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Juvenile Idiopathic Arthritis (JIA) is a disease that causes pain and inflammation in the
joints of children. Its early diagnosis is important to avoid damage to the joints. Joint
warmth, redness and movement restrictionay be indicators of active arthig hence
accurate objective means to measure temperaucolour and range of movement
(ROM) at the joinmayassist diagnosis.

In this study, three techniquewith a potential to assist clinicians in diagnosing JIA
were developed. These were based on higholution thermal imaging (HRTI), visual
imaging and accelerometry. A detailed correlation analysis was performed between
the developed methods and the consultant's clinical assessment of JIA diagnosis.

Twentytwo patients (age: mean=10.6 years, SD =eary) with JlAdiagnosiswere
recruited. 18 participated in thethermalvisual imaging studyonly, 2 in the
accelerometry studyonly and 2 in both thermal/visual imaging and accelerometry
studies.Thermal and visual images of the front and back of the knees and arfikk€s
patientswere studied All ethical approvals from Sheffield Hallam University and the
National Health Servec(NHS) were duly obtained before commencing the study.

The thermalvisual imaging study involved developing image processing techniques to
accurately identify and segment thregions of interest (ROIsA tracking algorithm to
accurately locate theROlswas also implemented. An accelerometry system tlsat
capable ofrecording movements from 4 channels wagveloped and its signals were
processed by frequency spectrum analysis, stiore Fourier transform and wavelet
packet analysis.

The thermal imagingesults showed aombined 71% correlatioiffor the front of
knees and anklgswith clinical assessmerit may be possible thgtatientswhom their
arthritic joint was cooler than their healthy joints may haedied ontheir healthy leg
more extensivelyfor mobility (due to the pain on the arthritic leg) thus increasing its
joints temperature. It was also found that JIA may affect the salour with a
combined 42% correlation between the knees and anKldége accelerometry results
showed a 75% correlation with clinical assessment.

The study for the first time brought together the three techniques of thermal imaging,
visual imaging and aelerometry to assist with JIA diagnosis. The study demonstrated
that the developed techniques have potential in assisting clinicians with JIA diagnosis.
Improvements in timely diagnosis allow more effective treatment and can reduce the
likelihood of jointdamage in rheumatoid arthritis
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B Introduction

1.1 Background and purpose of the study

Juvenileldiopathic Arthritis, JIA, is the most common type of arthritis in children
(Arthritis Foundation, 2013)Althowgh its causghave not been well establishedsome
research suggests it could have a genetic predispos{#athritis Foundation, 2013)
which may cause the onset of arthritis whetggered by other environmental factors
which may includenfection and maternal smokingluring pregnancyEllis, Munro, &
Ponsonby, 2009)t is an autammune disease in which the joints' tissues are attacked
mistakenly by the body's immune system, tbby making the joints inflamed.
Increased temperature, swelling, stiffness, colour changes at the affected joints are
some of the clinical diagnostic observations. Early diagnosis and treatmegnmeduce

the likelihood of the joints being permanently daged and give a more positive
outcome. Diagnosis is usually by medical history and physical examinations,mayich

be supported by laboratory and imaging tests. Although thereoisure for JlAthere

are medications to control the progression of the disease and to reduce its symptoms
such as joint pain and movement restriction thus improving quality of(Ahritis
Founddion, 2013)

Current assessment of joint inflammation in JIA has limitations. Initial clinical
assessment of joint swelling, warmth, and restriction is performed by touch and thus it
has subjective variations leading to diagnostic complications and poorer treatment
outcomes(Foster et al., 2007; Wallace et al., 2Q1&)preliminary study demonstrated
the variations in the correlation between touch and thermet®ar measurement of
joint skin temperature(Hawley, Offiah, Hawley, & Burke, 201BJood inflammatory
marker assessment, althougivailable, they may not be conclusi(ieHS, 206a). Joint
ultrasound scanning (USS) has been shown to be u@eéuhos, Ceccarelli, & Jees
Joulin, 2012; Spalding et al., 20@#R)t it requiresspecialistexpertise(Lerkvaleekul et

al., 2017; Spalding et al., 200&ontrastthhancedMagneticResonancedmaging (CE
DZ/e ]o E }Pv]e e« §Z ZP}o S v E [ (}@Hdmke&Ei@C,]JvP i}]
2014 E. Miller, Uleryk, & Doria, 2009) can demonstrate early features of arthritis

such as bone oedema and is more sensitive than radiography at detecting erosive bone
1



changes (Ostergard et al., 2005) however, the cost of GHRI can make it

inaccessible for routine clinical uidemke et al., 2014; Ramos et al., 2012)

There is, therefore, a need foine development of techniquethat are ©st effective
objective easily applicablend portable, to assist clinicians in their JIA diagnosis. The
purpose of this study is to develop and evaluate thermal and visual ingagnd

accelerometry techniques to assist clinicians in JIA diagnosis.

