the previous section is commonly used to
help in clinical management, with some targeted to specific subsets of patients. A
summary of the dependencies of the four scores is shown in Table 1.3. To help
choose a useful biomarker to help assess a patient’s condition, we consider those
occurring repeatedly across common clinical scores. Table 1.3 shows that there are
three parameters which appear in three or more of these scores. The first is INR,
which appears in all four. However, there is no clear way to assess INR other than
via a blood test. In addition, even if a non-invasive method were found, results have

been shown to vary between labs, putting its reliability into question [36].
The second parameter is the creatinine level. This can be reliably measured via

blood test, but in this patient group the results themselves may not be as mean-

ingful. Creatinine depends on both kidney function and muscle mass, so a loss in
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Factor Child-Pugh MELD-Na CLIF-C AD ACLF grade

INR v v v v
Bilirubin v v
Creatinine v v v
HE grade v v
Sodium v v
Albumin v
Ascites level v
White cell count v
Age v
Oxygen ratio v
Use of vasoconstrictor v

Table 1.3: Summary of the dependencies of the four clinical scores considered for
this patient cohort. Each score is described in more detail in the main text.

muscle mass, which is common in very unwell patients, may result in healthier levels

despite poor kidney function.

The final biomarker is the total serum bilirubin level (TSB). As described in Sec-
tion 1.2, bilirubin only builds up in the body when the liver is unable to process it
correctly, making it a clear indicator of a drop in liver function. As bilirubin builds
up, it causes a visible yellowing of the skin and whites of the eyes known as jaundice.
This visible change makes TSB a strong contender for non-invasive measurement.
We have therefore selected the TSB level as the primary new biomarker for a home

monitoring system, and have focussed around measuring it non-invasively.

1.4. Measuring bilirubin

When in hospital, the gold standard for measuring bilirubin is via a blood test. These
are carried out daily as standard practice via a blood draw and provide an accurate
reading. However use of blood tests outside a hospital is clearly less convenient ow-
ing to their reliance on a professional to perform a blood draw and subsequent lab
analysis. A variety of approaches using a finger-prick test and advanced microflu-
idics exist, for example using a portable centrifugal analyser [37], phototreatment
and image analysis [38], and three-dimensional tape-paper [39]. All the approaches
have the drawback of being invasive, and typically require a highly trained operator

due to their complex nature.

Measurement of bilirubin level via the skin discolouration, known as transcuta-

neous bilirubinometry, is a well-developed technique which has been widely adopted
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in screening for neonatal jaundice [40]. There are different competing devices on
the market, but in general they work in similar ways: the skin is exposed to light
of multiple wavelengths and the ratio of incident to returning light is measured.
The returning light will have been affected by various light-absorbing molecules, or
chromophores, in the skin, such as bilirubin, melanin and haemoglobin. It is then
possible to extract only the contribution of the bilirubin and so obtain an estimate
for the TSB level. The use of transcutaneous bilirubinometer (TcB) devices is at-
tractive since they are simple to operate, non-invasive and provide real-time results.
However, they are prohibitively expensive for outpatient use, with each device cost-
ing in the order of £3,400 (NHS costing report, 2010 [41]). More concerningly, it
has been found TcB readings are not accurate for adult populations [42], and it is
not clear that TcBs provide consistent readings across different ethnic groups even

for neonates [43].

1.4.1. Image-based measurements

Doctors regularly use a visual assessment as a pre-screening method for jaundice,
and colour is used qualitatively in other areas of medicine such as using the pallor
of the lower eyelid as a check for anaemia. However, this approach requires expe-
rience to notice subtle changes and becomes progressively harder for higher levels
of jaundice [44,45]. Ideally this qualitative measure would be upgraded to quanti-
tative measurements, and one way to do this is via non-invasive images. There are
a range of areas which seek to quantify colour via images, for example quantifying
colorimetric urine tests for measurements of pH and glucose [46-49] or determining
saliva alcohol concentration [50]. Applications continue beyond medicine, for exam-
ple in testing water quality [51], improving the rigour of marine monitoring [52], and
performing quality control of beer colour [53]. There are also applications within
medicine which aim to quantify colorimetric biomarkers of the human body to de-

tect conditions such as anaemia [54] and the eye condition anterior blepharitis [55].

For imaging, digital cameras provide very high image quality but they can be ex-
pensive and bulky to transport. Smartphones, on the other hand, are incredibly
portable and are becoming even cheaper and more ubiquitous, with over 8 billion
subscriptions by 2019 [17]. With a smartphone, unlike with a digital camera, it is
possible to create an app which combines the image capture with any required addi-
tional processing to produce results in real time. All of these factors, combined with
the continued increase in smartphone image quality, makes them the ideal candidate

for use in quantifying colour via images.
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The first major work on quantifying bilirubin via images came from de Greef et
al, who imaged 100 neonates and found a 0.85 rank order correlation with the blood
test value for TSB [56]. Images containing the forehead, sternum, and a basic cus-
tom colour chart to carry out colour correction were captured using an iPhone. The
sternum was selected as the final region of interest, due to its lower likelihood of
sun exposure which can slightly reduce the bilirubin level in the skin, and regions
of interest were manually segmented. Results from a conversion to a series of colour
spaces were fed into a machine learning regression algorithm to produce the TSB
estimate. The same group did a larger follow-up study on 530 neonates from a
range of ethnic backgrounds and obtained a 0.91 correlation with the blood test
values [57]. Another group, in collaboration with the spin-out company Picterus,
again used a custom colour chart placed on the baby’s sternum to colour balance
and then used a database of paired colour values and TSB values to produce a TSB

estimate [58]. With a sample size of 220 neonates they achieved a 0.84 correlation.

Whilst the skin may seem like the ideal imaging target, owing to its large area
and visible discolouration, it is highly affected by melanin as described when dis-
cussing TcB devices. An alternative imaging site is the white of the eye, or sclera.
The sclera becomes visibly yellow for elevated bilirubin levels, but for humans does
not contain melanin, meaning that the healthy baseline colour is the same across
different ethnicities [59]. The first study using the sclera as the imaging site was
performed by Laddi et al, using a digital camera, ring light and housing to block
ambient light. They collected images of 330 patients with jaundice and 90 vol-
unteers, but the results presented are minimal and do not describe the range of
bilirubin levels considered [60]. A more detailed demonstration of sclera imaging
for neonatal jaundice screening was done by Leung et al, who used a digital camera
to capture images under roughly controlled ambient conditions [61]. They carried
out white balancing using a chart included in each image of the sclera, and then
used a multiple linear regression to obtain TSB estimates. With a sample size of
110 neonates this simple approach obtained a correlation of 0.75 with TSB values.
The concept of sclera imaging was picked up by other groups, with a group in Saudi

Arabia obtaining a 0.73 correlation for a sample size of 50 neonates [62].

The first major paper focussing on an adult population was published by Mariakakis
et al [42], which aimed to screen for very early stage jaundice as a biomarker for
pancreatic cancer using smartphone imaging. Two different approaches for dealing
with variations introduced by ambient light were considered: a pair of card glasses
incorporating a custom colour chart, and a box in the style of a VR headset which

blocked all ambient illumination and allowed the phone to provide the lighting. An
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automatic sclera segmentation algorithm was used followed by a machine learning
approach based around random forest regression to obtain TSB estimates. The box
approach was found to be more successful, and for the sample size of 70 patients
a 0.89 correlation was obtained. Other groups have attempted to develop low cost
methods for adult jaundice screening. Sammir et al used a similar style of goggles to
Mariakakis with a built-in light source and a webcam to capture images [63]. They
used a hue-based metric with 25 participants to try to assess bilirubin level. Miah
et al tried to develop an ultra-low cost system for detecting liver disorder in rural
cohorts, also using a webcam to capture images, with lighting provided by a flash-
light [64]. Based on images of 25 participants, using a variety of machine learning
techniques, the jaundice level was categorised as mild, moderate or severe. These
studies demonstrate the interest in the engineering community in tackling the issue
of adult jaundice, but the existing studies have small sample sizes, and often do not
present the range of bilirubin levels considered or the underlying causes of elevated

bilirubin levels.

1.5. Objectives

In this work a system focussed on tracking bilirubin is presented, in order to provide
home monitoring for liver disease patients. The system is based on smartphone
images, since smartphone imaging is cheap, portable, and non-invasive. It uses the
sclera as its region of interest, since the sclera is free from the complicating factor

of melanin found in the skin. The system has the following key aims:

o To provide a method of processing such that image capture is simple and does

not require accessories in each image

o To develop the calibration and processing such that the readings the system
produces are independent of the device and imaging location used for image

capture

o To produce useful results over the large range of bilirubin levels found in liver

disease patients.

The cheap and non-invasive nature of imaging, combined with a simple image cap-
ture protocol and the ability to use different phones for image capture, should make

the system appropriate for use in a patient’s home.

Chapter 2 discusses the challenges of quantifying colour, focussing particularly on
accounting for changes in ambient light and obtaining device-independent measure-

ments. General image theory and an overview of the different approaches used to
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try to overcome these challenges are presented. Chapter 3 details our approach
for obtaining accurate colour values, including experimental testing and validation.
Chapter 4 then moves on to the challenge of linking colour to bilirubin, present-
ing results from a patient study of adult liver patients. The majority of patients
with chronic liver disease have high bilirubin levels, so it is necessary to go beyond
screening for abnormally high levels. The goal is to be able to use this approach not
just to screen for jaundice, but to differentiate between different levels of bilirubin
in order to target interventions more effectively and hence reduce mortality rates.
Finally, Chapter 5 discusses work on obtaining spectral information for sclerae to

further improve the system.
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2. Why is it difficult to quantify colour?

One goal of this research is to be able to obtain accurate colour values across de-
vices and lighting conditions so that the derived link between colour and bilirubin
can be applied to data from different phones under different illuminations. In this
chapter, the reasons that this is difficult will be explored. Figure 2.1 gives a basic
schematic of the components of image formation, highlighting the challenges of sep-
arating information about the scene (here, the sclera). Since the scene, lighting and
camera combine to give the final recorded image, changes to any component will
lead to different recorded colour values. The theory behind acquiring an image will
be discussed in detail in the next section to enable a deeper understanding of the
challenges of measuring colour. Approaches to standardise for lighting and device
variations will also be outlined. Our proposed approach and associated validation
experiments will then be presented in Chapter 3. Parts of the work presented in this
chapter are published in a PLOS ONE article [65] and in the Color and Imaging
Conference 27 and 28 proceedings [66,67]. These papers, licensed under the cre-
ative commons license CC BY 4.0, have been modified to form part of this thesis.
Additionally, there is some overlap in the content of the theory presented here with

the MRes thesis of the same name which formed the first year of this PhD program.
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Figure 2.1: A schematic of image formation highlighting the challenges of quanti-
fying colour. The final image is influenced by the scene, the lighting and the camera.
So even if the scene remains constant, a change in lighting or use of a different cam-
era leads to different values being recorded. In order to obtain stable colour values,
these changes must be accounted for.
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All analysis, unless otherwise stated, was carried out using MATLAB (MathWorks
r2020b).

2.1. Image formation

As depicted in Figure 2.1, there are three main components of image formation. The
first is the ambient lighting, which depends on wavelength and may also depend on
space and time. The relative intensity of light at different wavelengths is what
changes the colour of the light that we see, for example the blueness of fluorescent
lighting compared to the redness of candlelight. If a room contains light sources
with different spectral characteristics, for example fluorescent light and a candle,
then the spectrum of the ambient lighting will depend on position within the room.
Additionally, if one of the light sources is removed during measurement, for example
the candle is blown out, then clearly time will also be a factor. For the purposes of
this work, we will assume that ambient light depends only on wavelength given the

time-frames and scales of capturing images of the human face.

The second component of image formation is the scene - what you are trying to
image. The optical properties of the objects in the scene determine what propor-
tion of incident light at each wavelength is reflected back. As well as wavelength,
properties of the scene may depend on space, for example imaging several different
surfaces, or time when imaging something moving. As for the lighting, here we will
assume that the scene does not depend on space or time. As well as wavelength
and space dependence, the relative angle between incoming light and the particular
surface will affect the returning light so must be considered. The energy reflected

from a surface can be described in equation form as
E(\ x) =m(x)s(\ x)e(N) (2.1)

where E(A, x) is the energy as a function of wavelength, A, and space, x, e()) is
the lighting, s(\, x) is the surface reflectance, and m(x) represents the geometric

dependence of the reflectance [68].

The final key component of image formation is the camera itself. Rather than
recording the reflected light at every wavelength, cameras instead use just three
channels to represent the information. By using channels in the red, green, and
blue parts of the visible spectrum, referred to as RGB from now on, the majority of
colours that humans are able to perceive can be reproduced. If the observed inten-

sity is assumed to be independent of the viewing angle, known as the Lambertian

31



model, then the values recorded by each colour channel ¢ € {R, G, B} are given by

fo(x) = /w EO\ @)p°(\)dA = m(x) /w s(\, 2)e(N)pe(\)dA (2.2)

where w represents the visible spectrum, p¢ the spectral sensitivity of each colour
channel, and all other terms are as previously described [68]. This common model
only accounts for the effects of diffuse reflection, but specular reflection may also
occur. Diffuse reflection refers to when light interacts with the surface, whereas
specular reflection occurs when light is reflected off the surface. In the case of
specular reflection, its spectral properties are determined only by the lighting. In

an analogous way to Equation 2.1, the specular energy can be described as
By(\ @) = m*(@)e()) (2.3)

where the subscript s refers to the influence of specular reflection, and all other
terms are as previously described [68]. The effect of specular reflection can be taken

into account using a dichromatic model, where recorded colour values are given by

Fi(@) = [ (BO@) + B @) (V)dA

— m(x) /w s(\, 2)e(N)pe(\)dA +m?(x) / e(A)pe(N)dA (2.4)

w

where all terms are as previously described, and it can be seen that specular reflec-
tion simply produces an extra term compared to Equation 2.2 [69]. When capturing
images of the eye, specular reflection is very common due to the layer of tear protect-
ing the surface of the eye. It is therefore very important to consider its impact on
recorded images. With appropriate exposure times and ISO values for the rest of the
scene, the specular reflection often saturates the camera’s sensors. In this case, it is
straightforward to remove its effect by simply removing saturated pixels from anal-
ysis. However, in some cases specular reflection does not saturate the sensors and

so the reflection modifies the resulting colour of the surface and is harder to exclude.

In order to identify and remove these pixels, a filtering algorithm was developed
which is described in more detail in Chapter 4.2. Regions affected by specular re-
flection are therefore excluded from analysis, and so the simpler Lambertian model
for image formation in Equation 2.2 is more appropriate to describe results. An
inspection of this equation confirms that the factors of image formation are not
directly separable, and so an alternative approach is necessary to separate out the

contribution from the scene alone.
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2.2. Recording images

The previous section described the process of image formation. Here, the process of
recording these values will be discussed. Each pixel in an image is described using a
combination of three RGB values. However, it would be too complex and expensive
to record an R, G, and B value for each sensor site so in practice only one is recorded
at each location. This is achieved by using a combination of sensors and overlaid
filters, which allow light through in just the red, green or blue wavelength bands.
Later, interpolation is used to recover full RGB values for each pixel. The filters for
recording each of the channels are arranged using what is known as a Bayer pat-
tern [70], designed to enable a high quality reconstruction through even distribution
of R, G and B sensors across the sensor area. An example Bayer layout is shown
in Figure 2.2 (a). Note that there are twice as many green sensors compared to red
and blue since the human visual system is more sensitive to green. This means that
the final image is perceived to be higher quality when green is recorded most accu-
rately. Figure 2.2 (b) shows all four permutations of Bayer layouts. Since different
manufacturers use different layouts, it is important to be aware of which layout the

camera of interest uses.

So far, the RGB values have been described as though they were measured using
sensor-filter combinations covering fixed non-overlapping wavelength regions. In re-
ality, this is not the case. Whilst each filter sensitivity peaks in either the red, green
or blue region of the visible spectrum, there is some overlap between filters and the
exact shape varies between different cameras. The combined wavelength-dependent
sensitivities of the sensors and filters are called the camera spectral sensitivity (CSS).

An example normalised smartphone CSS is shown in Figure 2.3. The relative heights

il EE
HE B
(b)

HEENEN
(a)

Figure 2.2: (a) Example Bayer filter layout of R,G,B sensor sites (b) The four
kernel permutations for Bayer arrangements, shown as different layouts are used by
different manufacturers.

33



Relative sensitivity
© o o o o o o
w - ()] [} ~ (o] © -
T T T T T T T 1

o
N
T

0.1

0 .
350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 2.3: Normalised camera spectral sensitivity for an example LG Nexus 5X
smartphone camera. Sensitivities for each colour channel from long to short wave-
length are shown in red, green and blue respectively. The data presented here was
measured using the monochromator method, with more details presented in Ap-
pendix A.

of the curves represent the likelihood of a photon of any given wavelength to be de-
tected by a red, green or blue sensor site. Note that towards the edges of the sensors
variations in CSS can occur, along with vignetting effects, so it is advisable to use

the central region of the sensor only [71].

From the recorded Bayer pattern image, various stages of processing are then auto-
matically carried out by the camera to produce the images we are used to seeing.
RGB values for every pixel are produced through a form of interpolation known as
demosaicing, and various other scaling and compression steps are carried out. As
the popularity of smartphone imaging in everyday life has increased, so too has the
complexity of post-processing. A huge amount of work is done behind the scenes
to yield visually pleasing images for users. Unfortunately for our purposes, an aes-
thetically pleasing photo is not an accurate one, and every manufacturer has their
own typically secret processing pipeline to obtain these images. In this work we
have therefore chosen to analyse the raw Bayer pattern images directly, accessed via
dng images which many smartphones have the ability to save, allowing us complete

control over any processing applied.
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2.3. Colour constancy

The process of accounting for ambient lighting so that our perception of colours
remains stable is an automatic part of the human visual system. Whether we read
a book outside or inside under fluorescent lighting, we are able to see the pages as
white. This correction is not an automatic process for a camera where very different
pixel values for the pages of the book would be recorded under these different illu-
minations, as seen in Equation 2.2 and depicted in Figure 2.1. Correcting images
taken in different ambient conditions is crucial here and in other areas which aim
to quantify colour in and between images - we must be confident that a registered

change is due to a change in patient condition and not just in the background light-

ing.

There are a huge variety of approaches which aim to remove the effects of ambi-
ent light. It is possible to avoid the issue entirely by blocking ambient light and
providing a fixed illumination [42,50,51]. An alternative approach is to include a
standardised white card in every image, using white balance to account for lighting
changes [56]. This second approach and the majority of approaches which follow
are vulnerable to metameric illuminations: where the white point is recorded as the
same, but for different spectra. Both of these approaches require additional pieces
of equipment for the capture process to work which significantly complicates image

capture.

One category of approaches is those aiming to estimate the ambient light in or-
der to correct for it, appropriate here since these approaches maintain RGB images
rather than reducing to colour constant quantities [72]. The most simple approach
is MaxRGB (also known as Scale by Max or WhitePatch). In this approach the am-
bient illumination is estimated as the maximum value in each channel, calculated
independently across the channels [72]. MaxRGB performs well provided there are
surfaces which are maximally reflective for each channel, and provided there is no
clipping due to channel saturation. A similar reliable approach is Gray World, where
the average for each channel across all pixels provides the ambient estimation under

the assumption that the average of an image is approximately neutral grey [73].

An alternative way to estimate the illumination for images containing the human
face is to use the pixel values of the sclera as the ambient estimate [74]. This ap-
proach has yielded good results, however this is clearly not appropriate for us as
the variation in sclera colour is the exact quantity we are interested in. Specular

reflection in the image could be exploited as a way to determine the illumination,
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since by definition it does not depend on the surface. However specular values are
often clipped due to the limited dynamic range of the camera, which would skew
the results [75].

Approaches described so far fall into the static category - they are based on analysis
on a per-image basis. An alternative category of approaches uses training data to
obtain illumination estimates for new images. Within trained approaches, prob-
abilistic methods calculate the probability of observing the RGB responses for a
library of possible illuminants and then select the most likely illumination from the
library [75]. Gamut mapping is an alternative strategy, where a set of plausible
illuminants is determined by checking which produce values within the expected
gamut for all pixels in the image [72]. A final choice for the scene illumination
can then be selected in a variety of ways. The final and very common subset of
trained approaches is machine learning, in which there is a large amount of work
being done [76]. Machine learning has the ability to yield good results but requires
very large training sets which continue to increase in size the more different lighting
conditions are needed. Despite all the different options, it is challenging to find an
approach to deal with ambient light which is both general and simple enough for

our application.

2.3.1. Ambient subtraction

All of the approaches for colour constancy described so far rely on a single image
of the scene. This is desirable since it maintains a simple capture process, however
it is not much more time consuming to capture two images of the scene in quick
succession. There is a growing interest in leveraging flash/ no-flash image pairs for
illumination correction [77-80]. Once image pairs are registered and any difference
in exposure accounted for [78,79], the no-flash image can be subtracted from the
flash image. The pixel values of the flash image result from a sum of the two ef-
fective light sources present - the flash and the rest of the ambient light, whereas
the no-flash values are only influenced by the ambient light. When the images are
subtracted, the result is an image as though captured under a pure flash illumina-
tion. For a given device, results are therefore standardised over different ambient

conditions and so can be directly compared.

More mathematically, the flash image values can be represented as

fflash — fF + fA (25)
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where the values of the flash image f/!*" are influenced by both the flash F' and
ambient A illuminations. The no-flash image is only influenced by the ambient

lighting, fmeflesh — fA The subtracted image is therefore given by

fflash _ fnoflash — (fF + fA) o fA _ fF (26)

and is the equivalent of capturing an image with no ambient lighting and flash illumi-
nation only. When using smartphones, images can be captured using the rear-facing
camera with the camera flash, or using the front-facing camera with the screen as
the ‘flash’. In both cases, it is important that the ambient lighting remains constant
over the short time needed to capture the two images, else the contribution of 4 to
the flash image would change. Additionally, it is important that the response of the
sensors across the three channels is linear with increasing intensity - doubling the
intensity should double the pixel values. The linearity of the sensors of the phones
used in this study were checked. The sensors were found to be linear, and the results

are presented in Appendix C.

One issue that remains is motion between the capture of flash and no-flash im-
ages. For real-world image capture, a tripod is not appropriate so hand-held images
are captured. There will always be some movement between the two images due to
hand motion, and this misalignment becomes even more inevitable when imaging a
human subject who may also move slightly. To consider the impact on obtaining
subtracted data, we consider an example physical point within the scene, p. For the
flash image, p appears at position . With no motion, p would also appear at  in
the no-flash image. However, in reality p appears at a slightly different location, y.