HighResolution Thermal Imaging (HRTI) refers to the technique of accurately
measuring and analysing temperatures in a +wamtact manner. Its application to
arthritic joints potentially provides a noinvasive, portable and inexpensive addition

to currently available tools, and may be useful for measuring physiological parameters
such as temperature making a diagnosis, monitoring disease progression and
responding to medicatreatment. HRTImay be performed more frequently than
invasive measures (blood testing) or expensive imagir@dikdren andYoung People
(CYP) to track disease progression and thus facilitaien@ier intervention than is

currently possible

In this sudy, HRTI techniques were developed to measure skin temperature to assess
and to determine whether the arthritic joints were warmer than healthy jointsual
imaging techniques were developed and evaluated to quantify possiblecskour
changes at tharthritic joint. An accelerometry system was developed to measure the

i}Jvsi[e & VP }( u}A u v3 E +3E] 3]}vX

The study was in collaboration with the Sheffield Children Hospital (SCH). Thermal and
visual imaging approaches were evaluated on twepdtientswith a JIA diagnosis and
the accelerometry technique was evaluated auff patients ¢f these four, two were

part of the thermal and visual imaging study).

1.2 Aim and Objectives
The aim of this study is to evaluate thermal, visual imaging aoccelerometry

techniques to assist itlinicalJIA diagnosis.

1.2.1 Objectives
i.  Develop techniques to segment the thermal imaging (TI) and visual imaging (V1)

ROIs from the recorded videos.



Implement techniques to track the regions of interest (ROIs) in the recorded
thermal imaging (TI) videos.

Develop image processing methods to measure mean temperatures of the Tl
ROIs and quantify skoolourchanges of the VI ROls.

Design an accelerometry system and develop techniques to collect, interpret
and process the acceleratry data.

Critically evaluate developed systems on CYP at the SCH in comparison with the

}Jvepos vsi[e A op 3]}vX

1.3 Contribution to knowledge

The study's contributions are:

Developnent of a new method for identifying th&®egions of InterestROI3 on

the sufaceof the knees and ankles for segmentation. One of the challenges in
this study was identifying the knee and ankle regions to be selected as ROI. A
method which uses the curvature of the knees and ankles as a reference was
designed. A circle was placedound the curves, and a region 1.5 times the
radius vertically up and down the circle was selected for reference. For the back
of the ankles, due to the heel bone being immediately under the ankle bone,
only the region 1.5 times the radius vertically ugds to the bottom of the
circle was considered for ROI. This method for identifying the ROIs was
repeated for the knees and ankles of every patient. This identification process
introduced a less subjective way to segment the knees and ankles such that
about the same region is segmented every time.

Adaptation of a template matching tracking algorithm in the thermal imaging
study to track the segmented ROI in all the images from a patient-ge@tnd
video recording (frame capture rate=30 frames per segamasperformed and

due to small body movements, thatay be made during the recording (even
though patients were advised to stand as still as possible), a means to track the
ROI on all images was necessary. A template/ROI was manually selected from
the first image, and using the normalised crassrelation method (which
measures the similarity between the template and the image under it), the
template was compared with the next image in the recorded file, to produce

the correlation coefficients for eacpixel in that image. Thepixel with the

3



highest correlation was used to identify the template. This was repeated for all
subsequent images in the recording for each patient and the ROIs were tracked
effectively. The algorithm was evaluated in the universigh a volunteer
making instructed body movement in the different directions during a
recording session.

Designof a method to quantify the colour changes on the knees and ankles
from the visual imaging study. The colour changes on the knees and ankles of
the patients that took part in this study were not visually noticeable, so to
compare the ROIs (knees or ankles), a reference image method was adapted. A
region midway between the knee and ankle was selected for both the left and
right side, averaged ahused as a common reference image. This reference
region was considered as it was visible in the images and was least affected by
arthritis. The colour distributions (histogram) of the knees, ankles and
reference regions were computed. The similarity beém the left and right
knees or ankles and the reference image was computed by finding the
Euclidean distance between their colour distributions. The knee or ankle with
the higher Euclidean distance to the reference image indicated a higher
difference to he reference region and so had more colour changes.
Developnent of an accelerometry system(hardware/software) to record
movements of legs at the knee joint. For each leg, an accelerometer was
placed just above and another just below the kne&he recorded
accelerometry signals were filtered using a digital Butterworth low pass filter of
the 39 order with a suitable cubff frequency determined by first finding the
frequency spectrum of the signal between 0.5Hz to 3Hz (depending on the
movement scenario)The angles of tilt of the thighs and shanks were computed
in the range of180° to 180°. The relative knee angle was obtained by adding
the thigh and shank tilt angles and subtracting from 180° and 360° for the lying
down and walking scenarios respective The angular movement velocity,
acceleration, and displacement were also determined, and the results were
compared between the left and right knees.

The findings from thermal imaging, visual imaging, and accelerometry
developments were correlated againsthe consultant's assessment in

identifying inflamed joints in patients with JIA. Clinical diagnosis of active
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arthritis was performed using the validated pGALS (paediatric Gait, Arm, Leg,
Spine) approach to check for joint warmth, swelling, and resbiicgilus history

of symptoms. The thermal and visual imaging studies were simultaneously
compared with the clinical assessment to determine their correlations. All three
techniques were also separately evaluated against the clinical assessment to

determinetheir correlation as well.

1.4 Thesis outline

The outline of the thesis is arranged as follows:

Chapter Two: Literature ReviewThis chapter reviews previous related studies in
relation to arthritis and its diagnosis, thermal, visual imaging and accelerometry

techniques.