If these points are known, then the subtracted image value for p is given by
fo = @) = fAy) (2.7)

where f denotes image values. To obtain an average value for the sclera, a region
of interest would be defined. Again, if the corresponding regions are known in both

images then the average value can be written as
15 = average(f7A(X) — FAY)) (2.8)

where R denotes the region of interest, and X and Y denote the image co-ordinates
for the flash and no-flash images respectively. In order to obtain these corresponding
regions of interest, an extremely good image registration would have to be carried
out. Any mismatch between the images could otherwise cause systematic offsets

for this pixel-wise subtraction approach. An alternative much simpler approach has
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been proposed and demonstrated by our group in the context of neonatal jaun-
dice [81]. The goal is to obtain a single value for the colour of the sclera which is
independent of ambient lighting, so we do not need information on a per-pixel basis.
Instead, the average across the region of interest is carried out for the flash and

no-flash images before subtraction such that the final value is given by
fE = average(fF4(X)) — average(f*(X)) (2.9)

where all terms are as in the previous two equations. Note that the same region
of interest is used in both images, meaning that slightly different physical points
are considered in the two images. Carrying out the averages before subtraction
means that any small shifts between the images are mitigated, provided the shift
is small compared to the size of the region of interest. It is also possible to use a
different region of interest for the ambient image to help when there is more move-
ment, however unlike in Equation 2.8, when using the form given in Equation 2.9

there does not need to be a pixel-wise correspondence between the regions of interest.

The ambient subtraction approach is generalisable across different lighting condi-
tions, does not require additional equipment at the time of image capture, and is
comparatively simple to implement, so it has been selected for use here. Experi-

mental testing and validation is presented in Chapter 3.1.

2.4. Chromaticity

When capturing an image, in order to make the best use of the dynamic range of
the camera, the exposure time and ISO should be varied to ensure that the image
is neither saturated nor overly dark. Variations in the intensity of the ambient il-
lumination mean that different settings are optimal for different conditions. Whilst
varying these settings can improve the signal to noise ratio, the recorded colour val-
ues will clearly be affected. Additionally, the region of interest is likely to be affected
by geometric shading, observed as pixels further from the camera or on an angle
having lower pixel values. What these two issues have in common is that the RGB
channels will be scaled equally. The issues of shading and illumination intensity are

therefore each summarised by a single unknown scaling factor.
In order to remove the impact of the scaling, rather than using the raw RGB values,

we can instead use chromaticity values. Chromaticity values are a way of describing

the relative amount of a colour, and are defined as a channel value divided by the
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sum of all three channels,

R G B

" R+G+B’g R+G+ B’ R+G+ B (2.10)

where lower-case letters are used to denote a chromaticity value, and any scaling
factor across the channels will cancel out [68]. If the exposure time is changed by
a factor of o and we consider red chromaticity as an example we see that the final

chromaticity value is independent of the scaling factor

aRR R

= 2.11
aR+aG+aB R+G+B ( )

r =

Using chromaticity therefore allows us to account for these shading and illumina-
tion intensity changes. Chromaticity values always sum to 1, meaning that our data
has been reduced from three dimensions to two. Whilst using chromaticity means

a loss of some information, the standardisation across these different scenarios is key.

2.5. Device independence

As discussed in Section 2.2, the colour values returned by two different phones for
the same object, even under identical illuminations and using raw images, will be
different. This difference is caused by variations in the spectral sensitivity of the
cameras and in the spectral power distribution of the flashes. In order to understand
how to obtain measurements that are device-independent, some additional theory

on colour spaces will now be outlined.

2.5.1. Colour spaces

It is possible to gain understanding of colour spaces by considering traditional math-
ematical vector spaces. The traditional unit vectors are here given by three linearly
independent light sources known as primaries. Rather than a vector space, the span
of the colours described by these primaries is known as the colour space, where these
colours are described by numbers known as tristimulus values [82]. The range of
colours described by a particular space with respect to another space is known as
its gamut. A two dimensional diagram or plot is a useful way to visualise three
dimensional colour spaces, so a chromaticity diagram is commonly used. xy chro-
maticity values are plotted on the horizontal and vertical axes respectively, where
chromaticity has been defined in the previous section. An example chromaticity
diagram is shown in Figure 2.4, where a triangle connecting the three primaries of

an example space denotes the gamut of the space. Colours made from a single wave-
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0.8

Figure 2.4: The xy chromaticity diagram is shown, along with the gamut of the
sRGB space marked using a dot-dash line. xy horseshoe generated using code
from [83].

length of light are found around the edges of the horseshoe. More specific detail on

the diagram and the spaces shown will now be discussed.

A variety of colour spaces exist, based around different primaries. The space most
commonly used by displays is known as sRGB space, whose triangular gamut is
marked on Figure 2.4. The gamut of this space is relatively small, but is never-
theless commonly used and is device-independent. Some device-independent spaces
contain all possible colours, a property which gives them the additional title of ref-
erence colour spaces. In order to compare results obtained using different phones,
we would like to present the data using a device-independent reference space. From
inspecting Figure 2.4, it is clear that to encompass the whole horseshoe non-visible,

or imaginary, primaries must be chosen.

The most common reference space is CIE XYZ space, whose chromaticity diagram
is shown in Figure 2.4. This space was derived from the human visual system,
with the aim of producing XYZ tristimulus values describing which combinations
of light appear the same for a standard observer. Since its introduction in 1931,
other spaces such as CIE L*a*b* space have been designed for increased perceptual
uniformity [68]. This means that differences in the L*a*b* space have a more direct

relationship to what the human eye would be able to discern - a higher difference
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in value corresponds to a larger difference to the eye. The aim of the research
presented here is not to mechanize human colour judgements but rather to obtain
repeatable digital colour descriptors that can then be linked to the application spe-
cific scale, total serum bilirubin. Therefore, XYZ space has been chosen for use as
a standard device-independent colour space. Additionally, colour space conversions
amplify noise as well as introducing colorimetric error [84], so where possible it is
good to minimise the number of conversions. The conversion to XYZ space accounts
for variations in the phone spectral sensitivities, but it is also necessary to account
for the different flash illuminations. To do this a set standard illuminant, here CIE
D50, is chosen for the XYZ values. This means that XYZ values resulting from a

conversion from two different phones should match.

When a raw image is captured using a camera or smartphone, it is in a space
we have not discussed yet. The image is in a space specific to the device, known as
the native camera space. A linear transformation to XYZ space should be possible
since the camera native space theoretically includes all colours [82]. Therefore the
conversion from native RGB values to device-independent XYZ values should be
straightforward. However, metameric error is present due to filter design and image
noise. This error means that some pairs of surfaces which should have identical
tristimulus values are recorded with different values. Therefore, the linear transfor-
mation can only ever be approximate [82,85,86]. Applying the transformation from
native RGB to a reference space will introduce error, and could reduce the range
of measurable colours. However the benefit outweighs the cost, since after applying
the mapping, the device-independent space allows direct comparison of results from

different phones.

2.6. Mapping to XYZ

There are a number of different ways to convert from camera native space to XYZ
space which vary in accuracy and simplicity to determine. The theory behind the
three most common approaches is outlined here, with a comparison of the accuracies
for the two overall viable approaches given in Chapter 3.2.3. All of the approaches
involve using a series of corresponding pairs of native RGB and XYZ values to

develop a link between them.

2.6.1. Spectral method

The most theoretical approach, commonly known as the spectral method, involves

measuring camera and illumination properties and then modelling both RGB and
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XYZ values. The camera spectral sensitivity (CSS), how sensitive the camera is to
light of different wavelengths for the red, green and blue channels, must be measured.
Additionally, the spectral power distribution of the illumination, here provided by
the phone, must also be determined. Finally, in order to generate RGB and XYZ
values, a series of target colours must be chosen and their reflectances measured. As
discussed in Section 2.1, the product of the reflectance, spectral power distriubtion
(SPD), and CSS produces RGB values. XYZ values can be produced in a similar
way, using a slightly modified form of Equation 2.2

XY, 7 = / s(N)epso(X) CMFX Y2 (\)dA (2.12)

where s(\) still represents the reflectance of a given target colour, eps(\) represents
the standard CIE D50 illuminant (another illuminant could be used, for example CIE
D65), and C M FXYZ()) is the XYZ colour matching functions. This formulation of
XYZ values is presented using an integral, however in reality reflectance of physical
surfaces are measured at discrete intervals. Equation 2.12 is therefore rewritten as

a sum

XY, Z =" si(®)epso; CMFX" 7 AN (2.13)

where 7 represents measurements at each wavelength interval, and other terms are as
described above. When using the spectral method, the surfaces considered and the
target illumination can be changed very simply. A drawback of this method is that
each device of interest must be fully profiled. The SPD of the phone’s illumination
can be measured quite straightforwardly using a spectrometer. However, the CSS
is more complex to measure. Typically CSSs are measured by exposing the camera
to the output of a monochromator and recording its response as the full wavelength
range is scanned (see Appendix A for details), a process which is both time con-
suming and requires extremely expensive equipment. Equipment based on a single
capture of illuminated interference filters to form a ‘test chart’ has been developed
which simplifies this process, however the device is still expensive [87]. Cheaper
alternatives have been proposed [88,89], but these come with a significant loss of
accuracy in the measurement. Use of a smartphone add-on [71] or estimation via
a ColorChecker image [90] have also been proposed but are error-prone. The pro-
cesses of measuring the SPD and CSS of a phone accurately require multiple pieces
of expensive equipment, and would significantly limit the simplicity of introducing
a new phone for image capture. The spectral method was therefore not considered

in further detail for this application.
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2.6.2. Image metadata methods

At the other extreme of the complexity scale from the spectral method are the
metadata methods. One way to achieve the conversion from phone native space to
XYZ space is to use pre-determined mapping information stored in the metadata to
do the conversion - this information is optimised only for images under a particular
illumination and for a generic phone of that model, but may still provide adequate
results. Using metadata methods would make the calibration process extremely

simple so they have been considered here.

dcraw approach

In practice, the simplest way to utilize metadata information is to use the widely
used open-source software dcraw [91]. The method implemented by deraw uses
one of two calibration matrices stored in the raw metadata — these matrices map
from XYZ space to phone native space, based typically around illuminant D65 and
one other standard illuminant. The dcraw implementation uses the D65 calibration
matrix, and so the following description refers to D65 for clarity, however the same
approach could be used for the other matrix. The overall mapping is achieved by

applying the following matrices to the recorded RGB values [82]

X R
Y| =sC'DpesD |G (2.14)
Z B

D65 scene

where C' is the stored colourmatrix moving from XYZ to native space; s is a scaling
factor determined such that the whitepoint of D65 in XYZ [0.9504, 1, 1.0888] is
mapped to a native space green channel value of 1 upon application of C; and
D is a 3x3 diagonal matrix of white balance multipliers, designed to move the
recorded values for a white object to [1,1,1]. These multipliers can be obtained
through knowledge of the RGB values for white under the scene illumination - a
test image of a neutral patch could be captured with little ambient light with the
phone illumination. Dpgs is another 3x3 diagonal matrix, this time inverted to
move [1,1,1] to the white point of D65 in native space. In other words, the diagonal
entries of D5 are simply the white point of D65 in native space. These values can

be obtained as follows

ROWP)|  [X(WP) =0.9504
G(WP)| = -C |Y(WP) =1 (2.15)
B(WP) Z(WP) =1.0888 |
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where WP represents the white point, and s and C' are applied to the XYZ value of
the D65 whitepoint to move to native space. Throughout this research we use a D50
whitepoint, so the final step is to shift the whitepoint to D50. For this a chromatic
adaptation transform (CAT) is used. There are a wide range of options, here the

commonly used Bradford transform was applied [82].

Upon implementing the dcraw method in MATLAB it was discovered that in line
with a mention in the literature [82], dcraw makes the assumption that the colour-
matrix for D65 illumination is always stored as the second colourmatrix in the
metadata. Whilst this may well be the case for digital cameras, by considering the
CalibrationIlluminant1 and 2 metadata tags, it was found that for these smartphone
models the D65 calibration matrix is in fact the other matrix. The dcraw software
for conversion to XYZ space with smartphones should therefore be used with care.
Experimental results presented in Chapter 3.2.3 demonstrate the impact of using

the wrong colourmatrix.

ForwardMatrix approach

Also stored in the image metadata for dng files are what are called ‘Forward matri-
ces’. According to the Adobe dng specification the ForwardMatrix approach behaves
better for more extreme values, so has been considered here as an alternative to the
dcraw approach [92]. These forward matrices convert directly from phone native
space to XYZ D50

X R
Y =MpyD |G (2.16)
Z

D50 scene

where M, is the forward matrix and D is the white balance matrix as before [92].
The metadata includes two forward matrices, taken at high and low colour tempera-
tures. If the colour temperature of the illumination is known, then an interpolation
may be carried out to determine the optimal combination of the two forward matri-
ces. Here, where the details of the illumination are unknown, a simple mean of the

two matrices was used.

2.6.3. Standard colour chart method

An alternative approach is to use a standard colour chart such as the Macbeth
ColorChecker Classic, which has 24 patches covering a wide range of colours and
neutral shades. The chart was developed primarily for photographers, and has in-
herent advantages here owing to its carefully produced colours and portability. The

XYZ values for each patch are provided by the manufacturer, or can be measured
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with a spectrophotometer, and by capturing an image of the colour chart using each
phone under the flash illumination a corresponding set of RGB values is produced.
It is then possible to obtain a device specific mapping, M, from native RGB to
XYZ optimised for the smartphone illumination. Note that the smartphone flash
is used since this is the resulting illumination after carrying out ambient subtrac-
tion, the proposed method to account for variations in ambient light discussed in
Section 2.3.1. An overview of the whole process required to obtain a mapping from
RGB to XYZ using the standard colour chart method is shown in Figure 2.5.

The images of the colour chart should be captured with no ambient light, and
with a 45° angle between the phone and chart to minimise reflection. To develop
the mapping, it is crucial to know the relative values of the patches. However, in
most practical settings, and especially when using the phone’s flash as the illumina-
tion, there is a high level of intensity non-uniformity, or shading, across the resulting
image. An example figure demonstrating this effect is shown in Figure 2.6. The ideal
imaging setup would result in a uniform illumination field (a), and yield the correct
relative colour chart patch values (b). A more realistic imaging setup could result
in a shading field as depicted in (c), with a ratio of the brightest to darkest point
of 2.8. This results in colour chart patch values in (d) which have visibly incorrect

values compared to the uniform setup.

The use of chromaticity, as discussed in Section 2.4, would remove the effect of
shading. However in order to develop the mapping, we need to know the full RGB
values and their relative values so this is not a viable option here. It is therefore
necessary to correct for the spatial variation in the intensity of the illumination of
the chart. To carry out this intensity non-uniformity correction (INUC), when using
the standard colour chart method images of a neutral grey chart are captured along
with the colour chart images. The neutral chart image allows the recovery of the
shading field, as depicted in Figure 2.6 (c). The green channel values of these grey
chart images are used to capture the intensity variation across the region of interest
since the green channel has the largest signal values and hence the largest signal to
noise ratio. Initially a simple white sheet of paper was used instead of a neutral
grey chart, however it was found that the paper was not uniform enough and hence

a dedicated neutral chart has been used. The following correction was applied

ci(x) — ca(x)
TLGJ’(ZIJ) — nad(m)

(2.17)

Ceorr (CL') -

where ¢ and w represent the colour chart and grey chart images respectively, the

superscript denotes the colour channels where ¢ € {R, G, B}, and the subscripts ¢,
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Figure 2.5: The overall pipeline to generate a device-specific mapping from RGB
to XYZ using images of a colour chart and grey chart is laid out. RGB values:
Two pairs of raw images are captured with the phone in the same position - one
of the colour chart and one of a neutral chart. The raw images are converted to
linear Bayer images and the illumination intensity is obtained by selecting the green
channel. The images are then downsampled by a factor of four and a pixel-wise
subtraction carried out. Finally the subtracted colour chart image is divided by the
illumination intensity to carry out the INUC (intensity non-uniformity correction)
and manually selected regions of interest from the ‘sSRGB’ version of the colour
chart flash image enable median RGB values for each patch to be found. XYZ
values: the XYZ value for each patch is obtained through direct measurement using
a spectrophotometer. The RGB and XYZ values are then used to determine the

mapping.

d and corr refer to the illuminated, dark and corrected images respectively. A dark
image correction is incorporated as well as the main intensity correction, using this
simplified version of the form from [93]. Applying the INUC corrects for the shading
field present, and produces patch values of the form shown in Figure 2.6 (b), rather
than the example shaded values shown in (d). To reduce the impact of noise, both

the colour chart and grey chart images are downsampled by a factor of four before
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Figure 2.6: The impact of shading on the relative value of colour chart patches
is demonstrated. A uniform and non-uniform field are contrasted in (a) and (c)
respectively. The Classic colour chart is rendered under the uniform and non-uniform
field in (b) and (d). The relative patch values have clearly been affected in (d),
highlighting the need for a correction for variations in illumination intensity.

then applying the pixel by pixel correction. See Appendix B for a demonstration of
the impact of applying the INUC on real data.

Finally, the corresponding XYZ values were measured directly from the colour chart
using the X-Rite ColorMunki spectrophotometer to ensure that values used were
precise. Four repeats of each colour patch were taken and the results averaged to

give a final XYZ value for each patch.

Having obtained XYZ and corrected RGB values for each patch, the final step is to
determine the conversion from RGB to XYZ. The different methods of conversion
fall into roughly two groups - linear and polynomial regressions, and multidimen-
sional look-up-tables (MLUTSs) [94]. MLUTs rely on having a very large set of known
pairs of values, and constructing mappings based on local neighbourhoods. They are
only appropriate when the spectral approach is used, so have not been considered

further here.

In the case of regressions, mapping matrices are determined such that XYZ values

can be obtained from RGB values through a simple multiplication. The simplest
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case is a linear regression with
(XY Z] =[R G B] My, (2.18)

where Mj;, is a 3x3 matrix. This simple approach has the advantage of being expo-
sure time invariant [95]. Exposure invariance means that if we have an RGB value r
which has a corresponding XYZ value h, and then we change the exposure time by
a factor of k we would obtain an adjusted RGB value of k7 which is in turn mapped
to an XYZ value of kh. Crucially, there is no colour shift for RGB values taken
using a different exposure time. This is a particularly important quality for the
selected mapping method since the same calibration mapping is applied to results

from many different images, taken using different exposure settings.

The downside of a linear regression is that they can yield quite high errors over-
all [95]. Polynomial regressions reduce errors by expanding including higher order

polynomial terms in RGB. For example, for second order
(XY Z]= [RG B R* G* B* RG GB RB| M, (2.19)

where M), is expanded to a 9x3 matrix. Unfortunately, inspection of Equation 2.19
reveals that polynomial regressions are not exposure invariant due to the higher
power and cross terms. They are therefore not appropriate for use here. An al-
ternative approach which enables the use of higher order terms whilst maintaining

exposure invariance is a root-polynomial regression [95]. Again, for second order

(XY Z] = [RG BVRG VGB VRB| Myour (2.20)

where M, becomes a 6x3 matrix. Of the options considered, both linear and

root-polynomial regressions are appropriate to our application.

The implementation to determine M is effectively the same in both cases so will
be presented for both at once, using labelling conventions from [94]. First, matrices
of the matching sets of RGB and XYZ values are constructed. For both linear and
root-polynomial regressions, the XYZ matrix H has shape Nx3, where N is the
number of pairs of values. For linear regressions, the RGB matrix R has shape Nx3
and has the larger shape Nx6 for the root-polynomial approach. In each case, the
aim is to find the optimal mapping M such that H ~ RM. This is achieved by
minimising

§ = |H - RM|? (2.21)
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The Moore-Penrose pseudo-inverse expression for M is obtained by expanding this

expression and taking partial derivatives, yielding
T\~ pr
M= (R'R) R'H (2.22)

This closed-form solution can be very easily implemented. Practical testing of the

standard colour chart method is presented in Chapter 3.2.

2.6.4. Shading independent colour chart method

The standard colour chart approach has the obvious advantage of capturing the
intensity variation across the colour chart as close to directly as possible. However,
the approach also has several downsides. The first is the need for more equipment
- rather than just needing the colour chart, a grey chart and phone tripod are also
required. When trying to develop a cheap, portable method this is an important
consideration. The second is the requirement of obtaining images of the colour chart
and grey chart with as little movement as possible, which significantly complicates
the calibration image capture process. The process is quite straightforward with
some experience, but is very prone to user error for example by knocking the tripod
between captures. When carried out by less experienced users the resulting data is

often of poor quality.

Several papers have been published proposing methods to obtain a colour chart
mapping avoiding the need for grey chart image capture, by indirectly accounting
for the fact that there may be intensity variation across the chart. The first pa-
pers published proposed developing a mapping by minimising a quantity which is
independent of the relative magnitudes of the RGB values [96,97]. In this way, the
issue of the intensity variation can be side-stepped. However, initial testing of the
approaches yielded very poor results likely due to the reliance on a minimisation
search which is highly dependent on the initialisation. Later work by Finlayson et
al kept the goal of avoiding a grey chart capture but tackled the intensity variation
more directly [98]. They proposed an elegant solution of estimating both the shading

across the colour chart and the mapping using an alternating least squares approach.

Two algorithms are presented in the paper, which will both be discussed mathemat-
ically and a visual description presented afterwards to aid understanding. When
considering the mapping from RGB to XYZ, with intensity corrected data the goal
was to find M such that H ~ RM. Here, the intensity variation can be brought
directly into the colour correction equation as H ~ DRM, where D is an NxN

diagonal matrix containing shading correction terms for each patch of the colour

49



chart. Unlike the previous form, there is no closed-form solution hence the use of an
alternating least squares (ALS) approach. With ALS, the estimate for M is updated
keeping D fixed, then D is updated keeping M fixed. This process is iterated, with
parameters improving until convergence at a solution. This first algorithm can be
described mathematically in just a few steps, as laid out in [98], using notation con-
sistent with this work. Here, R? is the initial matrix R, and R* is R after iteration
k.

1. Update D: The diagonal elements of D are given by

.. T
T hj

Jj = 2
[[75]]

(2.23)

with j ranging from 1 to N, and r; and h; representing the jth row of RF~! and
H. The authors note that in a least-squares sense D is therefore the optimal

diagonal transform between R*~! and H.

2. Update M:
M = (DR")"H (2.24)

where the + denotes the Moore Penrose pseudo-inverse, i.e. AT = (ATA)~tAT

3. Update R:
R" = R'M (2.25)

4. Repeat steps 1-3 until convergence.

This first algorithm is very simple and lightweight to implement, and converges
within a few tens of iterations. However, the algorithm estimates shading on a per-
patch basis. In reality, the shading across the colour chart will be smooth, with
shading factors for adjacent patches being similar. Finlayson et al therefore propose
a second ALS algorithm which models the shading across the whole image using a
weighted sum of shading basis functions, thus ensuring smoothness. The authors
use Discrete Cosine Transform (DCT) functions as the bases [99]. These increase
in complexity as the order increases, but as an example the first three bases are
constant, increasing left-right and increasing top-bottom. In the following mathe-
matical description, P represents the colour chart image, J is the per-pixel shading
correction, and as above H and R represent the XYZ and average RGB values for
each patch. Superscript indexes denote the iteration number, so for example P° is
the initial colour chart image P. The shading field and mapping M are determined

as follows
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1. Update J:
M
J=> w,G, (2.26)
g=1

where M is the number of DCT basis functions used, G, represents the gth
basis function, and the ws are the scalar weights. The weights are updated
using a least squares regression w = ETu, where as for the previous algorithm
the + signifies a Moore-Penrose pseudo-inverse. Here, u is a 3N x1 vector of
the XYZ values stacked on top of each other - [X; ... Xy, Y, ... YN, Z1 ... Zy]7,
and E is a 3N x M matrix based on RGB values and DCT basis functions.
This matrix is formed in several steps. Firstly, for each colour channel ¢, M
images are formed by pixel-wise multiplication of the colour chart image slice
with the basis functions, i.e. P; % G1,..., P; x G, where % represents pixel-
wise multiplication. Second, the average pixel values of these images for the N
patches are determined and placed into three N x M matrices F;. Finally, the

3N x M matrix F is formed by stacking the matrices for each colour channel
- [Ered; Egreen; Eblue] .

2. Update M:

(a) P* = P« J, where as above * represents a pixel-wise multiplication, i.e.

apply the shading correction to the image.

(b) Determine R - average for each colour patch in P*

(c) M = (R*)*H

3. Update P:
k 0
Py =P'M (2.27)

where j represents each pixel, i.e. apply the mapping M to every pixel in the

original image.

Note that this description of the second ALS algorithm is from [98], but corrects
several crucial typos found in the paper and uses notation to match this work. The

second algorithm also converges in tens of iterations for up to 21 DCT bases.

A more visual understanding of the differences between the two algorithms is
shown in Figure 2.7. The top row shows the input non-uniform field and result-
ing non-uniform image (as in Figure 2.6). The second two rows show the shading
corrections and corrected images obtained using the first and second approaches re-
spectively. The first approach yields independent, per-patch shading correction fac-
tors whereas the second yields a smooth, per-pixel shading correction field. In this

example case both approaches yield good correction estimates, producing shading
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Figure 2.7: The same non-uniform field as in Figure 2.6 is shown in (a) along with
the Classic colour chart rendered under this field in (b). The shading correction
factors produced by the first ALS approach are shown in (c), where there is a
single correction per patch which is independent of all other patches. The shading
correction field produced by the second ALS approach is shown in (e). Rather
than discrete, per-patch correction factors the second method produces a smooth
shading correction field across the whole image. The shading corrected images for
approach one and two are shown in (d) and (f) respectively. Note the uniformity of
the resulting images.

corrected images which are visually very similar and which both virtually eliminate
the intensity non-uniformity. Note that both approaches are compatible with lin-
ear, root-polynomial, or polynomial mappings. However, since we are using a colour
chart with a low number of patches, linear mappings are most appropriate with ALS

approaches here.

An overview of the calibration process when using either of the two ALS meth-
ods is shown in Figure 2.8. The crucial difference compared to the standard colour
chart calibration process depicted in Figure 2.5 is that the aligned images of a grey
chart are no longer required. This means that the phone can be handheld when

collecting images of the colour chart, making the image capture process simpler and
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less prone to user error. The task of determining the shading across the colour chart
and thereby the true mapping has instead been moved to the processing stage. A
comparison of the two ALS approaches and the standard colour chart method is

presented in Chapter 3.2.2.

RGB Raw colour
chart image
/ ‘
/:\
Colour Linear Bayer
image image
—
v v
Al )
' Regions of E Subtracted
| interest ! linear Bayer
| selection image
XYZ \
Measured RGB - XYZ Shading
XYZ values - Mapping correction

Figure 2.8: The pipeline to generate a shading-independent device-specific map-
ping from RGB to XYZ using images of a colour chart is laid out. A pair of flash/
no-flash raw images are captured of the colour chart in a dark environment, and
regions of interest are selected from the ‘sRGB’ flash image. Measured XYZ values
for the colour chart patches are used as inputs to either ALS algorithm along with
the colour chart image and regions of interest. The algorithm outputs the mapping
from RGB to XYZ, using the shading correction which it also determines.
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3. Obtaining quantified colour values

The components of our approach to overcome the challenges of quantifying colour
are tested experimentally, before an overview of the calibration and data collection
procedures, and a summary of the overall approach. Parts of the work presented in
this chapter are published in a PLOS ONE article [65] and in the Color and Imaging
Conference 27 and 28 proceedings [66,67]. These papers, licensed under the creative

commons license CC BY 4.0, have been modified to form part of this thesis.

3.1. Ambient subtraction

As discussed in Chapter 2.3.1, the subtraction of data from flash/ no-flash image
pairs enables the impact of ambient light to be minimised. This enables data from
a given phone captured in different lighting conditions to be compared. Here, ex-
perimental demonstration data for the technique and a metric for determining the

suitability of image pairs for use with the technique are presented.

3.1.1. Colour chart ambient subtraction demonstration

The ambient subtraction method was tested for a wide range of colours by imaging
172 patches of the Macbeth ColorChecker DC chart (excluding the repeating neu-
trals from the boundary of the chart and the reflective patches). An image of the
DC chart is included in Figure 3.2 (a). The DC chart was imaged under daylight
and fluorescent lighting, as well as with no ambient lighting to provide a ground
truth. As discussed in Chapter 2.4, to discount the effect of shading and varying
exposure time chromaticity values were used. The rg chromaticity values for each
patch were calculated before and after subtraction, and the distance to the corre-
sponding ground truth rg values (GT) was calculated. The distance was defined as

the Euclidean distance

rg distance = \/(Ttest —rar)? + (Grest — gar)? (3.1)

where r and g are red and green chromaticities for the patches, and the test and
GT subscripts refer to data under ambient light (before or after subtraction) and

no ambient light respectively.

Data was collected using the two models of phones used in the study. These are the

Samsung S8, referred to simply as the S8, and the LG Nexus 5X, referred to as the
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Nexus. The S8 uses the rear-facing camera in combination with the flash, and the
Nexus uses the forward-facing camera with the screen as the flash. Further details
on their use in clinical data collection are given in Chapter 4.1. Figure 3.1 shows
the DC chart results before and after subtraction for a Nexus phone under fluores-
cent lighting - results for all phones were similar in form, and fluorescent lighting
results have been presented here as an example. From Figure 3.1 it is clear to see
that the patch values after subtraction move towards the ground truth values, as
the subtraction removes the impact of the ambient light on the pixel values. The
average rg distance between corresponding pairs of ground truth and ambient light
influenced values decreases significantly after subtraction, as demonstrated by the

histograms inset in Figure 3.1.

To aid a clearer visualisation of the impact of ambient subtraction, a subset of
10 points from the DC chart is shown in Figure 3.2. The outer bounds of the total
group of ground truth patch values from Figure 3.1 is shown with a blue dashed
line for reference. The subset of patches was chosen to be representative of the
whole spread of points, with each ground truth value shown as a filled coloured
circle corresponding to the actual colour of the patch. The values before and after
subtraction are shown connected by an arrow. With the smaller set of points it is
now even easier to see how much the ambient subtraction helps to standardise the
data. The data presented here is again for fluorescent lighting, but similar results

were found for daylight.
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Figure 3.1: Macbeth ColorChecker DC chart rg chromaticity patch values for
ambient fluorescent lighting are shown for an example phone before (a) and after
(b) subtraction, as pale pink triangles and dark pink diamonds respectively. The
ground truth rg values are denoted by blue circles, and the histogram of rg distances
from the ground truth is shown as an inset in each subfigure. Note the sevenfold
decrease in the average rg distance to the ground truth as the ambient subtraction
minimises the effect of ambient light.
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Figure 3.2: A subset of the example phone DC chart patches shown in Figure 3.1
are shown to enable a clearer visualisation of the impact of ambient subtraction. An
image of the DC chart is shown in (a) with the selected patches outlined in yellow.
The impact of ambient subtraction on these patches is shown in (b). The outer limit
of the ground truth rg values is shown with a blue dashed line and the subset of
points have been selected to cover the gamut. The ground truth values are shown
using large filled coloured circles, where the circle colour is given by the ground truth
colour of the patch. The values before and after subtraction are denoted by pale
pink triangles and dark pink diamonds respectively, as before, and corresponding
points are joined by an arrow. Note how in all cases the subtracted points move
into close proximity of the ground truth value.
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3.1.2. Subtracted Signal to Noise Ratio (SSNR)

In order to avoid time-consuming recapturing of data, or loss of data, a metric to
give an indication of whether the images captured are suitable is required at the
time of capture. For the ambient subtraction method to yield good results, the
flash must dominate over the ambient light. A simple intensity ratio of the flash to
no-flash image appears to be a good option, however this does not take into account
additional noise introduced if the overall signals are small. For a pixel value in the
midrange of the sensor, as is typical when auto-exposure is used, shot noise domi-
nates which can be described by a Poisson distribution [100]. In this case, the noise

is simply given by the square root of the signal.

We propose the Subtracted Signal to Noise Ratio (SSNR) as a suitable metric, given
by the signal to noise ratio of the flash only pixel values obtained after subtraction
IF IF+A _ [A

N p— = -2
SSNR noise(I¥)  /TF+A 4 [A (3:2)

where 1774 and I# are the intensity values recorded in the flash and no-flash images
respectively, and the positive sign in the denominator is due to the summation of
errors in quadrature [101]. To avoid introducing error from motion between images,
this calculation is not performed pixel-wise but instead the average signal for the
region of interest is calculated for flash and no-flash images, and a global SSNR
calculated. Note that demosaiced images should be used to avoid biasing the results
towards the green channel. We use the most simple demosaicing option, where the
overall image size is halved and each kernel becomes one pixel. The definition of the
SSNR makes simplifying assumptions about sources of noise so that the calculation

can be based simply on the pixel values and no other information is needed.

3.1.3. SSNR threshold

Since there is not an intuitive value for the SSNR above which the images will be
reliably useful, the following experiment was carried out to get a gauge of what the
lower limit SSNR cutoff for ambient light-independent colorimetric measurements
should be. The phone was held static at a 45° angle to a Macbeth ColorChecker
Classic chart, which has 24 patches, and flash/ no-flash image pairs were captured.
A TaoTronics TT-DL09 LED desk lamp was used to provide a controlled ambient
light with a correlated colour temperature of 3850K, and image pairs were captured
as the intensity was gradually increased. For each image pair the rg chromatic-
ity values for each patch after subtraction were calculated and the distance to the

corresponding ground truth rg values, from a no ambient light image set, was cal-
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culated according to Equation 3.1. The smallest rg distance achievable in practice
was estimated by taking a series of no ambient light images of the Classic chart over
different capture sessions, and the average rg distance between the same patches
imaged multiple times was calculated. This average rg distance was then used as a

baseline for each phone to determine the suggested SSNR cutoff for practical use.

Figure 3.3 shows the rg distance for each subtracted patch value from its corre-
sponding ground truth value as a function of the SSNR for that patch, for an S8
phone. The experimentally determined baseline rg distance is shown in Figure 3.3
along with the value plus one standard deviation. For a practical limit, we deem
that once all points are within this higher threshold they will not be limited by
the SSNR. The inset of Figure 3.3 shows the ground truth rg value for an example
patch along with some subtracted results with varying SSNR. The practical rg dis-
tance threshold is also marked in the inset, and it can be seen that once a certain
SSNR is reached the results remain within the threshold. For each phone used in
our research, the threshold SSNR was calculated using the baselines specific to that
phone. The SSNR values yielded were similar for each phone and an average over
the four phones results in a threshold SSNR of 3.4, marked in Figure 3.3. When
capturing data using ambient subtraction, images should be retaken until the region
of interest has an SSNR above this threshold.

3.1.4. Sclera ambient subtraction demonstration

So far, ambient subtraction has been demonstrated for a wide variety of colours using
the DC colour chart, however the overall aim is for subtraction to be incorporated
into the system for jaundice monitoring via human images. At this stage, therefore,
the subtraction technique was tested for the target scenario of sclera imaging. Test
data was collected for five healthy volunteers under five ambient lighting conditions,
using a single Samsung Galaxy S8 phone. For each lighting condition, three repeat
flash/ no-flash image pairs were collected of the same portion of sclera. For each
image pair, the SSNR was checked for the sclera region and if the value fell below
the threshold defined in Section 3.1.3 then the images were re-captured. Along with
these images, the spectrum of the ambient light was also measured to compare the
different lighting conditions. A white tile was held near to the sclera, and a Spec-
traScan PR-650 spectoradiometer was used to measure the spectrum of light at the
tile. Finally, images of the sclera were captured under no ambient light (flash only)
to provide a ground truth sclera colour value for post-subtraction comparison. The
image capture process under ambient LED lighting is shown in Figure 3.4. Permis-

sion from the subjects were obtained to use these images.
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Figure 3.3: The rg distance of each Classic patch from the ground truth, found
using images under no ambient light, is plotted as a function of the SSNR value for
that patch as the ambient light level was varied. The colour of the points varies from
black to pale grey according to increasing SSNR. The baseline rg distance and the
baseline plus one standard deviation are shown with dashed lines in blue and green
respectively. The required SSNR for useable data is defined as the point at which
all points are below the upper line, and therefore not limited in accuracy by SSNR.
The overall experimentally determined SSNR, threshold across phones is 3.4, shown
as a solid vertical green line. Additionally, an inset shows a subset of data points
for an example patch. The square pale orange point represents the ground truth rg
value for the selected patch, where the colour of the square is given by the ground
truth colour of the patch. The green dashed line shows the baseline rg distance
determined for adequate SSNR. Finally, the greyscale circles outlined in pink (as
also outlined in pink in the main figure) show the initial large impact of increasing
SSNR on the rg distance until the baseline where the results are comparable even
for increased SSNR.

After capture, the scleral region of interest was manually segmented in each image
and the median RGB values before and after subtraction were extracted. As with
the colour chart demonstration, rg values were used to compare the values before
and after subtraction. The results are shown in Figure 3.5 (a), and the associated
ambient spectra are in (b). It is clear from Figure 3.5 (a) that there is a sizeable
variation in recorded sclera values under the different ambient illuminations. The
ground truth value for the sclera is marked with a black square, and was determined

by capturing images purely under the phone’s illumination in a dark room. The
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Figure 3.4: (a) Image capture for the subtraction demonstration is shown, with
permission from the subject, under ambient LED lighting. The subject’s eye is
positioned in the centre of the field of view, at a distance of a few inches. Specular
reflection coming from the phone flash is carefully positioned over the iris. An
example pair of flash/ no-flash images are shown in (b), cropped to the eye region.

data for all ambient lighting conditions after the ambient subtraction has been per-
formed is shown in yellow. The variability has been hugely reduced, and the values

are closely clustered around the no ambient light ground truth value.

Similar trends were observed for the five participants. The average rg distance
data across all participants for the five different lighting conditions is shown in Ta-
ble 3.1 before and after subtraction. The data in Table 3.1 confirms what is visually
shown in Figure 3.5: that carrying out ambient subtraction greatly reduces the rg
distance from the ground truth, to less than a tenth of the uncorrected distance
for all lighting conditions. This confirms the ability of the subtraction technique
to provide stable results under varying room lighting conditions, even for handheld

capture of human subjects.

rg distance pre  rg distance post

Lighting subtraction subtraction
Mean SD Mean SD
Daylight 0.055 0.023 0.003 0.003

LED room 0.037 0.008 0.004 0.002
LED phone 0.057 0.008 0.003 0.002
Fluorescent 0.051 0.006 0.002 0.002
Tungsten 0.058 0.012 0.002 0.002

Table 3.1: Average rg distances for sclera image values under different ambient
lighting conditions to the no ambient light ground truth value before and after am-
bient subtraction. The mean and standard deviation (SD) for the data is presented
across the five healthy volunteer subjects.
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Figure 3.5: (a) The recorded colour values for a healthy adult sclera are shown
using an rg chromaticity diagram before and after ambient subtraction. The am-
bient recorded data is shown for daylight (blue), LED room lighting (turquoise),
LED phone lighting (green), fluorescent (purple) and filtered tungsten (red). The
correlated colour temperature of each ambient lighting condition is provided in the
legend, obtained from the spectral power distribution of the ambient light. After
subtraction, the data is shown in yellow, along with the ground truth sclera colour
obtained from images captured with no ambient light (black square). The outer
limits of the Macbeth DC chart patch values as imaged by this phone are shown for
context (grey dashed line), along with the DC chart white patch value (grey star).
(b) The spectrum of each ambient lighting condition is shown with colours as in (a).
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3.2. Mapping testing

In order to compare data from different phones, a mapping from phone native space
to a device-independent space must be carried out, as discussed in Chapter 2.5.1.
Here, different methods for developing a mapping from pairs of known RGB and
XYZ values are compared, before a larger scale comparison of mapping approaches
based around metadata information and a colour chart. Finally, the potential for a

custom colour chart is explored.

3.2.1. Standard linear vs root polynomial mapping

As discussed in Chapter 2.6.3, two viable options for developing the mapping from
native RGB to XYZ space for the standard colour chart method are linear and root
polynomial mappings. These two approaches are viable since they are independent
of the exposure time, with root polynomial including some cross terms. A leave one
out method was used to compare the quality of the mapping resulting from each
approach. With this method, the mapping is developed excluding one patch of the
colour chart at a time, and then testing on this final patch by applying the mapping
and comparing the result to the known expected value. This process is repeated for
each patch, and the resulting errors averaged. Matching with convention, the errors

are presented in L*a*b* space using the AE metric

AEY, = /(L3 — L) + (a3 — ai)? + (b5 — b)? (3.3)

Using this formulation, an error above around 2 means that a human is able to

visually detect the difference between those two colours [95].

Table 3.2 presents the mean, median and 95th percentile AFE errors for linear and
root polynomial mappings for a representative Nexus phone based on images of a
ColorChecker Classic chart. The errors for the linear mapping are slightly higher
than seen in the literature, although in the same region [95]. However, the root
polynomial mapping does not provide the expected decrease in AF errors across
the three metrics, with a more pronounced effect for the third order version. This
is likely due to the comparatively low number of patches on the colour chart, which
may be resulting in overfitting. Using a chart with more patches is not feasible
in this context - reducing the patch size would maintain the chart physical dimen-
sions and so maintain portability, but it would increase the noise. To maintain

generalisability, the simpler linear mapping was therefore deemed more reliable.
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Nexus Mean Median 95th percentile

Linear 2.8 2.5 5.4
Root polynomial order 2 2.6 2.2 7.6
Root polynomial order 3 3.7 2.4 11.8

Table 3.2: AFE errors in L*a*b* space between expected XYZ values and those
produced by linear and root polynomial mappings from an example Nexus phone
native space. Mean, median and 95th percentile averages are presented from a leave
one out analysis.

3.2.2. Standard vs ALS colour chart mapping

An alternative to using the standard colour chart approach, which involves a paired
grey chart image, is to use a shading independent method. Here we compare two
alternating least squares (ALS) methods against the standard method. The math-
ematical details were presented in Chapter 2.6.4, but the relevant details of both
methods are summarised here. The ALS methods work by alternating between de-
termining the mapping and a shading correction until convergence. The first method
is based on average patch values and so produces shading estimates on a per-patch
basis which are then fed into the mapping calculation. The second method is based
on using smoothly varying basis functions to model the shading and so produces
a per-pixel shading correction which is applied before calculating averages and cal-
culating the mapping. As in the original paper, we use discrete cosine transform
(DCT) functions as bases [98].

As with the comparison of linear and root polynomial mappings in the previous
section, images of a ColorChecker Classic chart captured under the smartphone illu-
mination were used. The mappings were generated using the original (non-uniform
intensity illuminated) images, and the AFE errors calculated based on the shading
corrected image data. Table 3.3 presents results for the standard linear method and
the two ALS methods. As expected, when the images are corrected using the paired
grey card images before developing the mapping, and then tested on the corrected
data, the errors are lowest. When no attempt is made to correct the shading across
the colour chart, presented in Table 3.3 as Linear, the errors when the mapping is
tested on intensity-corrected data are extremely high. This is expected since the
level of shading across the colour chart images is significant, with maximum to min-

imum intensity ratios of 2.3 - 3.1 for the phones tested.

The errors for all the ALS data presented are lower than when shading is ignored,

providing reassurance that the methods were implemented correctly. For the DCT
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Nexus Mean Median 95th percentile

Linear - intensity corrected 2.4 2.3 4.6

Linear 10.2 10.0 16.9

ALS - per patch 3.3 3.2 5.9
ALS - DCT basis

3 basis 6.5 5.9 12.0

6 basis 4.1 4.0 7.4

10 basis 4.3 4.2 7.5

Table 3.3: AFE errors in L*a*b* space between expected XYZ values and those
produced by linear and alternating least squares mappings from an example Nexus
phone native space. Mean, median and 95th percentile averages are presented based
on testing mappings on intensity corrected images. The first row contains results
based on generating the mapping using intensity corrected data, all other mappings
were generated using uncorrected image data.

basis method, use of 6 basis functions provided the lowest errors. Increasing the
number of basis functions to 10 and beyond increased the errors again due to over-
fitting. The DCT basis method is more computationally complex since calculations
are based on a whole region of pixels per patch rather than a single average value,
hence it is slower to run than the per-patch method. Constraining the shading esti-
mate to be smoothly varying, since adjacent patches should have related intensities,
makes logical sense, but in the real world there can be shading fields which are not
well modelled by this approach. For example, the edge of a phone can cause a sharp

edge in shading which leads to adjacent patches having distinctly different intensities.

Here, amongst the ALS results, the mathematically and computationally simpler
per-patch ALS method provided the lowest errors. These are still higher than when
using grey chart images to correct for shading, however the image capture process
is significantly simplified. The standard method requires good alignment between
colour and grey chart images, therefore meaning that the phone must be held in a
tripod for image capture. Misalignment of the paired images will affect the quality
of the mapping produced by the standard method, since the shading will not be
fully corrected. The ALS approaches, on the other hand, do not require paired im-
ages and so can be captured using a hand-held device. The simplification of image
capture means that a lower skill level is required to obtain good quality calibration
images. Therefore, the per-patch ALS method is included for further testing in the
following section to assess whether the higher AE errors presented in Table 3.3 have

a practical impact.
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3.2.3. Comparison of mapping methods

To compare how well the different colour chart and metadata mapping methods per-
form, a controlled experiment was carried out. To investigate the variability of the
phones used in our research within a specific model, two devices of each model were
used. The Macbeth ColorChecker DC chart was imaged under no ambient light, as
for the ambient subtraction demonstration in Section 3.1.1, to isolate the mapping
stage. The repeating neutrals, reflective patches and those outside the gamut of the
Classic chart in xy space were excluded from analysis. The resulting ground truth
values for the Classic chart and DC chart are shown in Figure 3.6, measured using
the X-Rite ColorMunki spectrophotometer. The different mapping approaches were
applied to the same set of DC chart images, and the results compared to the known

ground truth values.