Z %S E dZE W NS CThis@Ehapter giveZa jldEdgeXical explanation

of JIA, HRTI, Acceleromeand its operation, signal and image processing.

Chapter Four: Methodology.This chapter discusses the ethical approval, patient

recruitment process and details, and the clinical diagnosis.

Chapter Five:Results and Discussion Related to Thermal imaging to assist with
Juvenile Idiopathic Arthritis Clinical AssessmeniThis chapte discusses the
developments of the thermal imaging system and the results as compared with the

Jvepos vsi[e A op 3]}vX

Chapter Six: Visual imaging (VI) and its correlation with thermal imaging to assist
with JIA diagnosis.This chapter discusses the déygments of the visual imaging
eCe3 U Vv 5Z @€ *pode + }lu% E A]5Z }3Z 3Z CEu o Ju P

evaluation.

Chapter Seven: Accelerometry to aid assessment of joint movement in JiAs
chapter discusses the accelerometry system develogmeand the results in

Ju% E]e}v A]S3Z 3Z }vepod v3[e A op 3]}vX

Chapter Eight: Conclusions and further workhis chapter summarises the study and

recommends some future research.



1.5 Summary
This chapter briefly introduced JIA and the techniques thatewawestigated in this
study. It preseréd SZ Sy C|- IPE}uv v %o plgeétves. W further v

outlined the contributiondo knowledge and the arrangement of the thesis chapters.

JIA, which is the most common type of arthritis in childreran auteimmune disease
whereby the immune system mistakenly attacks the joint tissues causing
inflammation. Symptoms can include joint warmth, redness, movement restriction etc.
Current assessment of JIA has limitations and so research is ongoing tlmpdeve
techniquesthat are costeffective, easily applicable and portablthat may assist

clinical diagnosis of JIA.

In this study, kfyh Resolution Thermal Imaging (HRT]I) visual imaging and
accelerometry techniques were evaluated for clinical d88essment. The results
}8]v AE Ju% E P JveS }veposS vSe[ JtRovpatienty( :/ }v
from the Jieffield Children Hospital (SCH)

The next chapter presents a review of literatures related to this study.
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B Literature Review

Arthritis, which literally means joint inflammatioArthritis Care, 2016)is a type of
diseasethat affects the joints of the body The disease igharacterised by the
progressive breakdown of the cartilag&aieb, Bruel, & Auges, 2014he smooth
material covering the ends of the bones in the joints to prevent the bones rubbing
against each othefWoods, 2004) The symptoms genergllinclude joint pain and
stiffness.This condition can cause suffering in a serious manner termed inflammatory
flare-up or in a more prolonged manner which can sometimes cause severe disability
(Taeb et al.,, 2014) Without early diagnosis and treatment, this condition can
ultimately lead to bone erosion and cartilage dama@euma, Snekhalatha, &
Rajalakshmi, 2016)

There are over 10Qypes of arthritic conditions. Most studies where Infrared
thermography (IRT) havéeen applied for assessing joint inflammation is mainly
focused on rheumatoid arthritis (RA) and there is a very limited study on Juvenile
idiopathic arthritis (JIAjLerkvaleekul et al., 2017)his study, however, focuses on JIA,
which is a type ofheumatoid arthritis that affects children, because it is an area of

research less developed and owllaboration with Sheffield Children's Hospital.

JIA can be a serious aadlisabling conditiorwhich maylead tocomplicatons such as

joint destruction, impaired joint function, limitation of growth and osteoporosis
(McMahon & Tattersall, 2011)Early detection and treatment can help alter the
natural progression of the diseag®lcMahon & Tattersall, 2011 A quicker and more
effective diagnostic system is therefore essential. This chapter discusses the related
literature in arthritis diagnosis. The current methods will be reviewed, followed by
studies involving the use of some other alternative methods such asthteenmal
imaging (TI), IMUs and visual imaging systems, with the aim to show the current state

of knowledge.

2.1 Current methods for diagnosing JIA
The existing methods include thoseutlined in this section. Clinical diagnosis of

inflammatory joint(McMahon & Tattersall, 201Xhrough physical examination (PE).
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Featuresnormally looked out for includgoint warmth, swelling, and stiffnes3hese
are subjective as it is down to the cliniciarggperience and expertiséience disease

may not be accurately diagnosed.

Clincians perform the pGALSa@liatric Gait Arms Legs Spine) examination, a more
validated screening tool, to assess joint inflammat{goster, Kay, Friswell, Coady, &
Myers, 2006) However, this system has its limitations as it requires the expertise of
the clinician and sometimes can require further testing using anothehowsuch as

the MRI scanning to confirm the clinical suspicion.