As for the ambient subtraction demonstration, the relative brightness information
is not retained. This means that effectively the full XYZ values are not yielded, but
instead just the chromaticity information. A conversion to L*a*b* space, as would
be standard, is therefore not possible. The xy chromaticities could be easily con-
verted to u'v’ values, from the CIE 1976 uniform chromaticity scale diagram which
is designed to be more perceptually uniform [102]. However, this was deemed unnec-

essary since perceptual uniformity is not a priority. Instead, xy chromaticity space

0.8 DC chart

*  Classic chart
0.7
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Figure 3.6: The ground truth xy values for the Macbeth DC chart used for testing
(yellow crosses) are shown along with the ground truth xy values for the Macbeth
Colorchecker Classic chart used for the colour chart approach (purple stars).
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was used, in alignment with previous literature in this area [46,47], and similarly to

Equation 3.1 the xy distance to the ground truth used as a performance measure.

It is important to be able to tell how well the different mapping approaches perform
across all the phones considered here. A procedure to calculate the Classification
Accuracy for Multiple Phones (CAMP,,, where n is the number of phones consid-
ered) was therefore defined in order to compare the three metadata methods and
two colour chart methods across different phones. All mapping approaches were
applied to the data and different subsets of the DC chart patches were selected with
varying allowed minimum separations in xy chromaticity space. The mapped values
for each phone and patch were classified to the ground truth values using a nearest
neighbour classification - the classification was deemed successful only if all four
phones correctly classified a patch. In other words, to calculate the CAMP, data

presented next, these steps were followed:
— For a given minimum allowed xy separation

— Select a subset of DC chart points which are all at least this far apart
— For each phone (1 to n)

— Do a nearest neighbour classification of the mapped data to ground

truth data using the selected subset of points

— CAMP,, = percentage of points for which all phones gave the correct

classification

— Repeat for a minimum of 1000 unique point set permutations and find
the average CAMP,,

The CAMP, accuracies for the five methods are shown in Figure 3.7 for a range
of average minimum xy separations. From an inspection of Figure 3.7, it is clear
that for very high xy distance thresholds, or in other words for discriminating be-
tween very different colours, it does not matter which mapping is chosen as all give
good results. The dcraw mapping gives the worst results but as discussed in Chap-
ter 2.6.2 this is due to a bug in the current version of dcraw. When the corrected
version is used, the results improve. The corrected ColorMatrix and ForwardMatrix
approaches provide similar results to each other, with a 90% accuracy achieved for
xy separations around 0.07 - 0.08. However, the two colour chart approaches reach
a 90% accuracy for xy separations around 0.04 - 0.05. This means that xy values
which are around 70% as far apart can be correctly classified using the colour chart
methods, demonstrated by the example point separations for each approach below

the main plot in Figure 3.7. This analysis demonstrates that on a practical level the
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Figure 3.7: CAMP, (Classification Accuracy for Multiple Phones, 4 phones) for
different subsets of patches from images of the DC chart under no ambient illumi-
nation. Results are shown for three metadata methods: dcraw (pink), dcraw-style
using the correct ColorMatrix (blue), ForwardMatrix (purple). Results are also
shown for the standard (orange) and ALS (green) colour chart methods. The blue
dashed lines indicate the xy distance at which a 90% CAMP, is achieved for the ALS
colour chart method and the best metadata method, with corresponding example
DC patch subsets shown below to enable a visual understanding of different colours
that can be discriminated using the two approaches.
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mapping developed using the ALS method performs similarly to the standard map-
ping. The per-patch ALS mapping approach was therefore adopted for all further

analysis, owing to its simpler calibration imaging process.

At this stage, it would be tempting to assume that the colour chart mapping
developed for a phone of a given model would be applicable to another phone of
the same make and model. It is known that variations in digital cameras prohibit
this [103,104], however results for smartphones have not been presented. Unfortu-
nately, the combination of subtle variations in the CSS and variations in the SPDs
of the LEDs or screens of typical smartphones is too great to allow a model-level
calibration. Figure 3.8 demonstrates the impact of using a model-level mapping
rather than a device-level. To produce the model-level results, the device-level ALS
mapping for one phone of each model was selected as the model-level mapping and
applied to both phones of that model. The CAMP, values were then calculated as
before, and are presented here alongside the previous colour chart data and best
metadata results for comparison. A significant drop in accuracy is observed, show-
ing that a device-level calibration is necessary to maintain accuracy. However, since
this device-specific calibration need only be carried out once per device it is not too

onerous.
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Figure 3.8: The CAMP, for different subsets of patches from images of the DC
chart under no ambient illumination is shown again for the ForwardMatrix metadata
method (purple) and the original ALS device-level colour chart method (green),
along with results from a model-level calibration (orange). The loss in accuracy for
small xy distances highlights the need for a device specific calibration.
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3.2.4. Custom colour chart

Figure 3.7 demonstrates that the classification accuracy across multiple phones is
still low when the xy separation between points is small. This is not ideal here,
since the task is to discriminate between different levels of yellow which will natu-
rally have small xy separations. The use of a standard colour chart means that a
variety of colours can be mapped with reasonable precision and accuracy, however as
previously discussed there will be a reduction in accuracy for each patch to maintain
a reasonable overall accuracy. If the colour in question is out of the gamut of the
colour chart, the mapped value is likely to be highly inaccurate. Akkaynak et al
suggested an approach for scene-specific colour calibration which involves measuring
the radiance of different parts of the scene and then calculating the corresponding
XY7Z values, as well as simulating the RGB values through additional calibration
of the camera or obtaining them through images [103]. This approach is ideal for
complex environments, such as underwater marine monitoring, however for more
typical environments the additional complexity and specialised equipment required
outweighs the benefit. A simpler approach would be to develop a physical custom
colour chart with patch colours targeted according to the application. Such charts
have been developed for a variety of different applications, such as monitoring agri-
cultural growth [105-107] or wound healing [108], and digitizing artwork [109-111].

Here, we are only interested in mapping white - yellow accurately, and do not mind
if other colours are mapped poorly. It is therefore viable to create a physical custom
colour chart with patches spanning the required colours, maintaining the simplicity
of equipment required to carry out a calibration. Since we do not have ground truth
reflectance spectra or even ground truth RGB/XYZ values for the colour of real
patient eyes for different bilirubin levels, it is hard to choose the colours for the
chart. Chapter 5 presents preliminary work in modelling and direct measurement
of sclera reflectance spectra which could inform this work. As a starting point, a
custom chart was created covering a range of shades of yellows and neutrals. A per-
patch ALS mapping was developed using this chart, using the method described in
Chapter 2.6.4. The aim was to test whether the use of a more targeted chart does
indeed improve the accuracy of mapped results. To this end, a second yellows chart
was constructed covering a smaller range in xy space as a testing chart, with patches
from a different manufacturer and with different reflectance profiles. Images of this
testing chart were captured, the Classic and yellows mappings were applied and the

results compared using the CAMP,4 metric as before.
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Figure 3.9 shows images of the charts used and the CAMP, as a function of the
mean minimum xy separation for the subsets with no ambient light. The yellows
chart approach provides a slightly higher classification accuracy than the Classic
chart for all xy separations, with larger differences for small xy separations. This
experiment demonstrates that a more targeted mapping can improve the resulting

accuracy across phones. It does not necessarily mean that this particular yellows
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Figure 3.9: An image of the yellows chart used for testing is shown in (a) with the
CAMP, shown in (b). Results are presented for per-patch ALS mappings developed
using the Classic chart and training yellows chart (with images of the charts in
the legend) as a function of the average minimum xy separation for different point
subsets of the test yellows chart with no ambient light. Note the slight increase in
classification accuracy for small xy separations when the yellows chart approach was
used, demonstrating the potential of using a colour chart with a smaller range of
colours.
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chart will improve accuracy for real patient data, since it was not designed based
on a ground truth. Since the training chart covers quite a narrow range of yellows,
it was decided that the Classic mapping should be used with patient data, to avoid

poor mapping of out of gamut colours.

3.2.5. Individual phone accuracy

To compare the impact of different mapping approaches, the results for all four
phones included in this research were combined together into an overall classifica-
tion accuracy. When assessing the suitability of a new phone for use in a particular
application, the individual colorimetric accuracy can be useful. Of course there are
other important factors such as access to raw images and sensor linearity (see Ap-
pendix C), but we note that the individual colorimetric accuracy can provide useful

insight.

It can be useful to look at performance both over a wide variety of colours and
for a region of colour space specific to the application. Here, we use the DC colour
chart patches shown in Figure 3.6 as a broad view. We also focus in on the yellow
region since accuracy of measuring yellow is of particular interest. Selected patches
are shown in Figure 3.10, and are a subset of DC chart patches supplemented with

those from the two yellow charts discussed in Section 3.2.4.

As in previous sections, we use xy distance as a metric rather than the more conven-
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Figure 3.10: The ground truth xy values are shown for the Macbeth DC chart in
the yellow region of the xy horseshoe (yellow crosses) and the two custom developed
yellows colour charts (blue and purple stars).
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All colours

xy distance to ground truth

Phone Mean Standard deviation
Nexus 1 0.01 0.009
Nexus 2 0.008 0.01

S81 0.01 0.01

S8 2 0.01 0.009

Table 3.4: Mean and standard deviation xy distances of mapped phone data to
the ground truth DC colour chart patches shown in Figure 3.6 are presented for the
four phones used in this research. The per-patch ALS mapping approach with the
ColorChecker Classic was used in each case.

Yellow region

xy distance to ground truth

Phone Mean Standard deviation
Nexus 1 0.006 0.007
Nexus 2 0.006 0.007
S81 0.008 0.008
S8 2 0.008 0.009

Table 3.5: Mean and standard deviation xy distances of mapped phone data to
the ground truth colour chart patches shown in Figure 3.10 are presented for the
four phones used in this research. The per-patch ALS mapping approach with the
ColorChecker Classic was used in each case.

tional metrics such as Delta E error since we only have chromaticity information.
Mean and standard deviation xy distances between mapped and ground truth patch
values are presented for the four phones used in this research. Results for the full
range of colours and focussed yellow region are presented in Tables 3.4 and 3.5 re-

spectively.

For the full set of colours the performance across phones is relatively consistent.
For all phones, there was a slight improvement in performance for the focussed yel-
low region. It is reassuring that there is not a significant deterioration in accuracy
in the area of interest, and that the results from all phones are similar - this implies
that most phones may be viable for use. As new phones are considered for clinical
data collection, it would be useful to benchmark them against these results since
the corresponding clinical performance is known for the existing phones (presented
in Chapter 4). If a significant deterioration is observed compared to the results in
Tables 3.4 and 3.5, it may be possible to improve results using a custom chart (as

discussed in Section 3.2.4) or it may be necessary to avoid use of this phone.
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3.3. Proposed approach

Having presented the theory and relevant validation experiments, the proposed ap-
proach for obtaining accurate colour values from images over different environments

and phones is summarised here.

3.3.1. Omne-time calibration

The first step when introducing a new phone for data collection is to carry out the
one-time calibration. The approach detailed in Chapter 2.6.4 should be followed,
as depicted in Figure 2.8. To summarise: a flash/ no-flash pair of images of the
colour chart should be captured. The phone should be positioned at approximately
45° to the charts to minimise any specular reflection, and ambient light should
be minimised. The per-patch alternating least squares algorithm, accounting for
the intensity non-uniformity of the smartphone flash across the chart, should be
used to develop the linear mapping M from phone native space RGB values to
device-independent XYZ values. The use of this approach rather than the standard
approach applying a grey chart to correct for shading means that the smartphone

used to capture images of the colour chart can be handheld.

3.3.2. Data collection

Once the one-time calibration has been carried out, the data collection and following
analysis process is extremely simple. Figure 3.11 shows the steps involved. First, an
image pair containing the region of interest is captured, for example the patient’s
eye, ensuring that an SSNR of at least 3.4 is obtained. The particular scleral region
of interest is selected from the flash and no-flash colour images, and a median RGB
value calculated for each from the raw data. Then the no-flash median RGB value is
subtracted from the flash median RGB value. This process accounts for any motion
between images as well as the ambient light. The previously determined device-
specific mapping (M) is applied to convert the subtracted RGB values into XYZ
values. Finally the device and ambient light-independent xy chromaticity values are
calculated. Datasets containing results from more than one phone are then com-
patible. It is possible at this point to begin developing the link between obtained
colour values of the sclera and the corresponding blood test measurements of total

serum bilirubin.
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Prior one-time
calibration

Figure 3.11: The simple process for obtaining colour values from a subject is
depicted. First, a flash/ no-flash image pair of the overall region of interest is
captured, here the patient’s eye. The particular region of interest (ROI) is selected
for each image using colour versions of the raw images. Median RGB values are
calculated from the raw images for the flash and no-flash image ROIs, and the
results subtracted. The previously calculated RGB to XYZ mapping (M) is then
applied and xy chromaticity values are calculated, yielding device and ambient light
independent colour values.

3.4. In-image colour chart alternative approach

For comparison, an alternative to the proposed approach was also used and is de-
scribed here. Figure 3.12 depicts the method. For this method, images are captured
under ambient light and a colour chart is included along with the patient’s eye in
every image. The colour chart is used to develop a mapping from RGB to XYZ and
applied only to data from that image. A semi-automatic method can be used to
extract patch data from images [112]. Even when under relatively spatially homoge-
neous ambient lighting there is likely to be a variation in the illumination intensity
across the chart. For this reason, as for the proposed one-time calibration, the ALS
method of determining the mapping is used. The median value for the sclera region
of interest is then determined, and the per-image mapping applied to move to XYZ

space. xy chromaticity values can then be calculated as for the proposed approach.
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Figure 3.12: The in-image colour chart method is depicted. A raw image of the
region of interest (here the patient’s eye) is captured which also includes a colour
chart. The colour chart is used to generate an image-specific mapping from RGB
to XYZ. The median RGB value for the ROI is extracted, and the image-specific
mapping is applied. Finally, xy chromaticity values are calculated.

76



4. Clinical study

Parts of the work presented in this chapter are to be published in a PLOS Digital
Health article [113] and in the Journal of Gastroenterology and Hepatology [114].
These papers, licensed under the creative commons license CC BY 4.0, have been

modified to form part of this thesis.

4.1. Data collection

A study was carried out on patients with advanced liver disease through the Insti-
tute of Hepatology at the Royal Free Hospital. Ethics for this study was granted as
part of the DASIMAR study (amendment 6). The DASIMAR study was approved
by the local governing Research Ethics Committee (London — Harrow; REC Ref:
08/H0714/8) and all patients provided informed consent. The data for this study
was collected during the period of May 2017 to March 2021 by clinical fellows on
the hepatology ward. Criteria for inclusion in the study were that the patient be
over 18 years of age, have diagnosed cirrhosis either histologically or based on clin-
ical, radiological and biochemical criteria, and have acute decompensation with no
improvement of clinical state within the first 72 hours as assessed by the treating

clinician.

Results from the daily blood tests carried out as part of in-patient care, includ-
ing the TSB and haemoglobin levels as well as other parameters required to calcu-
late clinical scores, were recorded along with capturing three types of images. A
visualisation of the differerent aspects of the dataset is shown in Figure 4.1, with
more detail provided in the following text. The primary type of images captured
was images focussed on the sclera region alone, to test the proposed method for
determining bilirubin. The second was images of the sclera region also including
a ColorChecker Classic card, to allow a comparison against a standard alternative
method. And the third type was images of the lower eyelid, to enable preliminary

work into determining haemoglobin level.

Over the course of the collection period, a total of 57 patients were recruited. The
first 11 patients were recruited during a pilot period and detailed information, other
than their TSB level, was not recorded. Characteristics of the 46 patients from the
main study are detailed in Table 4.1. To investigate the ability to track individual

patients over time, repeat sets of data were collected, spaced by at least 3 days to
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Figure 4.1: Visualisation of the patient image sets from the clinical study available
after thresholding for the SSNR and applying filtering (see later section for in-depth
discussion). The central Venn diagram shows image sets collected of the sclera alone
using the two study phones S8 (blue) and Nexus (red) and their overlap. The left
and right columns show the overlap of the sclera images with sclera ColorChecker
images (orange) and lower eyelid images (purple) for the S8 and Nexus respectively.
Note that in an ideal case, all image sets would be available for both phones and
for all image capture types but for practical reasons this was not always possible.
The longitudinal diagrams represent not image sets but the number of patients with
repeat image sets available, with the outer circle representing those with a single set
of images, followed by two (pale blue), and three or more (pink).

allow the bilirubin level to change. In total sets of patient images were collected
at 112 timepoints, with 32 patients with two or more repeats and 16 patients with

three or more repeats.

In order to test the ability of the system to obtain device-independent values and to
demonstrate the two modes of subtraction, images were obtained in parallel using
two phones. Figure 4.2 shows the process of sclera image capture for the two phones,
where patient consent was acquired to use these images. Ideally all timepoints would
have all three types of images captured using both phones, however this was not
always possible. The breakdown of image availability and overlap of sclera images
is detailed in Figure 4.1. The phones were briefly introduced in Chapter 3.1.1 but
will be described in more detail now. The first phone used was the LG Nexus 5X,
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Number of patients, n = 46

Female : Male 14 : 32
Age (years) 49 (37 - 61)
Child-Pugh score 10 5(9-12)
MELD-Na score 26 (21 - 29)
CLIF-C AD score 56 (49 - 63)
Development of ACLF (n, %) 15 (33%)
Length of hospital stay (days) 17 (8 - 34)
Need for intensive care (n, %) 10 (22%)
In-hospital mortality (n, %) 7 (15%)
Death or orthotopic liver transplant 5 (11%)
(OLT) within 28 days (n,%)
Death or OLT within 90 days (n,%) 17 (37%)
Overall mortality (n, %) 19 (41%)
Cirrhosis aetiology Alcohol 34 (74%)
Nonalcoholic steatohepatitis
(NASH) 4 (9%)
Hepatitis C (HCV) 2 (4.3%)
Autoimmune hepatitis (ATH) 2 (4.3%)
Primary sclerosing cholangitis
PSO) 2 (4.3%)
Secondary biliary cirrhosis 1 (2%)
Unknown 1 (2%)
Decompensating event (n, %) Alcoholic hepatitis 26 (57%)
Infection 8 (17%)
ATH flare 1 (2%)
Drug-induced liver injury
(DILI) L (2%)
Dehydration 1 (2%)
Bleeding 1 (2%)
Unknown 8 (17%)

Table 4.1: Characteristics of the patients included in the study, not including those
in the pilot study. Ranges presented are one standard deviation above and below

the presented mean value.

referred to from here on as the Nexus. The Nexus used the front-facing camera for

image capture, with the illumination for subtraction coming from the screen back-

light being switched on to a solid white illumination. For self-capture, use of the

front-facing camera is much simpler.

The second phone was the Samsung Galaxy S8, referred to from here on as the S8.

In contrast to the Nexus, the S8 used the rear-facing camera for image capture. The

rear-facing camera is much simpler to use when a third party is collecting the images.
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Figure 4.2: Images showing image capture at the Royal Free Hospital by a clinical
fellow. Patient permission was obtained before acquiring the images. (a) S8 phone
using the rear facing camera (b) Nexus phone using the front facing camera, where
the patient’s face has been blocked for confidentiality.

The camera flash was used for the illumination, however given the required proxim-
ity to the patients’ eyes the pure flash would have been too bright for both comfort
and image quality. A simple diffuser was developed using white diffusing acrylic
which attaches to a phone case and covers the phone flash, shown in Figure 4.3.
This diffuser lowers the intensity of the flash and makes its spatial distribution more
uniform. The sides of the diffuser were covered with blackout tape to reduce the
intensity of light coming from through the sides. The material used for the sides
should entirely block the light, otherwise the colour of the light coming from the

flash can become spatially non-uniform and negatively affect the results.

(a) (b)

Figure 4.3: The diffuser for the S8 phone used in this research. The diffuser was
custom designed to dim the intensity of the flash and make its distribution more
spatially uniform. (a) The diffuser before being attached to the phone case - the
edges of the acrylic were covered using blackout tape to avoid a halo effect in the
captured images. (b) The rear of the S8 phone shown with the case and custom
designed diffuser in place.
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For both phones, a custom app was used for image capture. When the app was
opened, the flash of the phone (screen or actual flash) was turned on to allow the
patient to acclimatise to the light. When capture was requested, the app automati-
cally selected an ISO and exposure time based on the total illumination. This same
combination of ISO and exposure time was used for both the flash and no-flash
raw images which were then automatically captured in quick succession. The use
of the same settings based on the flash image meant that ambient subtraction was
valid, according to the linearity calibration detailed in Appendix C, and that pixel
saturation was minimised. Note that for smartphones available at the time of this
research, the camera aperture was fixed meaning that only ISO and exposure time

varied.

The one-time calibration of each phone and processing of captured patient images
was carried out according to the method outlined in Chapter 3.3. The need for
more detailed regions of interest on the images, and subsequent filtering algorithm
development, are discussed in Section 4.2. The availability of sclera image sets at
different stages of processing for the two phones is shown in Table 4.2. For all cases
when image capture was carried out, at least one image pair of acceptable quality
was obtained. The vast majority of these had an SSNR level above the threshold,
with a higher attrition rate for the Nexus owing to its dimmer flash illumination.
Finally, the developed filtering algorithm performs well on the images. This data
highlights that it was possible to obtain good quality image data for this patient
cohort. After discussing and presenting the filtering algorithm, results for linking
the extracted colour to TSB are presented in Sections 4.3-4.5. Finally, preliminary

work considering haemoglobin assessment is presented in Section 4.6.

Stage of processing Number of image sets remaining

S8 Nexus
Images captured 99 99
Useable images 99 99
Sufficient SSNR 97 89
Acceptable filtering 93 82

Table 4.2: Availability of sclera image sets at each stage of processing for the two
study phones. Note that a total of 112 sets of images were captured - ideally all
images would have been available for both phones, however in some instances only
one phone was used.
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4.2. Sclera filtering

4.2.1. Need for filtering

As shown in the data collection processing pipeline in Figure 3.11, after the region
of interest selection, median RGB values are calculated for flash and no-flash images
and then subtracted. Images of the sclera generally contain features such as blood
vessels and specular reflection, referred to from now on as non-sclera pixels. The
median is reasonably unaffected by outliers, hence it was selected as the averaging
method to find the representative colour of pure sclera. Upon inspection of patient
images, it became clear that the majority of these images contained large quantities
of these non-sclera pixels leading to concern that these pixels may be affecting the
end result. An illustrative set of images for both phones are shown in Figure 4.4,

cropped to maintain patient privacy.