Routine blood tests can also be used to diagnose the condition, although no blood test
on its own, can confirm a diagnosis, howevefew tests cangive mssible indications

of the diseasg(NHS, 2018). Full blood count which measures the red cells in the body
can show evidence of inflammation with anaemia (as anaemia is common in people
with arthritis), raised white cell count and thrdyocytosis(McMalon & Tattersall,
2011; NHS, 20H). Blood tests to check the levels of certain proteins and other
chemicals in the blood may alsgive an indication of the disease. Tests such as
erythrocyte sedimentation rate (ESR}reactive protein (CRPantinuclear antibody

(ANA), rheumatoid factor (RFeXc. (Arthritis Foundation, 2013)

Imaging technologies which includerays, computed tomography (CT) scans, bone
scintigraphy, ultrasound scans (US), contrast enhanced magnetic resonance imaging
(CEMRI) are also systems that are used for JIA diagnosis. These sytemgh
effective, have limitations. The GERIs can b expensive (currently about £85er
scan(Fairfield Independent Hospital, 20}3ndmay not be well tolerated byounger
childrenas it takes aboui5to 90 minutes to perforn{Stanford Health Care, 2019a)
There is a risk of an allergic reaction to the contrast dye (Se¢anford Health Care,
201%). MRI machines are also less #fale (McMahon & Tattersall, 2011)Plain
radiographs (Xay) are not sensitive to early changes in the condition and ultrasound
(US) scans, although relatively cestective is hight userdependent as it requires a
physician's expertiséGiancane et al., 2@] Lerkvaleekul et al., 2017; Spalding et al.,
2008) There is also the radiation effect from therays and CT scarfdohiyuddin,
Dhage, & Warhade, 2014)



Due to the importance oéarly detection and monitoring of this condition, research is
ongoing on alternative methods that can be used for diagnosis that will be accurate,
objective, noninvasive and costffective. As part of achieving this objective, in this
study the effectiveess of thermal imagingyisual imaging andaccelerometryis

investigated. In the next section, a review of these techniques is provided.

2.2 Thermal imaging

2.2.1 Thermography in medicine

Modern infrared thermography has opened newpportunities in medical diagnosis
especially in its usetmap surface skin temperaturand since the 1960shére is now
more understanding of the relationship between skin temperature and blood
perfusion (Ring, 2010)In a diabetic study, IRT has proved usefuhssessindissue
viability and peripheral circulation that coultk used to indicate the level @ major

limb amputation(Ring, 2010)

Thermal imaging has proved effective as a noncontactties method of measuring

respiration rate (Alkali, Saatchi, Elphick, & Burke, 201f) children, IRT has been
found to be a weltolerated technology in the management of children in the
emergency unit with acute nespecific limp(Owen, Ramlakhan, Saatchi, & Burke,
2018)and has also been used ttetect thoracic vertebral fractures in children and

young people with osteogenesis imperfecta (¢ Salis, Saatchi, & Dimitri, 2018)

2.2.2 IRT for diagnosing arthritis

Joint warmth is an indication of active inflammation due to arthritduring active
inflammation in deep tissues and joints, the surface skin waolgnally show changes

in thermal behaviour(Mohiyuddin et al., 2014)hence the ability to measure the
temperature at these joints can aid the diagnosis of arthritis. Infrared theraqauy

(IRT) or thermal imaging is ideally suited for studying skin temperatures because the

human epidermis has a high emissi{ftyohiyuddin et al., 2014)

The association between tempure and disease is centuries oliRing, 1990)
Thermal imaging systems were first developed in the 1930s, and they enable the
human eyes to see beyond the shavavelength red into the far fmared (IR) by
making the light naturally emitted by warm objects visifldoyd, 2013) They are a

fast, passive and necontact alternative to the existing arthritis diagnostic methods.
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There is an enormous interest in the application of thermography in medicine as it has

shown good potential to be used as a diagnostic tool for identifglingases.

The study byMohiyuddin et al.(2014)successfully applied IRT technique and fezzy
means algorithm to detect rheumatoid arthritis (RA) in various parts of the body. The
fuzzyc means algorithm was used to automatically segment the region ofréste
(ROI) to be analysed. The Heat Distributiovdex (HDI) and skin temperature
measurements of subjects with active arthritis were compared with that of unaffected
persons. The trmal image where there was active arthritis was seen to be warmer

than those of the unaffected subjects.

Another study on RA was conducted Bize et al(2011) Thermalimages from the
hand, wrist, palm, and knee jointsvere studied The egions of interest (ROIs) were
manually selected for processing atitty concludedthat RA can be reliably detected

in patients using thermal imaging.

Lasanen et a2015)investigated IRT technique for screening joint inflammation and
rheumatoid arthritis in children focusing on the knee and ankle joints. In analysing the
data collected, the mean and maximum surface temperatures were deteuhior the
selected ROIs at the medial and lateral view of the knees and ankles. Their results were
compared against clinical evaluations. They observed that in inflamed ankle joints
maximum and mean temperatures were significantly higher than in-inlamed

ankles. However, there was no significant difference for the knee joints.

Thermal imaging technique has been compared with ultrasonography with PE for
diagnosing wrist arthritis in JIA as seen in the study.dnkvaleekul et ak2017) The

S U% E SUE }( 8Z E}lu A « u Jvs Jv S %% E}A]Ju S oC
The mean and maximum temperatures in the ROI were observed to be higher in the
affected group. The HDI (deéd as two standard deviations) of the ROIs were also
higher in the moderate to severe group than in the healthy control. They concluded

that both IRT andltrasoundwere applicable tools for detecting wrist arthritis.

Snekhalatha, Anburajan, Sowmiya, Venkatraraad Menaka(2015)tested the ability

of some features extracted from the thermographs such as mean, standard deviation,

entropy, skewness, kurtosis, etc. to evaluate rheumatoid arthritis. They compared

these parameters with measured skin temperature indices such as HDI and
10



thermographic index and they concluded that the temperature indices correlated

significantly with most of the parameters measured.