Theoretically, it may be possible to manually select regions which seem to contain
less specular reflection and blood vessels. This approach is not ideal for two reasons.
Firstly, it is not reasonable to expect patients or caregivers to reliably do this, espe-
cially since the goal is that users would require little training. To reduce user error or

bias in region of interest selection, the long term aim is to introduce an automatic

Figure 4.4: Two different example cropped patient flash images are shown for the
Nexus (a) and S8 phone (b), demonstrating the large proportion of blood vessel and
specular reflection pixels typically found in these images.
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or semi-automatic segmentation algorithm to select the sclera region rather than
the current manual selection. Secondly, even if this targeted region selection were
possible, it is unlikely to yield optimal results. Smaller regions of interest means
fewer pixels included and so higher noise levels. Additionally, due to the inherent
variation in colour of the sclera, selecting a small localised region could lead to the

introduction of a colour bias.

An alternative approach is to start with a full sclera mask, obtained through manual
or automatic segmentation, and filter out non-sclera pixels. In other words, rather
than selecting a regional mask, the aim is to remove problematic pixels from a full
mask. Once these pixels have been removed from the mask, the median can be cal-
culated as before. The filtering does not have to be perfect, since the aim is simply
to make sure that there are more sclera pixels than non-sclera pixels and to have a

reasonable number of pixels left in total.

4.2.2. Filtering algorithm

Figure 4.5 shows the overall algorithm developed to filter out non-sclera pixels.
sRGB images generated from the raw Bayer images using a standard metadata con-
version [82,115] implemented in MATLAB were used for the pixel filtering. Clearly,
for reasons discussed in Chapter 2.2, whilst the exact values of these converted
images should not be used for analysis, they are useful for relative colours. Pixel
filtering for both specular reflection and blood vessels is carried out for the flash
image, followed by an attempt to register the flash and no-flash images. If the reg-
istration is successful, the filtered flash mask is transferred to the no-flash image. If

not, then a second round of filtering is carried out on the no-flash image.

Not every sclera region contains specular reflection, as seen in Figure 4.4, but when
it is present it is problematic. Often, the specular reflection presents as fully sat-
urated pixels which are easy to remove. However, there are often also regions of
specular reflection which are visible to the human eye but do not saturate the cam-
era sensors. It is therefore not enough to simply remove saturated pixels. Carrying
out this filtering operation on images where there is not specular reflection present
can cause over-filtering of sclera pixels. Therefore it was necessary to do a basic test
for the presence of specular reflection in the region of interest before carrying out
the filtering. If any pixels met one of the following three criteria, then there was

deemed to be specular reflection present:

« One or more of the RGB channels has a value above 0.95 (range: 0 - 1)

¢ Two or more of the RGB channels have a value above 0.9
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o Any pixel intensity is more than five standard deviations away from the median
intensity in the ROI

The third criterion was included to tackle specular reflection in images where the
overall sclera intensity was low and so neither of the first criteria were met. For im-
ages where specular reflection was detected, a simplified method based on the work
of Crihalmeanu et al [116] was used. A conversion from sRGB to HSV space was
first carried out and a power law transform applied to the V channel to accentuate
the specular reflection - V7. The original method involved testing a range of val-
ues for v, however here it was found heuristically that a fixed value of 4 performed
adequately. Diverging from the original method, Otsu thresholding was then used
to separate specular from background pixels [117]. Otsu thresholding works by it-

erating through a range of possible threshold values for a greyscale image, splitting

(1) Input flash (4) Register flash
image and mask to no flash image

v

(2) Specular filtering

3 <
T >,
g <,
S ®
(3) Vessel filtering (5) Transfer mask (2-3) Filtering

Final flash mask Final no flash mask

Figure 4.5: The algorithm for filtering out specular reflection and blood vessels
from the sclera region of interest. Filtering for specular reflection and vessels is
carried out on the flash image, before registering the flash to the no-flash image. If
the registration succeeds then the filtered flash mask is transferred, else filtering is
carried out on the no-flash image. Further details of the algorithm are discussed in
the text.
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the image into specular and background, and automatically selecting the threshold
which minimises the intra-class variance. In other words it selects a threshold which
minimises the width of the intensity clusters of the two classes. Here, the inbuilt
MATLAB function graythresh was used.

The next stage was to remove blood vessels from the image. There can be varying
amounts of blood vessels from person to person, but every sclera contains some. It
is therefore possible to skip the step of testing for their presence, and simply apply
the filtering to every image. Detection of blood vessels is a common task across
many areas within medical imaging. A huge range of techniques exist for vessel
extraction [118], including the well-known Frangi filtering approach [119]. There
are many approaches developed specifically for sclera images, usually related to bio-
metrics, for example involving contrast and line-based enhancements [116]. These
approaches are able to return the vessel mask to a high degree of accuracy, however

they typically involve many tunable parameters and can be quite slow.

Since our images are captured in different lighting environments and with different
devices, high numbers of parameters which require tuning for different situations
is undesirable. We note that here we do not require a high quality vessel segmen-
tation, rather we would simply like to remove the majority of vessel pixels. With
this in mind, a simpler alternative has been developed which was based on the basic
observation that vessels are much more red than the surrounding sclera. The red
chromaticity was calculated for the whole image, to mitigate the effects of shadows
and to flatten the image, and then Otsu thresholding was applied to remove the
redder vessel pixels [117]. Initially, the vessel filtering was carried out before the
specular filtering. However it was found that the presence of specular reflection
could cause the vessel filtering performance to deteriorate and significantly over-

filter, so the order of these two filtering steps was reversed.

Due to the inevitable shifts between hand-held captured images, it is not advis-
able to use the filtered mask directly on the no flash image. Instead, once the flash
image mask has been finalised, the flash image was registered to the no-flash im-
age. A rigid transformation, allowing translation and rotation of the image, was
determined using the built-in MATLAB function imregtform with the multimodal
setting. The transformation was then applied to the filtered flash mask to use it
with the no-flash image. In some cases for the test and patient images, a very large
translation was suggested between the images. If any translation term in the map-
ping was larger than a tenth of the maximum image dimension, the registration was

classed as having failed. The registration fails in two main cases: a) when there are
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geometric changes between the images, in which case often the images are not as
suitable for the subtraction method, or b) when the no-flash image is very dark. To
distinguish between these cases, the intensity of the no flash image was calculated.
If the intensity was above a heuristically determined limit, then the unfiltered flash
mask was used on the no-flash image and the two stages of filtering were carried out
as for the flash image. If the image was very dark then over-filtering would likely
occur, so instead the unfiltered flash mask is simply used for the no-flash image.
Where a separate manual mask for the no-flash image exists this can be used in
place of the flash mask, and the same threshold used to determine whether to apply
filtering.

4.2.3. Filtering validation experiment

It is challenging to validate whether the filtering algorithm is helping to improve the
results from patient data, as there is no ground truth for the colour of the sclera
or even which pixels are or are not pure sclera. One option would be to consider
repeat images of the same patient taken at the same time, and see if carrying out
filtering brings the colour values into closer agreement. Unfortunately, there are
limited repeats available for each patient and they are not constrained enough to

make a judgement.

Instead, a lab-based experiment was designed and carried out. Four samples were
created, depicted in Figure 4.6, which were designed to be pseudo-representative of
the sclera. The samples were created by adding red ink and clear adhesive tape,
to represent blood vessels and specular reflection respectively, to four identical pale
yellow paint swatches. Swatches were used as they are spot colours - the ink is pre-
mixed and applied rather than printed in the typical CMYK manner. This makes
swatch colours higher resolution and more consistent. The ground truth XYZ value
for each sample was measured using the X-Rite ColorMunki spectrophotometer be-
fore any modifications were carried out. The samples were so close in value that it
was possible to deem them the same, so an average of the results was used as the
ground truth value. The first sample was kept unmodified, as a control, and the
other samples were modified to include varying levels of blood vessels and specular

reflection as described in the caption of Figure 4.6.

The samples were then imaged with the S8 phone with no ambient light to enable
the filtering algorithm alone to be tested. Four repeats of each sample, rotating the
sample between each repeat, were captured in three different setups. The first set

was captured with a 45° angle between the phone and sample, designed to minimise
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Figure 4.6: The four samples produced to test the filtering algorithm. Vessels and
specular reflection were simulated using red ink and clear adhesive tape respectively.
1: plain uniform colour, the same background colour as all other samples. 2: vessels
added. 3: vessels and specular reflection added (note that the specular reflection
is not visible in these images due to camera angle). 4: more vessels and specular
reflection

specular reflection. The second set was captured with the phone and sample parallel
to one another, specifically aiming to generate specular reflection. The final set was
captured with the phone and samples parallel, but with the samples bent into a
curve to introduce geometric shading as observed for eye images. Manual regions of
interest covering the whole sample were selected for each image, and the RGB values
were extracted using the masks pre and post filtering. The device-specific mapping

was then applied to map to xy space, and the results compared to the ground truth.

Images of the three modified samples and their masks for one setup each are shown
in Figure 4.7. Visual inspection of all image data was performed to ensure that
vessels and specular were being well removed. Note that the filtering performed
well on these test samples, despite varying distance and angle from the card. The
resulting xy values for the samples before and after filtering are shown in Figure 4.8,

along with the ground truth result obtained by spectrophotometer measurement.

When inspecting the results before filtering, in Figure 4.8 (a) it can be seen that, as
expected, the control sample already has a good agreement with the ground truth
in all imaging setups considered. The other cards match the ground truth far less
well, with the distance increasing for increasing modifications. The distance also in-
creases as the setup moves from the ideal imaging setup to the more realistic setup
- larger distances from the ground truth were observed when the phone was parallel
to the curved samples. This means that if a patient image set has a large amount

of visible blood vessels and specular reflection then it is likely that the extracted
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Figure 4.7: An example image of each of the modified samples is shown, before
and after the filtering is applied. The manual mask outline is shown in blue. The
first column shows the original image, the second shows the filtered image, and the
third shows the resulting mask. The rows correspond to the three imaging setups -
flat with no specular, flat with purposeful specular, curved with purposeful specular
- shown for samples two, four and three respectively. Note how specular and blood
vessels are accurately removed, whilst avoiding over-filtering.

colour will depend on these features.

The xy values after filtering, in Figure 4.8 (b), display a much greater agreement
with the ground truth. The results from sample two were close to the ground truth
before filtering and were not greatly affected by the filtering. This confirms that
the median is indeed robust to some outliers. Filtering makes a huge difference to
samples three and four, with a significant reduction in xy distance from the ground
truth (t test, p<0.05). The results after filtering are still not as good as the less
modified samples. This is potentially due to some noise due to the overall smaller
number of pixels remaining or the influence of some non-sclera pixels which were

not entirely removed.

Overall the experiment demonstrates that the median alone is unlikely to be able to
overcome the amount of non-sclera pixels encountered in real-world images. It also
shows that a significant improvement is found by utilising the filtering algorithm

described here.
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Figure 4.8: The xy values of the samples are shown before (a) and after filtering
(b). The ground truth xy value for the samples is shown as a pale yellow square.
The results for the numbered samples shown in Figure 4.6 are shown in pink, blue,
magenta and turquoise respectively. Before filtering, the resulting xy values are
highly spread from the ground truth with much closer clustering achieved after
filtering.
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4.2.4. Testing on patient data

During the development of the filtering algorithm, testing was carried out on the
patient data to ensure that it was fit for purpose, and to help hone the details. A
key step was setting the intensity threshold for carrying out filtering on the no-flash
image in case of registration failure. It was found that filtering on the no-flash image
for the S8 phone worked to a lower intensity value than the Nexus phone, so different
thresholds were set. It should be noted that this is the only tunable parameter in

the algorithm, with all other stages being carried out automatically.

A necessary testing step for the algorithm in its final form was to assess how well it
performed on the patient data. An example set of flash and no-flash cropped patient
images and masks are shown in Figure 4.9 for each phone. Visually, the results look
fit for purpose - the majority of blood vessels and specular reflection are removed.
Histograms of RGB distributions for these example images before and after filtering
are shown in Figure 4.10. Each distribution narrows upon filtering, saturated values
are removed, and the red channel in particular is reduced in relative intensity in
line with removal of blood vessels. These findings support the intended functioning
of the algorithm. As an inherent result of applying the algorithm there is a clear
loss in the number of pixels available for use. Figure 4.11 shows the percentage of
sclera mask pixels available for analysis after applying the filtering algorithm. The
mean available percentages for the S8 and Nexus phones respectively were 55% and
49%. This is a significant loss of data. However given that these pixels contain con-
founding information and that the absolute mean available number of pixels remains
around 100,000 and 25,000 for the S8 and Nexus respectively (difference owing to

their different image dimensions) the loss was deemed acceptable.

A visual inspection of the filtered masks was carried out for all available sets of pa-
tient data and repeat images. Image filtering was categorised as ‘good’ for 261/279
S8 image pairs (94%) and 238/257 Nexus image pairs (93%). The most common
causes of issues in the algorithm were due to failure to register the images correctly
and, specifically for the Nexus, not identifying specular reflection in all cases. Over-
all, the filtering algorithm performed well over a large set of images. Based on these
qualitative good results and the findings of the lab experiment, it was decided that
filtering should be applied as part of the processing pipeline with a visual inspection

to check for any issues.
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Figure 4.9: An example cropped image pair and corresponding masks before and
after filtering for the Nexus and S8 phones are shown in (a) and (b) respectively.
No-flash images have been brightened for visibility here. In each case, the top row
shows the flash results, and the bottom row shows the no-flash results. The first
column shows the flash image and mask (blue outline) before filtering, and the no
flash image (no manual mask), the second column shows the images after filtering,
and the third column shows the resulting masks. Note the large correct shift in
mask location for the no-flash image with the Nexus phone, and the good level of
vessel and specular removal for both phones.
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Figure 4.10: Histograms of RGB distributions before and after the filtering algo-
rithm is applied. Results for the flash images of the example image pairs shown in
Figure 4.9 are presented for the Nexus in (a) and (b) and the S8 in (¢) and (d). The
lefthand column shows the distributions before filtering and the righthand column
shows them after filtering. Inset images show the mask regions.
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Figure 4.11: Histograms of the percentage of masked sclera area remaining for
analysis after application of the filtering algorithm. Results for all available image
sets for the S8 and Nexus phones are presented in (a) and (b) respectively.
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4.3. Linking colour to bilirubin

4.3.1. Yellowness metrics

Before presenting any results, the metric to capture the ‘yellowness’ of the sclera
must be considered. Since images were captured at different distances from the
patient, under different lighting conditions, and with different exposure times, the
subtracted RGB values and resulting XYZ values do not contain brightness informa-
tion. This means that we cannot base a metric directly on individual channels, but
should use chromaticity instead. Chromaticity, introduced in Chapter 2.4, involves
a ratio of all the channels, so is independent of the image capture factors previously
mentioned and has the additional advantage that it removes the effects of geometric

shading.

For presenting results in device-specific space, we opt for a simple metric based
on blue chromaticity. Since a lower level of blue denotes a higher level of yellow,
the device-specific metric is 1-b to produce a positive correlation with bilirubin
level. Figure 4.12 plots the absorption spectrum of bilirubin with the XYZ colour
matching functions. The strong extinction of light in the blue wavelength range
for bilirubin explains the yellowing of the sclera observed when bilirubin builds up.

Of the three tristimulus values, the Z channel has the greatest sensitivity over the
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Figure 4.12: Bilirubin extinction is plotted as a function of wavelength in blue
using the left hand vertical axis using data from [120]. The XYZ tristimulus values
as a function of wavelength are plotted in red using the right hand vertical axis.
Note the overlap between bilirubin absorption and Z.
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relevant wavelength range. An intuitive metric, following the same form as for the
device-specific metric, would therefore be 1-z. Section 4.3.3 considers this metric
along with higher order prediction models based on multiple linear regressions of

different combinations of chromaticities.

4.3.2. Device-specific results

Before applying the mapping to XYZ space, we first consider the data in native
space. This enables a test of the first stages of processing before introducing the
inherent slight error from the mapping. Figure 4.13 shows the correlations from the
Nexus phone at three stages of processing. The general trends observed for the S8
phone were similar so have not been included. Before the subtraction step is applied
there is a correlation, however the data is quite noisy. Applying subtraction greatly
improves results, increasing the correlation coefficient from 0.56 to 0.82 (p<0.001 in
both cases). This finding further demonstrates the power of ambient subtraction to
reduce the impact of ambient light in a simple way. Finally, the correlation again
increases for data which has had both filtering and ambient subtraction applied up
to 0.87 (p<0.001). This demonstrates, in a practical way, how carrying out filtering

for blood vessels and specular reflection can improve results.

For the Nexus phone, ten timepoints had to be excluded based on low SSNR -
these are marked in pink in Figure 4.13. For the S8 phone, just two timepoints had
to be excluded. This is due to the more challenging image capture with the Nexus.
Since the front facing camera is used with the ‘flash’ provided by the phone screen,
the overall brightness is lower, meaning that the phone must be held closer to the
patient. Additionally, it was found that the patients were too ill to capture the
images themselves using this phone, as had originally been intended, so the clinical
fellows had to capture the images. It was therefore very hard to get the phone close
enough to the patient whilst also being able to see the preview screen to check that
the desired region of interest was being captured. The number of failures at the
pixel filtering stage is also higher for the Nexus than the S8 - nine versus four. This
is likely due to the lower image resolution, meaning that registration and filtering
is more challenging. Additionally, the filtering algorithm has a higher rate of fail-
ure to detect the specular or partial specular pixels for the Nexus. The filtering
algorithm could be improved in the future, however in its current form it already

serves as a demonstration of the utility of filtering out vessels and specular reflection.
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Figure 4.13: The yellowness metric, 1 - blue chromaticity, extracted from scleral
images, taking a mean over measures from available repeat images, is shown as
a function of the blood test result for bilirubin at three stages of processing for
the Nexus phone. The top panel shows the data from the no flash images, before
subtraction, where a linear best fit line has been included (grey). The middle panel
shows the data after ambient subtraction has been performed, where image sets
which failed to meet the subtracted signal to noise (SSNR) threshold have been
excluded from further analysis (pink). Finally the bottom panel shows data after
both ambient subtraction and pixel filtering have been applied, where additional
image sets which failed a visual inspection of the filtering are also excluded (orange).
The respective Pearson correlation coefficient (r) is shown on each panel - note the
improvement after each stage of processing. The improvement over the course of
the processing was similar for the S8 phone.
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Having confirmed the utility of both pixel filtering and ambient subtraction,
we turn our attention to handling multiple repeat image pairs. The processing de-
scribed thus far could be applied to a single image pair at each timepoint to produce
a yellowness value. However, the variability introduced by noise is typically reduced
by using repeats. Table 4.3 presents the linear correlation coefficients obtained for
the two study phones using three methods of handling repeat image pairs. The
first method, labelled as random repeat, was to randomly select an image pair from
those available and use the yellowness value produced. This process was repeated
for all timepoints. The overall correlations produced varied, so the mean and range
are presented in Table 4.3. The second method, labelled subjective best ranked,
was again to use a result from a single image pair for each timepoint but this time
to choose the pair. Image pairs were visually assessed and the best pair for each
timepoint was chosen based on criteria including alignment, subjective SSNR. level
and presence of specular reflection. The final method was to simply take a mean

over the results obtained from the available repeat image pairs.

When using the random repeat method, there is quite a bit of variability in the
results for both phones. This confirms that using a single image pair may not pro-
duce reliable results. Using the subjective best ranked pair gives a slightly higher
correlation than the average for the random repeat pair. However, this method re-
lies on having an experienced user decide which image pair is best, and is, as the
name suggests, somewhat subjective. The mean combining method produces the
highest correlations of the three methods and does not rely on the input of a skilled

user. Whilst collecting repeat images involves increasing the time required for im-

- S8 (n=93) Nexus (n=82)
Combining method r Range of r r Range of r
Random repeat 0.86 0.83-0.90 0.85 0.81 - 0.88
Subjective best ranked (.88 - 0.85 -
Mean 0.88 - 0.87 -

Table 4.3: Linear correlation coefficients (r, p<0.001 in every case) of the extracted
yellowness metric against TSB for the two study phones using different methods of
combining data from repeat image pairs. Up to three repeats were available for
each timepoint; the total number of timepoints for each phone is listed after the
phone name. Random repeat: for each timepoint, one repeat was randomly selected
from those available. This process was repeated 100 times and the mean result
presented along with the minimum and maximum obtained correlations. Subjective
best ranked: available repeat pairs were visually inspected and the result from the
subjectively chosen best pair was selected. Mean: the mean over the yellowness
metrics obtained from the available repeats was taken for each timepoint.
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age capture, the total image capture time remains low and in this study patients
were typically able to comply for three repeat images. The mean combining method
has therefore been used for all data presented in this chapter, including the results
presented in Figure 4.13. Note that for all methods a basic screening of images
captured at each timepoint is initially carried out to select up to three repeats. This
involves removing failed image pairs, for example where the patient blinked, and
keeping suitable pairs. The process could be automated in the future to avoid any

subjectivity.

4.3.3. Device-independent results

Having demonstrated the quality of the initial processing steps, we now move from
device-specific space to device-independent XYZ space. To do this, as described in
Chapter 3.3.2, the device-specific mapping is applied to the filtered and subtracted
data. After the mapping is applied, the XYZ values are converted to chromaticity
values. Note that since by definition x + y + 2 = 1, just two out of three values
are needed. Having obtained these chromaticity values, we consider how to link
colour to bilirubin level. The simplest approach would be to use just one of x,y or

z. Multiple linear regression models could also be used.

A variety of models were constructed, with results presented in Table 4.4 for the
S8 phone. Trends were similar for the Nexus phone so have not been presented.
Two metrics were used to assess the performance of the different models. First is
the overall linear correlation of the predicted bilirubin against the measured biliru-
bin. Second is the mean absolute error (MAE) of individual predicted bilirubin
levels compared to measured bilirubin. The MAE was calculated using a 10-fold
cross-validation to avoid training and testing on the same data. To further reduce
variability in the results, this process was repeated 50 times and the average pre-

sented.