IRT has been compared withray for evaluating RA using a biochemical method as the
standard(Snekhalatha, Rajalakshmi, Gopikrishnan, & G#ia7) They observethat
the IRT technique was able to detect the disease at an earlier stage than the

radiography method.

Varju, Pieper, Rennand Kraus(2004) hypothesized that the surface temperature of
the joints could complement the radiographic evaluation of osteoarthritis, Yang,
Xue, Liuand Liu (2013)proposed an automated system for thermal screening of knee
osteoarthritis that can provide quantitative information which can further aid in
clinical diagnosisNaz, Ahmadand Karndikar (2015) proposed a thermal image and
neural networks method for predicting arthritis in its early stages. Neural networking
was used to classify the image inputted into the system as normal or abnormal based
on a backpropagation algorithnBrenner, Braun, Ostesind Gulko (2006) monitored
inflammatory arthritis activities using thermal imaging in small joints of rat models and

concluded the thermal measurements correlated significawith arthritis activity.

Borojevic et al. (2011) investigated the thermal images of the handbeafthy
subjects patients with rheumatoidarthritis and osteoarthritis anabserved there was
statistically significant difference in the meatemperature values of healthy
rheumatoid arthritis and osteoarthritis subjectsllowite, Walco, and Pochaczevsky
(1992) showedthat there was significantorrelation between pain intensity ratings
obtained using the visual analogue scales (VAS) scbies patients, parent and
doctor of patients with JIAnd joint temperatures obtained from their thermal images
The clinicaltility of thermal imaging in assessing arthritigs further demonstrated
by Sanchez et al. (2008Thermal imaging was shown to ledfective in identifying
inflamed joints by accurately distinguishing between the thermal patterns of normal
and synovitisaffected joints (these did not have a normal patterBalisbury, Parr, De

Silva, Hazleman, and Pagbomas1983)

Given the findings in the literature, thermal imaging has the potential for evaluating

arthritis and so research is ongoing to make the technique more accurate and
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adaptable for use in clinics to assist clinicians make a more informed and early

diagnosis.

2.2.3 Image segmentation

Image segmentation is one of the vital steps involved in image processing and analysis
as the accuracy of diagnosis depends on how well the selection of the ROI is performed
(Duarte et al, 2014) It allows for extraction of useful information from images such as
finding shapes, identifying colours or measuring object properti@éathWorks

2019a). It is also aprocess used to extract the ROl from an image removing

background and noisgSuma et aj.2016)

Segmentation is one of the major challenges faced in processing images as sometimes;
region of interest (ROI) is not properly selected without excluding important
information or including unwanted noise, such as when using segmentation shapes like

rectangles and ellipse which sometimes do not allow selecting the desired ROI.

Improvements in imageegmentation techniques have been explordduarte et al.
(2014) proposed a segmentation technique based on the thresholding method that

allows ROIs to be selected independent of its geometrépstor generic applications.

Automated segmentation of hot spots of the hand for evaluation of RA based on the k
means algorithm was developed and was found to be effective in evaluating the

diseasgSnekhalatha et §12015)

Qiao, Weiand Zhao(2017)developed an intensity adjustment level set method (LSM)
in pedestrian images to address the boundary leakage and intensity homogeneity
problems seen in the traditional LSM segmentation method. This LSM method is based

on the edgebased active contour maad.

Chen, Cherand Ni (2016) developed a semiautomatic segmentation method that
involves the use of information from another optical camera which helps to improve
the precision of contour ketching of objects in thermal image¥asaswi, Keerthi,
Jainab, Krishnaand Sridhar (2015) explored the watershed cithlock distance

transform segmentation approach for detecting faulty etectircuit.
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2.3 Colour analysis for medical diagnosis
Redness around theaffected joint is me of the possible indicators of active
rheumatoidarthritis, which is when the joint becomes inflamed (Arthritis Foundation,

2013 NHS, 20160Vversus Arthritis, 2018a

In this study, the colour of the affected jointgas alsoanalysed for evaluation of
arthritis to see if the possible redness at the affected joints can be quantified. Although
there is not any recorded research on the use of #ien colour parameter for
assessing arthritis, however, colour has been used in diagnosing other medical

conditions.

Disease diagnosis through inspection of facial and body colour has been in existence
for thousands of years ifiraditional Chinese Medicine (WM} but this method is very
subjective and qualitative. Due to the benefits of this method, however, which
includes being notinvasive, the obijectification and quantification of the method in
order to be used for clinical diagnosis has been greatly resedr@@hen, Zhang, Wu,

& Zhang, 2016; Liu & Wang, 200B%)ost of the work is focused on using tongue colour

and facial colour to diagnose disease

Liu and Guo (2008) proposed a method to quantify facial colour diagnosis of TCM
(which is normally subjective and down to the human eyes). There is enormous
interest in facial colour diagnosis both in clinical medicine and biomedicine because of
its role in the diagnosis ahtreatment of diseases as lesions (such as wound, tumour
or ulcer) in the body does change facial colour. They presented a corrpidit
diagnosis method for evaluation of hepatitis. Colour feature from the face was
extracted from facial images using igeprocessing techniques and their systesms

able to classify the face colours into healthy, severe hepatitis with jaundice, severe

hepatitis without jaundice with accuracy higher than 73%.