The data presented in Table 4.4 shows that there is a slight improvement in the
overall correlation and MAE for models with higher numbers of terms. However,
the results remain at a similar level for all models with three or more colour terms.
The model with the best results and lowest number of terms is based on x,y,xy.
Figure 4.14 shows a 3D visualisation of this model and the best single colour term
model based on z. Inspection of the fits shows that the higher order model does not,
for example, improve the fit to the data for higher bilirubin levels. Despite using
cross-validation to calculate the MAE, there is still a risk of overfitting given the

size of the dataset when using higher order models.
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Given the modest improvement afforded by extra terms and the size of the dataset,
the simpler z-based model for linking colour to bilirubin was selected. Figure 4.15
shows results for this metric against bilirubin level. The linear trend is well main-

tained even for very high bilirubin levels, as evidenced by the high correlation.

Correlation with TSB  Mean absolute error
Colour terms

(p<0.001 for all) (umol /L)
X 0.84 72
y 0.88 61
Z 0.89 60
X,y 0.89 60
7, 7° 0.90 o7
X, Y, Xy 0.91 54
X, y, X2 0.91 55
X, V, v 0.91 55
X, V, Xy, X 0.91 %)
X, V, Xy, y? 0.91 54
X, vy, X2, y2 0.91 54
X, V, Xy, X2, y? 0.91 54

Table 4.4: Performance of multiple linear regression models for predicting bilirubin
using different colour terms for data from the S8 phone. Performance is assessed
using the overall linear correlation coefficient with TSB and the mean absolute
error (MAE) in predicted bilirubin compared to measured bilirubin. The MAE was
calculated for each model using a 10-fold cross-validation. The highest correlation
and lowest MAE are shown in bold.
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Figure 4.14: 3D visualisation of two models for linking colour to bilirubin, shown
from three different angles. Colour values extracted from sclera images are scattered
in blue, with the model fits shown as a coloured grid. The model based on x,y,xy is
shown in (a,c,e) and the model based on z is in (b,d,f).

99



0.95 F °® .
° N
® o o
09k ® eo000 °,
’ ) e o, o ) L
% e%e ©
o‘ o
N 0.85 0, 5 ° _0° o
°
..\:’3% [ ]
08l .5 - ° ‘.
Sl %
® o
°
0.75 ;. °
r=0.89 (p < 0.001)
07 1 1 1 1 1 1 J
0 100 200 300 400 500 600 700

TSB (umoliL)

Figure 4.15: The selected device-independent yellowness metric values are scat-
tered against the measured bilirubin for the S8 phone. The linear regression line is
plotted in grey with the linear correlation also displayed.

4.3.4. Comparison against alternative processing

An alternative to the two step process proposed and demonstrated thus far is to de-
termine a per-image mapping using a colour chart which must be included near to
the region of interest in each image. This alternative was described in Chapter 3.4,
where the per-image mapping accounts for both lighting and device dependence. The
images required for this alternative method were captured along with the sclera-only
images required for the proposed method to enable a comparison of the two pro-

cessing approaches.

Figure 4.16 shows the resulting 1-z yellowness values in XYZ space for the two
methods, plotted as a function of the measured TSB. The subset of data for which
both types of images were available is presented for the S8 phone, and for both
methods the mean yellowness was calculated across up to three available repeats.
Results were similar in form for the Nexus phone so have not been included here.
For both methods, the linear correlations are very strong, and visually the results
are compatible despite their very different imaging and processing methods. This
comparison shows that our proposed two step process produces similar results to the

in-image colour chart method whilst maintaining a simpler image capture process.
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Figure 4.16: The extracted yellowness in device-independent space is plotted as a
function of measured bilirubin when using the proposed method with the S8 phone
(green) and a standard alternative in-image calibration method (blue). Linear cor-
relation coefficients are presented in the respective plot colours.

4.4. Region of interest comparison

As discussed in Chapter 1.4.1, there are different available regions of interest to use
in quantifying discolouration due to elevated bilirubin. The skin, specifically the
forehead, is a common choice as it is flat, readily available and is relatively matte so
does not suffer from issues of reflection [56]. However, the presence of melanin in the
skin means that every person will have a different baseline skin colour. The sclera
is another option as it is free from melanin - the human sclera is always white in
healthy individuals [59,61]. There are drawbacks of using the sclera which include a
small available area and the high occurrence of reflections owing to the layer of tear
covering the eye. Another option, thus far not considered for assessing bilirubin, is
to use the inside of the lower eyelid (palpebral conjunctiva), which is far less affected
by melanin than the skin. Pulling down the eyelid to view the inside of the lower
eyelid is however slightly uncomfortable. The lower eyelid is also prone to reflection,
for a similar reason to the sclera. Here we present data comparing results from the

sclera, our original proposed region of interest, to these two alternatives.
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4.4.1. Sclera vs forehead

The image dataset gathered to compare our proposed processing method to the stan-
dard in-image calibration method was utilised for this analysis. Figure 4.17 shows an
example image and region of interest selection. Where available, the region outlined
in green between the eyebrows was used as it is typically smooth and less prone to
shininess. Where there were significant blemishes, wrinkles or hair over this region,
an available region within the large orange box was selected instead. The colour
correction for both the skin and sclera regions was performed identically using the
ColorChecker included in the image, as in Section 4.3.4 with theory presented in
Chapter 3.4.

Figure 4.18 presents data from the S8 phone - the Nexus phone produced re-
sults with similar trends so has not been included here. Data using the sclera and
skin are presented in (a) and (b) respectively, and scattered data has been colour
coded by ethnicity in both cases. The sclera data yields a higher overall correlation
(r=0.85 compared to 0.79, both p<0.001), with a wider range of chromaticities. The
difference is not as great as originally expected, given the presence of melanin in
the skin. However, as the colour coding demonstrates, the data set is highly biased
towards Caucasian patients. In the data presented here, 80% of the image sets were
of Caucasian patients, 15% of Asian patients and just 5% of Black patients. This
dataset is not sufficient to draw significant conclusions on the issue of using the

skin as a region of interest - with a more balanced patient cohort the confounding

Figure 4.17: An example image of the format collected for the in-image calibration
comparison, here used for the comparison to using skin as the region of interest rather
than the sclera. Where available, the green boxed region was selected and when not
viable a sub-region of the larger orange box was selected. More details are given in
the text.
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factor of melanin may become more apparent. The comparison of using the skin
and sclera as regions of interest does confirm that as expected the sclera yields a

higher correlation.
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Figure 4.18: The extracted yellowness in device-independent space is plotted as
a function of measured bilirubin using the in-image calibration method described
in 4.3.4 for the S8 phone. (a) and (b) present data using the sclera and forehead
skin respectively, with scattered data colour-coded by ethnicity and overall linear
correlation coefficients presented.
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4.4.2. Sclera vs lower eyelid

Image capture of the lower eyelid was incorporated into the image capture protocol,
described in Section 4.1 as a standalone image pair enabling use of the proposed
method for processing images of subtraction and a one-time calibration. In a study
aiming to assess anaemia, two regions within the lower eyelid were compared: the
inner or forniceal conjunctiva and the outer or palpebral conjunctiva [54]. The two
regions are depicted in Figure 4.19. Both regions of interest were considered and

correlations along with those from the sclera are presented in Table 4.5.

The work on anaemia found that the outer region was superior for assessing
haemoglobin [54]. For the S8 phone, the correlation with bilirubin slightly decreased
when using the inner region whereas there was a significant increase in correlation
for the Nexus phone. Figure 4.20 shows scatter plots for the inner and outer regions
of interest for both phones. The increase in correlation for the inner region for the
Nexus phone seems to be caused by a skewing in result for low TSB levels. Given
that the images captured using these two phones were of the same patients, with
fewer images available on the Nexus phone, the cause of this is not clear. The main
differences between the S8 and Nexus images are the lack of focus for the Nexus
images and the larger region of possible partial specular reflection coming from the
screen illumination. It is possible that the inner region is less affected by specular

reflection with this phone.

In general, the correlations observed here for the lower eyelid are only slightly lower
than for the sclera which is surprising given that the yellowing was far less notice-
able to the human eye. The ability to use the lower eyelid for bilirubin estimation

is interesting and may also be useful in other contexts.

Figure 4.19: Lower eyelid image with the two standard lower eyelid regions of
interest labelled - the palpebral (outer) and forniceal (inner) conjunctiva regions are
labelled with a p and f respectively. Figure taken from [54].
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S8 Nexus
ROI (n = 68) (n = 44)
r p r p
Outer 0.86 <0.001 0.68 <0.001
Inner 0.83 <0.001 0.80 <0.001
Sclera  0.89 <0.001 0.87 <0.001

Table 4.5: Pearson linear correlation coefficients of yellowness metrics using two
different lower eyelid regions of interest against measured bilirubin levels. Correla-
tions from the corresponding subset of sclera images are included for comparison.
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Figure 4.20: Correlations of yellowness with bilirubin for the S8 and Nexus phones
are shown in (a-b) and (c-d) respectively. (a) and (c) show results using the outer
region of interest, and (b) and (d) show those from the inner region of interest, with
these regions defined in Figure 4.19.
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4.4.3. Selection of sclera as region of interest

Table 4.6 presents a summary of the correlations achieved when using the three
different regions of interest. Due to the reduced number of images available of the
forehead and lower eyelid compared to the sclera, the result for the equivalent subset
of sclera images is shown. A multivariate approach combining data from the sclera
and lower eyelid is also included [121] - this combination was selected since it would
be possible to extract data from both ROIs using a single image and so not disrupt

the simple image capture.

As a single ROI, the sclera outperforms both the forehead and lower eyelid. The
multivariate approach including the lower eyelid, however, provides a slight improve-
ment. In general, for assessing bilirubin in this context the sclera imaging site is
preferable to the lower eyelid for several reasons. Firstly, it is simpler and non-
contact to take an image of the sclera since the patient simply needs to look to one
side compared to needing to pull down the lower eyelid. Secondly, looking to the
future, the sclera is a much more clearly defined region to automatically segment
with its clear colour boundary. The minor improvement achieved by combining the
data is outweighed by the added complexity and discomfort required to obtain lower
eyelid images. We therefore select the sclera alone as the region of interest for all

further analysis.

S8 Nexus
ROI n r p n r p

Forehead 57 0.79 <0.001 52 0.68 <0.001
Sclera - subset 0.83 <0.001 0.78 <0.001
Lower eyelid (best) 68 0.86 <0.001 44 0.80 <0.001
Sclera - subset 0.89 <0.001 0.88 <0.001
Sclera & lower eyelid 0.91 <0.001 0.91 <0.001
Sclera - total 93 0.89 <0.001 82 0.87 <0.001

Table 4.6: Comparison of correlations between yellowness and bilirubin level using
different regions of interest for the two phones. In each case, the number of available
images (n), the Pearson linear correlation coefficient (r), and significance (p) is
presented. For the forehead and lower eyelid, correlations for the equivalent subset
of sclera images are presented. The results for a multivariate approach combining
data from the sclera and lower eyelid are also presented.
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4.5. Clinical utility

4.5.1. Compatibility across devices

Returning to results generated using the proposed method with the sclera ROI, we
will now focus on compatibility of results from different devices. Without compati-
bility, an entirely new set of paired images and blood bilirubin levels would need to
be collected for each new phone being used for image capture. This is very clearly
not feasible - care must therefore be taken to ensure that the results from different
phones are compatible. In this case, a model linking extracted colour to bilirubin
developed using one phone can be applied to data from a new phone. As described
in Section 4.1, image capture was carried out in parallel using two different phones.
This enables testing of the compatibility of results from two different phones, using

the two modes of subtraction.

As an example, let us develop a model converting extracted yellowness to a pre-
dicted bilirubin level (referred to as SCB, Scleral-Conjunctival Bilirubin) using data
from the S8 phone at two stages of processing. In both cases, a linear regression of
yellowness to bilirubin is used. The first model is developed using the data presented
in Section 4.3.2 using the 1-b metric, where ambient subtraction and filtering have
been applied but without application of the device-specific mapping. This situation
often occurs in pilot studies, where care is not taken to remove device dependence.
The second model is developed using the 1-z metric after applying the device-specific
mapping, at which point the data should be less affected by both ambient light and
the device itself. The results for the S8 phone are presented in blue in Figure 4.21
(a) and (c). The difference in accuracy with and without the colour mapping is

negligible for this phone.

We then attempt to apply these two models to data collected using the Nexus
phone, with processing appropriate to each model applied. If the first model is
used, SCB levels for the Nexus are extremely different from both the S8 SCB and
ground truth TSB. This is highlighted by the large number of negative predicted
TSB values shown in red in Figure 4.21 (a), and the strong trend observed in the
Bland Altman plot in (b). However, when the second model is used, results from the
two phones are extremely similar, as shown in Figure 4.21 (¢). The mean squared
error of the SCB compared to TSB is no longer significantly different between the
two phones (t-test, p=0.34, df=71). The Bland Altman plot in (d) is also greatly
improved, with a minimal trend observed and a 50% reduction in the 95% confidence
intervals of -98 to 96 compared to (b) with -218 to 231.
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This data demonstrates that when using the full proposed method, including the
device-specific mapping, results from different phones are compatible and hence a
model developed using data from a single phone can be applied to other phones in
the future. The other extremely positive finding shown in Figure 4.21 (c) is the good
match between SCB and TSB for both phones across a very wide range of TSB lev-
els, with root mean squared errors of 62 and 97pmol /L for the S8 and Nexus phones
respectively. Healthy levels of bilirubin are between 0 and just 17umol/L, so to

maintain a good correlation beyond 500umol /L is very promising.
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Figure 4.21: Scleral Conjunctival Bilirubin (SCB) predictions are plotted as a
function of blood bilirubin levels (TSB) for models developed at two stages of pro-
cessing. (a) S8 (blue) and Nexus (red) results for a model developed using S8 data
after ambient subtraction. Data from both phones had the same level of process-
ing applied as for model development. (c) S8 (blue) and Nexus (red) results for
a model developed using S8 data after ambient subtraction and application of the
device-specific mapping. Data from both phones was processed accordingly before
application of the model. (b) and (d) Bland Altman comparisons of the data from
the two phones in (a) and (c) respectively.
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4.5.2. Longitudinal trends

As well as cross-sectional data, additional image sets were collected to allow lon-
gitudinal analysis. Where possible, repeat sets of images were captured for each
patient, leaving a gap of at least three days between captures to allow the bilirubin
level to change. As depicted in Figure 4.1, after processing there were 29 patients
with repeat image sets available for the S8 phone and 22 patients for the Nexus.
Overlapping data means displaying it all at once in this form is hard to understand
so an illustrative subset is presented in Figure 4.22 for the S8 phone. A plot of
all the longitudinal data for both phones is shown in Figure 4.23, with changes in
TSB plotted as a function of changes in yellowness. Where more than two longitudi-

nal points existed, each consecutive pair has been treated as an independent change.

In the previous section, compatibility of results from different phones was demon-
strated. Here, longitudinal data pushes results one step further. Visual inspection
of Figure 4.23 (a) and (b) highlights that the two phones produce slightly different
longitudinal results. This is confirmed by the linear correlation coefficients for the
two phones - 0.72 and 0.53 for the S8 and Nexus respectively (both with p<0.001).
It is not immediately clear why the longitudinal data from the two phones should be
different. It is possible that the lower image quality for the Nexus phone becomes

relevant when trying to move beyond cross-sectional data. Images had lower resolu-
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Figure 4.22: Extracted yellowness for all image sets for the S8 phone are plotted in
grey as a function of the measured bilirubin. Longitudinal data for five representative
patients are included in navy, with arrows connecting the points to show whether
the bilirubin level increased or decreased.
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Figure 4.23: Longitudinal change in measured bilirubin is shown as a function
of longitudinal change in yellowness for images captured using the S8 and Nexus
phones in (a) and (b) respectively. The colours of scattered points are based on
the initial T'SB level, with a colourbar to the right of each plot, highlighting that
larger changes typically occurred for patients with higher TSB levels. The linear
correlation coefficient and p-value for each plot is shown in the top right corner,
with the regression line plotted in dark grey. The 95% confidence and prediction
intervals are shown with dashed grey and solid purple lines respectively.
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tion and were typically blurred due to a fixed focus front facing camera. The use of
the screen as the flash illumination led to larger areas of partial specular reflection

which were not always removed at the filtering step.

When we consider the percentages of longitudinal changes which follow the gen-
eral trend - positive yellowness change for positive TSB change and vice versa -
the two phones perform similarly. For the S8 phone, 31/48 (65%) follow the trend,
with 24/39 (62%) on trend for the Nexus. When only changes in bilirubin above
50umol/L are considered, 15/19 (79%) are on trend for the S8 and 11/14 (79%) for
the Nexus.

In order to consider longitudinal accuracy more generally, 95% confidence and pre-
diction intervals were calculated and are shown in Figure 4.23. The confidence
interval gives the range into which 95% of the mean values for predicted changes in
bilirubin will fall. This interval is not appropriate for considering individual mea-
surement accuracy and is therefore less relevant. The prediction interval, on the
other hand, gives the range that 95% of new predicted changes in bilirubin will fall
into. For the data presented in Figure 4.23, the average prediction bound widths
are 210 and 267umol/L for the S8 and Nexus respectively. This means that for
a future measurement of change in yellowness using the S8 phone, the change in
bilirubin would lie in a 210umol/L range. The overall correlation of longitudinal
data demonstrates that tracking longitudinal changes should be possible, however

these wide prediction bounds highlight that there are still improvements to be made.

4.5.3. Association with clinical scores and outcome

We have demonstrated a strong correspondence between the yellowness and TSB
both cross-sectionally and longitudinally. In clinical practice, various different clini-
cal scores are used to assess patients’ condition and predict mortality over different
time periods. The four scores commonly used for this group of patients were intro-
duced in Chapter 1.2. A key measure of success of a non-invasive bilirubin surrogate
measure is whether it behaves similarly to TSB in comparison to these scores as well

as directly compared to TSB.

Figure 4.24 shows scatter plots of the TSB and yellowness with each of the
clinical scores for the S8 phone. Both phones gave similar results so the S8 phone,
with a larger amount of data available, was chosen. For each score, separate ver-
tical axes are used to display the TSB and yellowness with axis limits chosen such

that the data overlaps, based on aligning the linear best fit line for each metric.
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Figure 4.24: Associations of blood bilirubin level (T'SB) and smartphone-extracted
yellowness (1-z metric) with four common clinical scores. Continued on next page
with further detail in the caption.
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Figure 4.24: Continued from previous page: Associations of blood bilirubin level
(TSB) and smartphone-extracted yellowness (1-z metric) with four common clinical
scores. In each case, TSB data is shown in blue and uses the left-hand vertical axis,
and the yellowness is shown in green and uses the right-hand vertical axis. The
yellowness vertical axis has been set in each case such that the linear regression line
(solid grey line) for both metrics is perfectly overlapping. To aid visibility of the
data in (a) and (d) where the range of score values was low, jitter has been added.
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The Spearman correlation coefficient was used to assess associations, rather than
the Pearson coefficient. This was due to the categorical nature of, for example, the
ACLF grade, and the desire to include correlations that were not specifically linear.
The Spearman coefficient is also appropriate when data is not normally distributed.
The correlation coefficients for the data in Figure 4.24 and associated p-values are
shown in Table 4.7.

The correlations shown in Table 4.7 for each score are very similar for TSB and
yellowness, with no discrepancy over significance and similar coefficient values. In-
spection of Figure 4.24 confirms the similarity, and for MELD-Na and CLIF-C AD
shows that these highly significant correlations are due to a real trend and not iso-
lated outliers. The correlation of both TSB and yellowness with the AD score is
interesting since the AD score does not explicitly incorporate bilirubin. In a reverse
situation, the lack of correlation with the Child-Pugh score is interesting since it
does depend directly on bilirubin. In this case, the lack of association is likely due
to the ceiling effect mentioned in Chapter 1.2 - increasing bilirubin level above 50
umol/L does not change the score. For all scores, however, the key finding here is
not the significant correlation, or lack thereof, with TSB or yellowness. Rather it
is that, as hoped, the non-invasive measure of bilirubin maintains the same associ-

ations with clinical scores as the blood test measured bilirubin.

As well as tracking associations with clinical scores, clinical outcome is also im-
portant. Here, this is assessed based on length of hospital stay, in-hospital death,
and overall mortality. For all three measures of outcome, since they are binary,
longitudinal data was excluded and only the first measure of TSB or yellowness was
used for each patient. The analysis was restricted to those patients who had their
first set of images collected within three days of admission, to avoid introducing
the influence of in-hospital treatment. The Spearman correlations for the length of

hospital stay for TSB and yellowness were 0.39 and 0.44 with p-values of 0.08 and

TSB Yellowness
Score
p p p p
Child-Pugh —-0.14 0.20 —-0.13 0.26
MELD-Na 0.63 <0.001 0.59 <0.001
CLIF-C AD 0.35 <0.001 0.40 <0.001
ACLF grade 0.46 0.03 0.41 0.05

Table 4.7: Spearman correlations (p) and significance levels (p) for the ground truth
TSB and smartphone-measured yellowness from the S8 phone, after subtraction and
device-specific mapping, with four clinical scores.
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0.05 respectively. There was no significant difference in either admission yellowness
or TSB between those who died or received a liver transplant within 28 (p=0.90 and
0.62 respectively) or 90 days (p=0.92 in both cases). As with the clinical scores,

these similar findings for TSB and yellowness demonstrate consistency.

The ability of TSB, yellowness and clinical scores to predict in-hospital death was
tested by using the area under a ROC curve (AUROC). In this context, the AU-
ROC gives the probability that a randomly selected patient who died in hospital had
a higher admission TSB/yellowness/clinical score than a randomly selected patient
who survived the hospital stay. The respective ROC curves are shown in Figure 4.25.
The AUROCSs are presented in Table 4.8, along with the 95% confidence interval
ranges. Also shown in Table 4.8 is the p-value for the DeLong test of equality of areas
under ROC curves for the yellowness compared to each of the other metrics [122].
Despite the variation in areas, the test shows no significant difference between the

predictive power of the yellowness and any of the other metrics.

The results presented in this section demonstrate that not only does our smart-
phone measure of yellowness track bilirubin directly extremely well, but associations
between yellowness and clinical outcomes and scores are the same as for bilirubin

levels. This suggests that the smartphone measure may have clinical utility.
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Figure 4.25: Receiver Operating Characteristics (ROC) curves for the prediction
of in-hospital mortality for yellowness, TSB, and three common clinical scores. The
areas under these ROC curves are presented in Table 4.8.
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AUROC

Metric (with 95% confidence intervals) p-value
Yellowness 0.65 (0.29 - 1.00) -
TSB 0.68 (0.33 - 1.00) 0.65
Child-Pugh score 0.68 (0.25 - 1.00) 0.78
MELD-NA score 0.69 (0.26 - 1.00) 0.88
CLIF-C AD 0.69 (0.26 - 1.00) 0.90

Table 4.8: Area Under the Receiver Operating Characteristic curve (AUROC) for
yellowness, TSB and three common clinical scores for the prediction of in-hospital
death. The p-value for the DelLong test of equality of areas under ROC curves for
yellowness compared to each other metric is also presented [122].