Li & al. (2008) proposed a method for classifying tongue colours for TCM using the
CIELAB colour space and then developed a numerical method for colour classification
based on the TCM and concluded, their system could classify the tongue colours close
to those given by human vision and can be used in clinical diagdbsisg, Wang, You

and Zhang(2013) developed a tongue colour analysis system for medical diagnosis

using the tongue colour gamufTheir system was able to classify a given tongue
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sample into healthy or diseased with an accuracy rate d@®%. They observed that

there wasa relationship between the state of the human body and its tongue colour.
Tongue colour has also been investigated for assessment of gastroesophageal disease
(Kainuma et al., 2015)

Chen et al(2016)worked on facial colour feature extraction for diagnostic purposes
using nonstandard colours to represent the facial colour space. Face colour has also

been proposed for diagpsing heart diseasd&im, Lee, Cho, & Oh, 2008)

Wang, Zhang, Guand Zhang(2013) proposed a computerised facial imagnalysis
system that uses quantitative colour features extracted by fuzzy clustering method for
disease diagnosis applications. They evaluated three types of health conditions
healthy, icterohepatitis (inflammation of the liver with marked jaundice)d aevere
hepatitis. Experiments conducted were compared with a database of more than 300
images and they concluded the system could classify these images into these

conditions with an accuracy of more than 88%.

These studieshow thatthe colour featuretechniqueis useful andnay potentially be

an effective tool in medical diagnosis.

2.3.1 Colour similaritymeasurement
In this study, the regions of interefiiom the visual imagewere compared based on

their colour features to determine which joint had more colour changes.

Colour histograms, which represents the colour distribution of the three colour
channels, RGB (Red Green Blue) is the simplest and the most often used colour
feature, and it is frequently used with the Euclidean distance as the colour metric to
give an efficient and undemanding colour similarity retrieval method (Mojsilovic, Hu, &
Soljanin, 2002)

Narwade and Kumar (2016) applied colour histogram colour feanethod in image
retrieval applications. The colour features of the reference image and images in the
database were computed using the local colour features combined to represent the
colour histogram. The Euclidean distance metric was then used to deterthae

similarity between the reference image and the images in the database
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Mali and Tejaswini (2014) also developed a technique based on thddweal image
histogram feature for image retrieval application. They have adopted this method
because histograshased systems are quick and simple to compute. They have also
applied the Euclidean distance metric to measure the similarity between the images.
The higher the distance between the images, the greater the differermween

them.

Kodituwakkuand Selvaragh (2004) performed an experimental comparison of some
colour descriptorst colour histograms, colour moment and colour coherent vector
(CCV) for contedbased image retrieval (CBIR) applicatibmsdetermine which was

more efficient in representing simiidy of colour images in the RGB colour space. They
concluded the performance of the techniques depended on the distribution of the

images.

The colour histogrant Euclidean distance method was implemented in this study to
compare the colour images ashis been reported to be computationally simple and

efficient.

2.4 Accelerometry based applications

2.4.1 Human movement and balance

The third approach considered in this study for evaluating arthritis is the
accelerometry system to quantify joint movements. Artlwriis a joint disease that can
cause stiffness at the joints; hence the ability to measure movements at the joints such
as the range of motion (ROM) will assist in clinical diagnosis and rehabilifiiticanz u,
Saatchi, & Burke, 2016)

The conventional gold standard for measuring and monitoring general human
movements including joints' angle is optically based. Its setup involves placing several
cameras around a walkway, and reflective k&as on the joints. As the subject moves,

the system produces the 3D spatial movements of the markers, vehdeftware
determines an estimate of joints' angles or the gait parameters p&JA] ] U :}A] ] U
~ W} % }A] ;Wwaizi, Saatchi, & Burke, 2Q1Blowever, this approach is restricted

to monitoring in specific gait laboratories as it requires an expensive setup and so it is
not very practical for routine clinical use ossessment of patient's activities in their

home environment. An alternative method for measuring joint range of motion is with
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electrogoniometers. However, this approach requires a trained clinician to operate; it
is timeconsuming to perform and is not #iciently robust for daily clinical
use~ 1Z+Z]JU D Z}}EU ~ A] «}vIATIiiVS ig@&Paizuj Saatchi, &
Burke, 208).

To overcome these limitations, researchers have been exploring alternative methods
of measuring human movements and balance. Recent developments in -micro
electromechanical systems (MEMS) have resulted in portable, relatively affordable and
wearable sensors such as accelerometers, gyroscopes, magnetometers. These can be
used either individually or they can be integrated into a single chip as an inertial
measurement unit (IMU), for measuring movements in three orthogonal axes, typically
referred to as TdJand V Extensive research has been carried out in developing these
sensors as they have the potential to provide more practical solutions for clinical use
and for patient's movement monitoring in their home environmefitsvaizu, Saatchi,

& Burke, 2016)

The challenges in using the combined accelerometer and gyroscope unit are
computational problems for determining the angles i pE}JA] ] § oMb, Tiiie
the effect of offset errors on the gyroscope's output, as a gyroscope provides a rate of
rotation and integration of its output is needed to determine the amount of an object's
rotation (Fiser, 2010)

Accelerometers are types of inertial sensors and have been generally accepted as
useful and practical sensors to measure and assess move(vanig & Hsu, 2010)
ResearcherBave shown enormous interest in this subject due to the many benefits of
using inertial sensors to measure and monitor human movement and balance such as
the low cost, small size, low power consumption, remote monitoring capabilities, etc.
This approach wolves strapping the sensor in some way to the body part of interest
and taking measurements. It is namvasive and so very practical for clinics, remote

monitoring in the community and during activities of daily living.

Accelerometers have been reported be highly reliable in distinguishing posture and
motion for detecting cyclical movements and conditions of daily liiRgerster,
Smeja, & Bhrenberg, 1999; Veltink et al., 1993)
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MartinezMendez, Sekine and Tamura (2012valuated the sensitivity of
accelerometry signals attached to the trunk of subjects tdimgiish changes in
postural balance related to ageelderly vs. young; and changes in visual conditions,
and reported the results were better than the typical force plate signals. The
measurements obtained from accelerometers have also been used to apewei
efficient system for assessing static and dynamic balance and postural(Kamnen,

Patten, Du, & Sison, 1998)

HendelmanMiller, Baggett, Debold and Freedson (2088amined its ability to assess
intensity levelsEnergy Expenditure (EE) during different physical activities to evaluate
the metabolic cost of various recreational and household activities using the
acceleroméer counts recorded during these activitie€hen and Bassett (2005)
compared accelerometrpased activity monitors between firgfeneration devices and
emerging technologies to predict EFang and Hsu (201Gviewed the use of
accelerometrybased wearable motion detectors for physical activity (PA) monitoring
and reported they allow for automatic, continuous atwhgterm measurement of
people in freeliving conditions. Accelerometers can be used to estimate EE as activity
counts from the accelerometer is related to EE, can detect postural sway and

important gait parameters, and detect unusual movement such as falls.

Luinge and Veltink (2004i)sed 3D accelerometers attached to the back of the trunk at
T4/T5 level and the pelvis to estimate the inclination of the body segments for
monitoring daily life task fatsing on the task of lifting and stacking objects.
Karantonis, Narayanan, Mathie, Lovell and Celler (20@®Jemented a reatime
system for classifying types of human movement assediatith dataobtainedfrom a
single waistmounted triaxial accelerometer and could distinguish periods of rest and
activity as well as detect different event&avanagh and Menz (2008g¢viewed
literatures that haveused accelerometry for quantifying human movement during
walking andconcluded that the technique was accurate and reliable and cprddide

useful information regarding the motor control of normal walking and gait patterns.

Yeoh, Pek, Yong, Chen and Waluyo (2008fed atthe use of accelerometerfor
detecting posture and walking speed using a fdesed Heuristic system that can be
used for realtime ambubtory monitoring and observed the results were promising.

The speed of walking was the parameter used to distinguish between different types
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of movement activities such as running, jogging, eyons, Culhane, Hilton, Grace and
Lyons (2005nvestigated techniques that allow accelerometers to distinguish between
static and dynamic activities using a thresholding method. Experiments were
performed in an uncontrolled environment for long hours &zhieve long term

ambulatory monitoring.

2.4.2 Joint Range of Movement

Willemsen, Van Alste and@Boom (1990) used eight uniaxial accelerometers to
determine knee angle without the need for integratian, reduce the effect of offset

drift. Kurata, Makikawa, Kobayashi, Takahashi dmmkue(1998)monitored upper limb

motion -elbow and shoulder jointsn daily activities using two accelerometers set at

N YSieare] ¢ &E}uv SZ i}]JvSe v SZ C }v op §Z +CeS u
one axis motion monitoring, though the accuracy of the threesajant movement

was not confirmed in the study.

inEJA] ] &01d)Xiskd accelerometers to estimate angles of leg segments and
joints during gait, witithe focuson the knee and ankle joints based on a secamder
low-pass digital filter. This method did not require double integration which introduces
drift effect on the results as seen with gyroscopes. The effectiveness of the developed
system was compared with the rdssiobtained from flexible goniometers and they
concluded the technique was good enough for quick diagnostics of gait and its
applications.Dong, Chen, Lim an@oh (2007) used four biaxial acoetometers to
measure flexiorextension angles, and thgystem wasnore accurate when sensors

were placed parallel to the sagittal plane.

Researchers have also considered the use of IMUs combining accelerometers and
gyroscopes for measuring joint angldsakhshi et al(2011) focused on measuring
knee joint range of movementsing two IMUs placed near the joirBennett, Odom

and BenAsher(2013)developed an algorithm to measure knee angles using two IMUs
and artificial neural networks. Their system wadidated against the results obtained

from an electregoniometer.

2.4.3 Assessingrthritis
Accelerometers have been evaluated for distinguishing arthritis and otherrelated

conditions. Reddy, Rothschild, Mandal, Gupta, and Suryanarayanan (1995) used
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accderometers to distinguish normal knees from knees affected by osteoarthritis (OA),
RA and chondromalacia using the acceleration measures obtained from the knees
during a leg rotation. In later research, Reddy, Rothschild, Verrall, & Joshi (2001)
further applied accelerometry to distinguish knee RA and spondyloarthropathy
(chronic diseases of the joints) as the subjects performédxion-extension rotation

of the leg. They used the mean power of the signad parameter to characterise the
disease. Signdant differences were observed between RA and spondyloarthropathy

patients.