4.6. Assessing haemoglobin?

4.6.1. Motivation

As discussed in Chapter 1.3, clinical scores designed to assess a patient’s condition
are based on multiple factors. For a home monitoring system to be clinically useful
it should therefore be based on multiple metrics, whilst maintaining a low level of
complexity and equipment required. Possible contenders for such metrics, along-
side the bilirubin level, are monitoring of heart rate variability [123] or variation in

weight for ascites [27]. Another option could be the haemoglobin level.

Anaemia is very common in patients with chronic liver disease, due to a variety
of factors, and has been found to be associated with higher MELD scores (an in-
dicator of severity of liver disease) [124]. The presence of anaemia in patients with
cirrhosis has also been found to be a predictor for the development of ACLF and
for increased mortality [125]. Separately, work using smartphone imaging to assess
haemoglobin level in other patient groups exists. These studies have used a variety
of imaging sites, including the finger [126], nailbed [127], and lower eyelid [54,128].
We therefore decided to try to look at assessing haemoglobin level for this patient

cohort via smartphone images.

4.6.2. Redness metric

In general, haemoglobin absorbs in the green region of the spectrum and reflects
in the red [129]. Two natural options for redness metrics, following the same logic
as with bilirubin, would therefore be red and green chromaticity. As a reminder
these are defined as R/(R+ G+ B) and G/(R+ G + B) respectively. According to

the absorption properties of haemoglobin, we would expect a positive correlation of
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r with haemoglobin and a negative trend of g with haemoglobin. A third redness

metric option is the erythema index (EI), proposed in [129] as

R
El =in <> 4.1
- (1)
where erythema is a term referring to reddening of the skin. Note that the fraction
means that similarly to chromaticity this metric also removes dependence on bright-
ness, and like » we would expect a positive correlation of E'I with haemoglobin. For
this preliminary work, we will remain in the device specific colour space and consider

all three redness metrics.

4.6.3. Lower eyelid vs sclera

As discussed in Section 4.4.2, previous work looked at quantifying haemoglobin from
images of the lower eyelid [54]. Two regions within the lower eyelid were compared:
the inner or forniceal conjunctiva and the outer or palpebral conjunctiva. The two
regions are depicted in Figure 4.19. The outer region was found to yield higher
correlations, so this region of interest was considered here [54]. As described in
Section 4.1, both lower eyelid and sclera image pairs were captured. Since the sclera
images were also available, the sclera was considered as an alternative image site for

assessing haemoglobin.

Results from the two phones showed similar trends, so here we present data from
the S8 phone which had more image pairs available for analysis. For both sclera
and lower eyelid results, data presented were obtained by taking a mean over up to
three image pairs. The linear correlation coefficients (denoted by r) and p-values for
the three redness metrics and two imaging sites are presented in Table 4.9. These
results are after applying subtraction - before subtraction, in all cases no significant
correlations were found. The direction of the correlations in Table 4.9 are as ex-

pected, however it is interesting that the correlations are slightly stronger for the

S8 Lower eyelid Sclera
Redness metric (n = 68) (n=97)
r p r p
r 0.28 0.02 0.29 0.004
g —0.32 0.007 —0.37 <0.001
EI 0.30 0.01 0.35 <0.001

Table 4.9: Correlations of redness metrics using lower eyelid and sclera regions of
interest with measured haemoglobin levels. A correlation (denoted by the Pearson
linear correlation coefficient r) was deemed significant if p<0.05
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Figure 4.26: The mean green chromaticity (g) extracted from images of the sclera,
plotted against the blood test haemoglobin level. The linear correlation coefficient
for this data is -0.37 (p<0.001).

sclera images than the lower eyelid ones. For both regions of interest, the green

chromaticity metric yielded the highest correlation.

As an example, the green chromaticity from the sclera image set is presented
in Figure 4.26 as a function of haemoglobin level. It is known that for this patient
cohort, there are two competing colour changes occurring: a variation in yellowness
due to bilirubin level and a variation in redness due to haemoglobin level. Therefore
it is important to verify if the trend shown in Figure 4.26 is truly due to variation in
hemogobin level, or if the bilirubin levels are interfering. A slight significant corre-
lation is observed between the blood test measured TSB and haemoglobin (r=0.21,
p=0.04), however for the same images of the sclera no significant correlation is ob-
served between the green chromaticity and bilirubin level (r=0.18, p=0.08). These

results suggest that the trend observed is indeed due to varying haemoglobin level.

Overall the data presented in Table 4.9 and Figure 4.26 have much weaker corre-
lations than those observed for yellowness and bilirubin. This is unsurprising since
the slight variation in redness is much less than the change of white to quite satu-
rated yellow caused by increasing bilirubin level. The results presented here are also
weaker than presented by Collings et al [54]. This may be due to a reduced range
of haemoglobin values observed for this patient cohort compared to the Collings
paper. The presence of bilirubin may also be reducing correlations. For example,

when the correlation of green chromaticity with TSB is calculated when using fil-
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tering (specifically aiming to remove the blood vessels), a statistically significant
positive correlation is observed (r=0.28, p=0.006). This positive correlation makes
sense - for increasing bilirubin the blue channel value proportionally decreases and
hence the green chromaticity value increases. Since this competing trend could be
worsening results, a reverse filtering approach was tested where specular reflections
were still removed but then the vessels were kept and the remaining sclera excluded.
This did not improve results, likely as the precision required is high to maintain

consistency between the flash and no flash images.

Rather than looking at assessing haemoglobin level directly, some papers have sim-
ply tried to classify patients as anaemic or not based on redness. The World Health
Organization categorises patients as being anaemic when they have a haemoglobin
level below 130 g/L or 120 g/L for men and women respectively [130]. The range
of haemoglobin levels for this cohort was 69 - 129 g/L for male patients and 61
- 115 g/L for female patients. All of these patients would therefore be classed as
anaemic. An alternative would be to look at degree of anaemia (mild, moderate,
severe), however as previously discussed the correlations found here are weak and

so attempts to do this yielded very poor results.

We have found significant correlations for all three redness metrics and both imaging
sites, with the strongest results being from the green chromaticity and the sclera.
These initial results suggest that it may be possible to assess haemoglobin level using
this simple imaging technique, however the current low levels of correlation mean

that it is not a useful addition to the system at this time.

119



5. Insight from sclera spectral information

5.1. Why move beyond RGB?

Based on the high quality results produced by the smartphone imaging method-
ology presented in this work, the rationale for trying to obtain full spectral data
may not seem clear. The main aim is still to develop a cheap and portable tool, so
permanently changing the methodology to obtain spectral data would be counter-
productive. However, there could be valuable insight gained by gathering some
spectral information that could help improve the current system. For example,
spectral data could help to determine the cause of the plateau in measured colour
observed for high bilirubin levels - whether this is due to the sensitivity of the cam-
era sensors or a physical saturation of the sclera. The current yellowness metric has
been shown to yield a very high correlation with bilirubin, but perhaps the realities
of sclera colour changes could suggest an even better metric or colour space for this
application. The information could be used to help design a custom colour chart
with relevant yellows included for the one-time calibration step. Finally, work has
been done to design pre-filters making cameras more colorimetric - to shift spectral
sensitivities closer to the XYZ colour matching functions [131,132]. Longer term, a
similar principle could be applied to help a camera be more sensitive to changes in
bilirubin, based on knowledge of the spectral change observed for increasing biliru-

bin.

5.1.1. Sclera reflectance factor

The spectral property of the sclera which we are interested in in this context is the
reflectance. This is the property which determines how much light is reflected back
from a surface, here the sclera, when exposed to spectrally uniform light. As de-
scribed in Chapter 2.6.1, the surface reflectance is a key component, along with the
spectrum of the light and the colour matching functions, in determining the resulting
XYZ values. When considering something like a printed colour chart, it is simplest
to measure the reflectance directly using a spectrophotometer. This contact method
is clearly not possible for the sclera, meaning that more complex approaches must

be taken to obtain spectral information.

To our knowledge, there has been just one in vivo bulk sclera reflectance measure-
ment published as a small part of a different piece of research [133]. The resulting

spectrum for a healthy adult is reproduced in Figure 5.1. Based on the general per-
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Figure 5.1: The reflectance of the sclera for a healthy adult. Data reproduced
from Figure 4 of [133], extracted using [134].

ception that the healthy human sclera is white, it was expected that the spectrum
would be relatively flat. However, the spectrum has prominent dips at around 540
and 575 nm. These correspond to absorption features of oxy-haemoglobin, due to
the blood vessels on the sclera. The shape of the reflectance will be discussed in
further detail in later sections. As far as we are aware, there have been no studies
focussing on measuring the sclera reflectance for larger groups of healthy volunteers

and particularly no measurements on individuals with elevated bilirubin.

5.2. Modelling

Modelling could be a good option to generate data since it would allow the time-
consuming clinical data collection process to be side-stepped. Once a model has
been set up, the sclera reflectance can be predicted for a range of different bilirubin
levels. The majority of prior reflectance modelling work has been focussed on fitting
models to data obtained via diffuse reflectance spectroscopy (DRS) and thus obtain
estimates for different physical parameters in the tissue. This is a method which
uses optical fibers to provide light to the area of interest and then uses more fibers
to measure the light some distance away. Whilst we do not intend to carry out DRS

measurements of the sclera, the aim is to leverage the models to give insight.

In general, the reflectance R is produced via some function combining the op-
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tical absorption, p,, and reduced scattering, p’, coefficients of the tissue. There are
different ways to produce and combine these coefficients. The reduced scattering co-
efficient depends directly on wavelength, whereas the absorption coefficient depends
on the optical properties of chromophores found in the tissue, which in turn depend
on wavelength. Chromophores are substances which have varied absorption in the
visible range, and hence produce colour changes when present at different levels.
The extinction coefficients for some typical chromophores found in skin and sclera
are shown in Figure 5.2. Several relevant previously proposed analytical models for

R will now be discussed in the context of modelling sclera reflectance.

To our knowledge, only one paper attempting to analytically model the sclera re-
flectance exists [135]. Other authors have questioned the validity of the model owing
to its inclusion of neuroglobin in the expression for the absorption coefficient, a chro-
mophore which has not been detected outside of neural tissue [136]. Despite very
careful implementation of the model using the provided coefficients, it was not pos-
sible to replicate the results presented in the paper. The authors were contacted
but did not respond. For this reason, the model was not considered further despite

its relevance.

Owing to the lack of further sclera models, skin models were considered instead.

These are popular in DRS so are more readily available. The intent was to start
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Figure 5.2: Extinction coefficients for oxy- and deoxyhaemoglobin, melanin and
bilirubin. Data from [120]
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with a skin model and modify it as appropriate for the sclera, for example by re-
moving melanin and including bilirubin. We selected a popular, analytical model
proposed by Zonios et al [137,138], having tested several other analytical mod-
els [139,140]. In this model, based on an integral assuming point delivery of light

and collection over a uniform spot, reflectance is given by

/

R = Ry, i (e:vp(—MZo) + exp(—[1+ (44/3)]pz)

S a

) T4

_ ZOM . (4A/3)]ZOWW>
with

= (G
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1= (30 (o + 1)
1
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where Rg = 0.7 and r. = 4.0mm based on experiments, and A = 2.8 based on the

refractive index of tissue [137].

The reduced scattering coefficient is approximated as having a linear dependence on

wavelength, based on Mie theory, and is given by

dy N— Ai
/ — Y et N LU / )
ILLS()\) N (1 ds )\mal‘ - )\mzn) ’uS(Aan‘) (52)

where d, represents the effective scatterer size, dy = 0.0625um is a constant, A,
and A4, are 460nm and 820nm respectively, and p, (A, ) is another model fitting
parameter [137]. As is typical, the absorption coefficient is expressed as a weighted

sum of extinction coeflicients

ta(A) = In(10)[cms (a€mpo, (A) + (1 — a)emn(A)) + Cmer€mer (A)] (5.3)

where cg;, is the haemoglobin concentration, « is the haemoglobin oxygen satura-
tion, empo, and egp, are the extinction coefficients of oxy- and deoxyhaemoglobin
respectively, and ¢, and €,,, are the melanin concentration and extinction coeffi-
cients respectively. Note the prefactor of In(10) to account for differences between
absorbance and attenuation, which is typically implicitly assumed in DRS publica-

tions.
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The Zonios model considered here focusses on wavelengths above 460nm, as with
most DRS skin models. Since the main absorption feature for bilirubin is centred
around 450nm, shown in Figure 5.2, care must be taken that the model is appropri-
ate for use at shorter wavelengths before trying to include the impact of bilirubin.
The main adjustment is the need to account for the fact that haemoglobin is found
in blood vessels, not homogeneously distributed. This affects the absorption coef-
ficient particularly for shorter wavelengths [141]. Rather than having to model the
blood vessels explicitly, it is possible to apply a mathematically derived wavelength-
dependent correction factor to a homogeneous model to account for the packaging
of blood in blood vessels. Several correction terms have been developed. Here the
simple analytical correction term originally proposed by Svaasand et al has been

used to modify the expression for pu, from Equation 5.3 to

pa(A) = In(10)[cairpv (€m0, (A) + (1 = a)emp(A)) + cmeema(N)] - (5.4)
using the correction factor

1- 613]9(— 2ﬂa,blrvess)
2ﬂa,blrvess

Cdiff = (55)
where f1,; is the absorption coefficient of whole blood, 7,55 is the effective vessel ra-
dius here set to 0.5mm, and v is the blood volume fraction [142-144]. Note that the

correction factor is not applied to the homogeneously distributed absorber melanin.

Figure 5.3 shows example reflectance outputs of the model with and without the
vessel correction. Note again the characteristic haemoglobin features, and the shal-

lower more physical dip around 420nm when the vessel correction is included.

It is now possible to adjust the model to be appropriate for the sclera rather than
the skin. We achieve this by modifying the expression for the absorption coefficient

to include the effect of bilirubin rather than melanin

/J,(l()\) = ln(l())[cdiffy (OéeHbOg()\) -+ (1 — Oé)GHb()\)) + Cbiliebili<>\)] (56)

Figure 5.4 presents model results incorporating bilirubin alongside real clinical
data. Figure 5.4 (a) shows example reflectances for the adjusted model with varying
levels of bilirubin. The changing shape of the reflectance data with increasing biliru-
bin makes sense, with the minimum appearing around the known peak absorption

of bilirubin. Figure 5.4 (b) shows the xy values produced from this reflectance data,
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Figure 5.3: Example reflectance of healthy adult skin, using model parameters
yielded for volunteer 6 from Table 1 in [137]

along with the clinical image data results. The simulated xy values appear in the
same general area of xy space as the clinical image data results. The major issue
with the model outputs is how non-linearly spaced the results are in xy space, visible
too in (a). Whilst there is a question as to whether the image data remains linear for
high bilirubin levels, such significant non-linearity for low bilirubin is certainly not
observed in practice. Figure 5.4 (c¢) shows the standard yellowness metric (1-z) as
a function of bilirubin for both modeled and clinical data. The non-linearity of the
modeled data is apparent in this form too. This non-linearity, in combination with
the imperfect overlap with the clinical image data, suggests that there are subtleties
that this model is not capturing. To improve results, and so be in a position to be
able to answer the original questions about the clinical image data, would require
significant model development. New model development was deemed to be beyond

the scope of this work.
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Figure 5.4: Modeled data compared to measured clinical data. Continued on next
page with further detail in the caption.
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Figure 5.4: Continued from previous page. (a) Example reflectance data produced
by the model adjusted to include the contribution of bilirubin. (b) Simulated xy
values for this data (circle markers with the same blue scale as in (a)), plotted
alongside the xy values resulting from clinical sclera smartphone image data of
patients with varying levels of bilirubin (square markers with a white-black colour
scale). (c) Yellowness values (1-z) plotted as a function of bilirubin for modeled data
(circle markers with the same blue scale as in (a)) and clinical data (square markers
with the same white-black colour scale of bilirubin as in (b)).

5.3. Spectroradiometric measurement

Since it was not possible to obtain the desired results by modelling, the focus turned
to trying to measure the reflectance of the human sclera in patients in vivo. The
simplest way to measure reflectance is using a spectrophotometer. However, this
approach is not appropriate here since it is a contact measurement. An alternative
is to use a spectroradiometer, also known as a telespectroradiometer. This device
measures, from a distance, the spectral radiance coming from a sample r,. The

reflectance factor of the region of interest is given by

rs(N)

Rs()\) B TPRDO\)

(5.7)

where rprp represents the radiance of an identically irradiated perfect reflecting
diffuser (PRD). The division is necessary to remove the effect of ambient light.

Since we cannot measure the radiance for a PRD in real life, we can use instead
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a white tile. In advance, the reflectance of the tile Ry can be measured using a
spectrophotometer, and then the radiance measured to yield
T‘WT(A)
Ryr(A\) = ———= 5.8
(= S 58)
The two previous equations can be combined to yield a practical way to obtain the

reflectance of a sample using a spectroradiometer

R = O

= Rur(\) (5.9)

In the lab, a high quality white standard such as Spectralon could be used in place of
a white tile. In this case, the reflectance of the standard is near 1 across the visible
spectrum so the sample reflectance can be obtained by a simple division of radiances.
In general, however, it is safer to use a cheaper white tile and Equation 5.9 to avoid

damaging the expensive white standard.

5.3.1. Experimental conditions

An example image of data collection with a volunteer is shown in Figure 5.5. A
SpectraScan PR-650 spectroradiometer (Photo Research Inc.) was used for data
collection, controlled via a laptop. The PR-650 records radiance at 4nm intervals
from 380-780nm. A lens was used to reduce the area of sclera that was included in
the averaging region. Measurements were carried out in a dark room, with blue-
filtered tungsten lighting. The bare lightbulbs were used as it was possible to avoid
the small bright spots of specular reflection on the sclera, whereas the use of a dif-
fuser led to more extended regions of reflection. Tungsten lighting was used since it
has a continuous spectrum over the visible region, compared to fluorescent lighting
which has very sharp spikes and regions of very low intensity - the relative spectral

radiances of these two light sources are shown in Figure 5.6.

A head and chin rest was used to stabilise the subject’s position, as the natural
motion of the head is otherwise too great to allow a consistent alignment. Once
the PR-650 was aligned to the eye region, the subject was requested to look to the
side and the alignment was tweaked to ensure a specular-free region of sclera was
selected. The subject was asked to refrain from blinking for the couple of seconds
required to capture the radiance, and was then asked to hold the white tile directly
in front of their eye for a second measurement (not pictured). Equation 5.9 was
used to determine the reflectance factor of the sclera based on these measurements

and a prior reflectance measurement of the tile.
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Figure 5.5: Image showing data collection of the scleral reflectance using a tele-
spectroradiometer. A head and chin rest was used to stabilise the subject’s position,
and they were requested to look to one side to expose the sclera. The measurements
were carried out in a dark room with illumination provided by filtered tungsten
lightbulbs. A subsequent measurement using a white tile enables calculation of the

sclera reflectance.
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Figure 5.6: The relative spectral radiance of fluorescent (blue) and filtered tungsten
lighting (green) are shown, highlighting the more appropriate smoother spectrum of

tungsten.
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5.3.2. Preliminary results

ColorChecker test

To ensure that the set-up was working correctly, test measurements were first taken
using a ColorChecker in place of a human subject. The reflectance factor measured
using a spectrophotometer was compared to the reflectance obtained via PR-650
measurement. Figure 5.7 shows a comparison of the two for patch 11 of the Col-
orChecker, a lime green colour. Relative results are presented since the absolute
value of the PR-650 method is affected by the white tile being at a different dis-
tance from the device than the sample. The scaled reflectances have extremely

similar shapes, giving confidence that the set-up is working correctly.

Healthy adult volunteers

Data was then collected on several healthy adult volunteers. An example result
of the sclera reflectance is shown in Figure 5.8. The characteristic features of the
oxyhaemoglobin spectrum are marked with vertical dashed lines, lining up with the
features observed here. The form is similar to the one published spectrum presented
by Palmer et al [133]. This preliminary result was very promising, however when

repeat measurements were taken of the same volunteer’s sclera during the same
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Figure 5.7: The relative reflectance of an example patch from the ColorChecker
chart (inset, patch outlined in white) is shown for a standard spectrophotometer
measurement and for the PR-650 method.
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Figure 5.8: The measured sclera reflectance of a healthy adult volunteer is shown.
Typical oxyhaemoglobin features are marked with dashed lines, coinciding with
reflectance features.

measurement session significant variability was observed, with data shown in Fig-
ure 5.9. Relative values have been presented for the same reasons discussed for the
ColorChecker test measurements. The cause of the variability is not immediately
apparent, but possible reasons include different proportions of blood vessels included
in the averaging area, different measurement angle to the sclera owing to its curva-

ture, and variability introduced by operator positioning and coloured clothing.

Additional measurement sessions had been planned to collect more repeat data from
volunteers. Using this data, it was hoped that a combination of averaging and careful
region of interest selection would reduce the variability. The level of variation across
a cohort of healthy volunteers would then be quantified, since we note that the sclera
has been found to become slightly darker and more yellow with age [145,146]. At
this stage, once the measurement protocol had been further honed, data on patients
with liver disease from the Royal Free Hospital with varying levels of bilirubin would
have been collected. This would have allowed the impact of bilirubin on the sclera
reflectance to be investigated. Unfortunately, due to the global Covid-19 pandemic
no further data collection was possible. It is hoped that by sharing these preliminary

results, others may be able to build on the work presented thus far.
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6. General conclusions

6.1. Summary

In this thesis, a system to enable non-invasive monitoring of chronic liver disease pa-
tients has been developed. As a starting point, the system focusses on assessment of
the bilirubin level via the discolouration of the sclera. This biomarker was selected
as a key indicator of liver function which also has the potential for non-invasive
measurement. The goal of developing such a system is to target patients outside
of hospital, where the conventional blood test approach for measuring bilirubin is
not possible. For a home monitoring system to be viable it must be simple to use,

cheap, and portable.

During the development of the system, significant care has been taken to main-
tain these viability criteria. The use of smartphone imaging to obtain quantitative
measurements is a key factor. Smartphones are ubiquitous in society, and the cost
of devices which have sufficient camera quality is ever decreasing. Smartphones
are portable by design, and care has been taken to ensure that minimal additional

equipment is required for the system to work.

Obtaining accurate colour measurements using smartphone images involves over-
coming the influence of both ambient light and device dependence. When developing
the processing, simplicity of use was an important consideration. Complex phone
add-ons and challenging image capture protocols were therefore avoided. Use of am-
bient subtraction via flash/ no-flash image pairs, thus requiring no colour chart in
shot, makes the sclera image capture step as simple as possible (see Chapter 2.3.1).
Either the front or rear-facing camera can be used depending on the operator. The
dependence on the device can be removed by carrying out a calibration step of
imaging a colour chart. This step only needs to be carried out once per device,
meaning that each user does not require a colour chart and that for day-to-day use

the imaging is very straightforward.
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6.2. Contributions and findings

6.2.1 Processing method

The use of an ambient subtraction technique to account for variation in lighting
conditions was validated using a colour chart containing a wide range of colours,
and for human volunteers under five different ambient conditions (see Chapter 3.1).
To enable the collection of high quality data, a simple metric was developed based
around an estimation of the subtracted signal to noise ratio (SSNR). The experi-
mentally determined SSNR threshold of 3.4 allows an in-app recommendation that
the images be re-captured if the ambient light is too bright or the phone is too far

away.

The production of data which is independent of the device is key for generalisabil-
ity. A model converting extracted colour to bilirubin must be device-independent to
enable the use of other devices in the future. The process of mapping to a device-
independent space was considered in detail (see Chapter 3.2). Approaches based
on the information stored in the image metadata and on images of colour charts
were compared. The classification accuracy across multiple phones was calculated
for these approaches based on images of the DC colour chart. It was found that it
is necessary to carry out a one-time device-specific calibration to obtain results of
a practical accuracy level. The calibration can be one-time since after subtraction
is applied, all data is under a fixed effective illumination. Traditionally, the phone
would need to be held in a tripod to capture aligned images of the colour chart and a
neutral grey chart to account for variation in illumination intensity across the chart.
However, it was demonstrated that the use of an alternating least squares mapping
approach enables just hand-held images of the colour chart to be used. This greatly

simplifies the imaging process and reduces the likelihood of user error.

6.2.2 Direct scleral measurement

To add additional spectral insight, a methodology to measure the reflectance spec-
trum of the sclera was developed based on the use of a telespectroradiometer (see
Chapter 5.3). Measurements were carried out on healthy adult volunteers producing
results which were similar in form to modelling, demonstrating that the collection
of data was possible. Further data collection was not possible due to the Covid-19
pandemic, however it is hoped that the methodology may be useful to others taking

the work forwards.
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6.2.3 Clinical database and filtering

A study was carried out at the Royal Free Hospital in London, collecting image
data of patients with acute decompensation due to chronic liver disease using two
different phones and recording detailed clinical information (see Chapter 4.1). It
was found that for this adult population, there was a high proportion of blood
vessels as well as different levels of specular reflection appearing on the sclera. Test
samples demonstrated that these features could cause significant offsets in extracted
colour values, hence a filtering algorithm was developed to remove affected pixels
(see Chapter 4.2). The algorithm had a success rate of 93-94% on patient images.
In device-specific space, an increased correlation between yellowness and bilirubin

was observed when both subtraction and filtering were applied.

6.2.4 Processing validation

Different models of converting extracted device-independent sclera colour values
to bilirubin levels were considered, ranging from single chromaticity metrics up to
higher order multiple linear regressions (see Chapter 4.3). It was found that higher
order models risked over-fitting based on the dataset size and did not yield significant
increased accuracy. A simple metric based on Z chromaticity, in device-independent
XYZ space, is therefore recommended for use with this population. Strong cross-
sectional correlations of 0.87-0.89 (p<0.001) were obtained for the two phones when
this metric was used (see Chapter 4.3.3). Additionally, results from the two phones
were demonstrated to be compatible with one another using the proposed processing

and yellowness metric (see Chapter 4.5.1).

Results from three regions of interest - the sclera, forehead, and lower eyelid - were
compared (see Chapter 4.4). As expected, the sclera provided the best results ow-
ing to its lack of melanin. The lower eyelid has not been previously used to assess
bilirubin level and produced a high correlation of yellowness and bilirubin. This

region of interest may be of particular interest in other applications.

6.2.5 Clinical scores

Along with the key finding of inter-device compatibility with the proposed pro-
cessing, the measured bilirubin and sclera-extracted yellowness metric were demon-
strated to have the same associations with common clinical scores (see Chapter 4.5.3).
The correlations and predictive ability of clinical outcomes such as hospital stay
length, in-hospital death and overall mortality were also the same for both yellow-

ness and bilirubin. For clinical utility, it is important that a bilirubin surrogate
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measure behaves similarly to the clinical scores and outcomes used in treatment
planning as well as to bilirubin directly. Therefore this is a positive finding despite
the fact that the actual correlations of both bilirubin and the yellowness with the

clinical scores and outcomes were low.

6.2.6 Longitudinal clinical data

As well as cross-sectional data, for the first time longitudinal patient image data was
also collected and analysed (see Chapter 4.5.2). Changes in yellowness and bilirubin
level were considered for individuals and correlations of 0.53 and 0.72 (p< 0.001)
were determined for the two phones. This shows that it should be possible to track
changes in the same patient over time. However, the prediction intervals for the
expected range of new measurements were 210 and 267umol/L for the two phones

respectively. These would need to be improved for the system to have clinical utility.

6.2.7 Additional biomarkers

Finally, work was begun looking to the future of the system. A monitoring system
for overall liver health must be based on more than one biomarker. Initial data and
analysis were carried out to investigate the possibility of incorporating an image-
based assessment of haemoglobin level, since reduced haemoglobin (anaemia) has
been found to be associated with more severe liver disease (see Chapter 4.6). Red-
ness measures extracted from images of the lower eyelid and sclera were compared
to the measured haemoglobin levels. The strongest result was found using images
of the sclera, yielding a correlation of 0.37 (p<0.001). This is not strong enough to
warrant inclusion at present, but highlights the possibility.

6.3. Future work

Further patient imaging studies would be extremely valuable. Gathering additional
longitudinal image data in particular would help to improve the methodology and
processing, focussing in on the predictive power. The patient study carried out thus
far was in a hospital-based setting, however the long term aim is that the system be
used in the home. Gathering data in this context is very important for testing the

true usability of the system, and suggesting any changes.

Alongside collection of further patient image data, several processing steps could
be improved. There is potential for improvement in the filtering algorithm. The

current form serves at least as a proof of concept that filtering is both useful and
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possible, but is not completely optimised. The test for the presence of specular re-
flection should be improved, as images with partial specular reflection are often not
flagged. The registration of flash to no-flash should also be improved, since reliably
transferring the filtered flash mask helps to ensure consistency. An entirely different
filtering algorithm which still removes blood vessels and specular reflection could

also be developed.

Another processing step warranting improvement is the segmentation step. Manual
segmentation of the sclera region was used for all results presented in this thesis. To
improve usability and efficiency, an automatic or semi-automatic algorithm should
be introduced. The biometrics community are interested in the use of the sclera as a
unique identifier, and as a result there has been significant research into automatic
sclera segmentation [147]. Existing approaches could therefore be leveraged for this

context.

The planned studies measuring scleral reflectance in both volunteers and patients
had to be cancelled due to the Covid-19 pandemic. Carrying out these studies
would provide novel information about the properties of the human sclera. With
the adult volunteer study, measuring the reflectance of the sclera across different
ages would help to quantify natural variation between individuals as well as the
slight darkening and yellowing of the sclera with age which has been previously ob-
served. If significant, this information could be fed back into the imaging system
to include an age-related correction. To our knowledge, the scleral reflectance of
adults with different levels of bilirubin has not been measured. Obtaining this in-
formation via a patient study would be extremely valuable, again feeding back in to
the imaging system. Quantitative measurements of scleral yellowness could enable
the development of a custom colour chart for the one-time calibration step, with
yellow patches chosen based on real measurements. The spectral trends could also
inform the choice of colour metric or even colour space for the analysis. As well as
the telespectroradiometric methodology tested and presented here, the possibility
of using a hyperspectral camera should be considered. Spectra for a series of points
across the sclera could be obtained simultaneously, and this may help to isolate the

contribution of blood vessels.
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6.4. Outlook and uptake

The desire for remote monitoring of patients with liver disease has been growing in
recent years, and the Covid-19 pandemic has further highlighted the utility. There
is definite interest from clinicians in having a tool to enable assessment of their pa-
tients while out of hospital. The image-based assessment method for bilirubin level

presented here has the potential to help meet this desire and need.

The image capture process was shown to be both fast and straightforward dur-
ing the in-patient study, with the vast majority of image capture sessions resulting
in useable data. This is despite the fact that many of the patients in hospital were
significantly more unwell than the target population of discharged patients. Whilst
the image capture for this study was performed largely by clinical fellows, this suc-
cess implies that with a small amount of training, a relative or caregiver, a visiting
healthcare professional, or even the patient themselves should be able to capture
the images. The ability to capture good quality data should therefore not present a

barrier to adoption of the technology.

Full automation of the processing after the image capture step is possible, and
results could then be presented to the user in real time as well as relayed to their
clinician to aid in any decisions required based on the results. It is hoped that the
low level of complexity of use and real time results may help the patient to feel

empowered in tracking their own health and feel more in control of their condition.

Other biomarkers are known to be important in tracking a patient’s health, and
a multi-factor system is expected to provide greater insight than the sum of its
parts. Since the proposed bilirubin tracking system is already app-based it could
easily be incorporated into an overall monitoring system. The ability to combine the
proposed approach with other monitoring methods should help to produce a tool

which has the potential to make a real difference to patients with liver disease.
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A. Camera spectral sensitivity measurement

The camera spectral sensitivity (CSS) for each of the smartphones used in this study
was measured using the setup shown in Figure A.1. A monochromator setup consist-
ing of a Horiba Tunable PowerArc Illuminator equipped with 75 W xenon arc lamp
and adjustable bandpass was used to provide continuous narrow bandwidth light
from 380 - 780nm. The resulting illumination was directed onto a white reflectance
standard (SphereOptics zenith; 99% reflectance). A fixed exposure time and ISO
were selected for each smartphone such that the brightest region of the spectrum
(here, green) did not saturate the sensors. The peak wavelength emitted from the
monochromator was then stepped from 380 - 780nm in 5nm increments, and a Pho-
toResearch PR655 spectroradiometer was used to measure the precise spectrum of
light at the white standard. A raw smartphone image was also captured with the
pre-selected fixed exposure settings at each step, with a visualisation of the resulting
images shown in Figure A.2. This measurement process was repeated in full for each

smartphone used in this research.

The resulting measurements were then processed to obtain the CSS. Firstly, the
mean RGB value from the central region of the white standard in each image was
calculated. The power of light emitted at each wavelength was calculated by sum-
ming over the spectroradiometer measurement The RGB values were then divided
by this power to normalise the results for wavelength-dependent illumination inten-
sity. Finally, the resulting normalised RGB values were plotted as a function of the
peak wavelength to obtain the CSS for each device. The CSS for the four phones
measured are shown overlaid in Figure A.3. Note the minor differences observed
for devices of the same model, and slightly larger differences seen between the mod-
els. These findings highlight the need for careful processing of image data to obtain

meaningful results.
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monochromator

Smartphone

Spectroradiometer

Figure A.1: Diagram showing the setup for CSS measurement - a 75 W xenon
arc lamp was combined with a Horiba Tunable PowerArc Illuminator to provide
narrow bandwidth light in 5nm steps, this light was shone onto a uniform reflectance
SphereOptics zenith white tile, raw images at each wavelength were captured using
the smartphone and the spectrum of light measured using a PhotoResearch PR655
spectroradiometer.

Figure A.2: Cropped example images captured by a Samsung Galaxy S8 phone
during CSS measurement. Images were captured every 5nm from 380 - 780nm and
those with visible in-image results shown here.
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Figure A.3: Normalised camera spectral sensitivity for two LG Nexus 5X phones
(solid and dot-dash) and two Samsung Galaxy S8 phones (dash and dot). Sensitiv-
ities for each colour channel from long to short wavelength are shown in red, green
and blue respectively.
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B. Intensity non-uniformity correction impact

The process for carrying out an intensity non-uniformity correction (INUC) is de-
scribed in Chapter 2.6.3. Here, data is presented to demonstrate the large impact
the INUC has on the extracted pixel values.

The first five neutral patches of the Classic colour chart are considered here, with
the black patch excluded owing to its low pixel values. Figure B.1 shows an example
line profile across the centre of these Classic neutrals patches for a Nexus phone,
before and after the INUC is applied. The line profiles are presented for the green
channel, since it has the largest signal to noise ratio and so enables the clearest
visualisation. We would expect to see a uniform pixel value across each patch, since
they are a constant colour. The varying illumination intensity, however, results in a
large variation in pixel values across the patches, especially for the first two, before
the correction is applied. Images of the neutral patches are also shown in Figure B.1,
where the shading before correction is clearly visible. After the non-uniformity cor-

rection is applied the patch values are far more uniform.

Since the phone sensors are linear, with validation data presented in Appendix C,
there should be a linear relationship between the RGB channel neutral values and
their corresponding XYZ Y channel value. Figure B.1 also shows the Y values for
the patches, scaled to the white patch G value. Before the correction, there is a
large mismatch between the average G value for each patch and the corresponding
Y value. Clearly the variation in illumination intensity is causing a larger prob-
lem than just having a non-constant value across the patches. After the correction,
there is a strong agreement between the average patch value and the correspond-
ing Y value, suggesting that the combination of downsampling and non-uniformity
correction has successfully removed the effects of varying illumination. Note that
the increased noise visible in the line profile after INUC will be removed when the

average patch values are found using a large area.
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Figure B.1: Line profiles across the first five neutral patches of the Nexus image of
the ColorChecker Classic chart. Data is presented for the green channel values (blue
solid line) before (a) and after (b) the INUC, along with the corresponding XYZ
Y channel values for the patches scaled to the white patch. Images of the neutral
patches are given below the horizontal axes before and after correction. Intensity
non-uniformity is evident in the top figure by the angled patch values, mismatch to
the Y values, and visible shading in the image, whereas after correction these issues
have been removed.
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C. Sensor linearity

For quantitative use, it is important that the camera sensors’ response to the scene
radiance is linear - doubling the amount of light coming into the camera from the
scene should double the pixel values (up to the saturation point). This means that
the Lambertion model of Equation 2.2 holds within an image, and that a linear
transformation to a device-independent space should be possible, as discussed in
Chapter 2.5.

An experiment was carried out to investigate the linearity of the sensors of the
phones used throughout this research. Images of the 13 neutral patches from the
Macbeth ColorChecker DC chart were captured under a fixed ambient illumination
for a range of exposure time and ISO values, using the setup shown in Figure C.1.
The exposure times and ISOs were chosen to ensure that the full dynamic range of
the cameras were tested and to check the common combinations of exposure time
and ISO for typical room lighting levels. In order to check the linearity, the ex-
tracted RGB values were plotted against the XYZ Y channel values measured using
an X-Rite ColorMunki spectrophotometer, which are related to the luminance of the
patches [82]. The relationship between RGB and Y should be linear if the sensors

are linear [93].

In order to compare the relative RGB values of the patches with any degree of
precision, it is necessary to correct for the spatial variation in the intensity of the
illumination of the chart as described in Chapter 2.6.3 and demonstrated in Ap-
pendix B. As for the usual INUC, grey chart images were captured along with the
colour chart images. However, we would like to compare values not just within an
image but between different images. A slightly different correction was therefore
applied, modified from [93],

ce()
ng(x)

Cecorr () = T (Ttot) (C.1)
where c. corr () represents the corrected colour chart image values, with ¢ € {R, G, B}.
The pixel values in the colour chart image, c.(x), are divided by the corresponding
green channel values of the grey chart image, ng(x), and multiplied by the average
green channel value of the grey chart image over the whole region of interest 7ig(x0t)
to maintain relative pixel values between images with different exposure times. As

with the standard INUC, the images were downsampled before carrying out the
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Figure C.1: An example image of the setup used for the linearity experiment,
shown for the Nexus phone (A). A fixed ambient illumination was provided by an
LED lamp (B), and images of the central neutral patches of Macbeth ColorChecker
DC chart (C) were captured, outlined in red, maintaining a 45° angle between the
phone and the chart. Corresponding grey chart images using the same setup were
captured to perform an intensity non-uniformity correction.

correction to minimise the effects of any small physical shifts between images and

noise in the images.

Over 50 combinations of exposure time and ISO were tested for each phone, and
some example results are presented in Figure C.2 for the S8 phone. The results
for the Nexus phone were very similar in form so have not been presented. The
relative RGB values for the neutral patches are shown for two different exposure
times, demonstrating the testing of the dynamic range and the resulting linear fits
in each case. The RGB responses were linear for both phones for all combinations
of exposure time and ISO tested in the experiment, although of course not with
exactly the same gradient. This linearity means that it is acceptable to vary the
exposure time and ISO depending on the image capture conditions and maintain the
linear relationship, and also to carry out the ambient subtraction for pairs of images

with the same exposure time and ISO. It is worth noting that if the responses were
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not linear, it would be possible to apply a correction factor to linearise the results,

but it is an additional complication and source of error that is much better simply

avoided.
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Figure C.2: Linearity results for the S8 phone. The ground truth Y channel values,
related to the overall luminance of the patches, are plotted against the intensity-
corrected RGB values for two example exposure times along with linear best fit lines
for each. In both cases, the RGB responses are linear.
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D. Median vs medoid extraction

The motivation to use a median average to help exclude outliers within a region of
interest is described in Chapter 4.2. Here, a comparison of two common options for

median calculation are compared.

The simplest approach for calculating the median value for a set of pixels is to
calculate the median for each RGB channel separately, and use those median values
together as the final average. The positive of this approach is that it is simple and
computationally cheap. However, the median RGB value it produces is not neces-
sarily a “real” pixel value in the ROI - that is, amongst the input pixels there is not

one which has the exact value returned by this approach.

An alternative approach is to use a higher dimensional equivalent of the median,
known as the medoid. For a region of interest with N RGB pixels, p1, pa2,- - ,pn,
the medoid is defined as

N
Pmedoid = argmingee, o0y d(z, p;) (D.1)

i=1
where d represents a distance metric between RGB pixel values, here the Euclidean
distance. In other words, the medoid pixel is the pixel with the lowest combined
distance to every other pixel. The important difference here from the per channel
median is that the medoid pixel is always a member of the input pixels, it is a “real”
pixel value. The medoid can be determined with a brute-force approach by simply
calculating the pairwise distances for all pixels in the ROI and finding the minimum
of the sum, however this approach becomes prohibitively slow for larger ROIs. One
way to speed up the calculations would be to use the approach presented in [148]
and implemented in [149], however it is non-deterministic so can provide variable
results. An alternative approach is to subsample the region of interest with a stride
size related to the size of the ROI, thus reducing the number of pixels to enable the
use of the straightforward medoid calculation. Here, the latter approach has been

utilised where necessary.

To compare the results obtained using a per-channel median and medoid value
extraction process, two experiments were carried out. In the first experiment, data
collected as part of the SSNR experiment presented in Chapter 3.1.3 was used. This

data consists of a series of flash/ no-flash image pairs of a ColorChecker Classic
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chart captured under varying intensities of ambient light. Since each Classic chart
patch is extremely uniform in colour, this experiment enabled a comparison between
the approaches for uniform surfaces under non-uniform intensity illumination. The
post-subtraction rg values resulting from the two extraction approaches were com-
pared. Across four phones and the 24 patches, it was found that on average the
standard deviation of patch values increased by 19% when the medoid was used
rather than the per-channel median. This suprisingly suggests that the results are

more variable when using the medoid.

In the second experiment, data from the filtering validation experiment presented
in Chapter 4.2.3 was used. This data consists of a series of samples designed to
mimic a jaundiced sclera with varying levels of blood vessels and specular reflection.
The samples are described and depicted in more detail in Figure 4.6. The second
experiment enables a comparison between the approaches for non-uniform illumi-
nation and non-uniform surfaces. The images in this dataset had large regions of
interest, so for medoid calculations a subsampling was carried out using a stride of 5
pixels. The extracted values post mapping to xy space are shown in Figure D.1. It
can clearly be seen by comparing the results of the two approaches that the medoid
results in (b) are far more scattered than the per-channel median values in (a). An
additional note is that when a different stride size was used for the subsampling,
the medoid results changed quite significantly, suggesting that for higher levels of

outliers the subsampling is an important factor.

Overall, the results from these two experiments suggest that the per-channel median
is able to produce more reliable and accurate RGB values for a given ROI and has
the advantage of being far more computationally inexpensive. For these reasons, we

have used per-channel median values throughout this work.
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Figure D.1: The xy values of the samples are shown without filtering for a per-
channel median in (a). The results for the numbered samples shown in Figure 4.6
are shown in pink, blue, magenta and turquoise respectively. The xy values for the
samples also without filtering for a medoid value extraction are shown in (b). Note
that not all points are included in the enlarged region in (b) since they are quite
significantly spread out.
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E. Flash and no-flash exposure settings

Throughout this work, while the exposure settings for image capture were adjusted
based on ambient conditions, the no-flash image always had the same exposure
settings as the flash image. This meant that, since the sensors are linear as demon-
strated in Appendix C, a simple subtraction of pixel values enabled the effect of

ambient light to be minimised.

Theoretically, it should be possible to choose different exposure settings for the
no-flash image and then scale the resulting image values according to the ratios of
exposure time and ISO. A longer exposure time for the no-flash image (which will
inevitably be darker than the flash image) should reduce the noise in the image,
hopefully producing more precise results overall as well as images which are easier
to segment. However, scaling the no-flash image results may introduce error, for
example due to slightly different linear sensor responses or fixed signal offsets at

different exposure times.

The following experiment was devised to investigate whether there was a significant
benefit to separately exposing flash and no-flash images. A ColorChecker Classic
chart was imaged under 10 different ambient light intensities. At each intensity
level, the exposure settings for the flash image were selected to produce appropri-
ately exposed images. Four no-flash images were then captured, the first with the
same settings as the flash and the next three with up to five times longer exposure
times. The rg values for the patches under the varying conditions were inspected
for the standard subtraction method and for the scaled exposure settings. Results
are shown in Figure E.1 for the usual subtraction method and one example set of
scaled results. The first thing to note is that results are very similar between the two
approaches. This confirms that it is possible to allow image pairs to expose sepa-
rately. In order to change approaches we had hoped to see a marked improvement in
precision when allowing the no flash image to expose for longer, however the spread
amongst data is similar for the two approaches. We therefore conclude that it is
not worth allowing the no flash image to separately expose, especially since longer

exposure times would increase the likelihood of motion artefacts within image pairs.
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Figure E.1: rg chromaticity values for ColorChecker patches imaged at different
ambient light intensity levels using a Samsung S8 phone after (a) standard subtrac-
tion - same exposure settings for pairs of flash and no-flash images, and (b) scaled
subtraction - longer exposure times for no-flash images. Data is shown for one ex-
ample set of scaled results.
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