Accelerometers have also been applied foomtoring the physical activitie@PA)in
arthritis patientsin order to give an objective means of assessing the effect of the
diseaseactivity, to help clinicians make more informed recommendaticisimprove

the health status othesepatients(HernandezHernandez & DiaGonzalez, 2017)

Previous studies have shown accelerometerbe reliablein assessingnd monitoring
PAiIn persons with arthritis (Semanik et al., 2010; Norgaard, Twilt, Andersen, & Herlin,

2016 Prioreschi, Hodkinson, Avidon, Tikly, & McVeigh, 2013

HernandezHernandez, FerradAmaro, & DazGonalez (2014) applied accelerometry
to asses the effects of RA activity on the PA of patients with rheumatoid arthritis.
They concluded that RA patients spent less tiffewer minutes per dayyoing
moderate and vigorous PA thathe healthy subjects and that the disease activity

interfered signifiantly with the PA time of RA patients.

The impact of obesity and other modifiable factafsphysical inactivitfweight, diet,
smoking, knee painetc.) in OA patientsvere evaluated using accelerometers to

measure their PA (Lee et al., 2013).

The dily monitoring of PA in children with JIA has also been achieved using
accelerometers to determine the correlation between daily PA diary and
accelerometry measures (Armbrust et al., 2017), the relationship between
accelerometerassessed PA and disease amtjvieport of pain intensity, use of pain

coping strategies in children with JlAof§jaard et al., 2017)
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This review shows accelerometers can potentially be a useful tool to aagbstis;
however, work isongoingto improve its functionality and make it practical for use in

clinics.

In our study, the use of four triaxial accelerometers placed at the right and left thighs
and shanks of a patient to measure knees' angle, velocity, acceleration, and

displacemento assist JIA diagnosmasexplored.
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2.5 Summary

In this chapter, arthritis, whicls a condition that causes pain and inflammation in a
joint (NHS, 2017Wwas briefly discussed. The current diagnosti&thods, which include
clinical examinationblood tests,imaging technologies such as CT scans, US scans and
CEMRI were outlined.

Related literatures in the alternative methods of diagnosing medical conditions such as
thermal imaging, colour analysis, and accelerometry were reportediaslshown to

be usefulfor screening joint inflammation anBheumatoid Arthritis (RA9t the knees

and ankles of children (Lasanen at al., 2015)was$ found to be applicablefor
detecting wrist arthritis in comparison with ultrasonography and physical examination
(Lerkvaleekuét al., 2017). Tl was also able to successfully detect RA at an earlier stage
than the radiography method (Snekhalatha et al., 2017). Body and facial coéyar

used to diagnose medical conditions (Chen et al., 216; Liu & Wang, 2006) such as
hepatitis (iu & Guo, 2008), heart diseasesintKet al., 2008). Accelerometryas
proved reliable for assessing physical activities of persons with RA (Seetaalik

Tifie v (JE& u spuE]JVvP i}]vse E v-PIA( JuIE I o XU iTEi]e-X
In this study, these methods have been applied for the evaluation of JIA.

In the next chapter, the theories relevant to this study are presented.
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B RelevantTheory

In this chapter, the relevant theas on Juvenile idiopathic arthritis (JIA), infrared
thermography, accelerometry, signal and image processing techniques, visual image
processingare presented. The patients included in this study were referred te th
hospital suspected diavingJIA. Thermal imaging was the main tasedin this study

to assist with diagnosing JIA. Accelerometry was used to investigate joint movement.
Signal processing was primarily used to process the accelerometry signal. Image

processing was needed for thermography and visual imaging.

3.1 Arthritis

Arthritis can be generally defined as the presence of joint inflammation with reduced
range of motion, pain on movement and/or warmth of the jo{Btoros & Whitehead,
2010) There are mar than 100 types of arthritis with the most common being
osteoarthritis, the next common is rheumatoid arthritis. Osteoarthritis normally occurs
with age, whereas rheumatoid arthritis is an autoimmune disorder in which the
immune system attacks the bodytsvn tissuescausing an inflammatory response
which is a normal reaction of the body to injury or infection of living tissues (Versus

Arthritis, 201®). JIA is a type of rheumatoid arthritis.

3.2 Juvenile idiopathic arthritis (JIA)

JIA is a broad term used tlescribe all forms of arthritis that begin before the age of
16 years, persist for more than 6 weeks and are of unknown c@rRieelli & Martini,
2007). It is the most common childhood chronic rheumatic disease affecting about 1 in
500 children and can cause much disab{lBgros & Whitehad, 2010; Prakken, Albani,

& Martini, 2011) To facilitate research and treatment, the disease is generally
classified based on the number of joints affected and the presence of systemic
symptoms and sign@Borchers et al., 2006)The International League of Associations
for Rheumatology (ILAR) classified JIA into seven catedBoess & Whitehead, 2010)

shown in Fgure 31.
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Category Diagnostic criteria

Systemic arthritis (10-20%) Fever of at least 2 weeks duration (daily for at least 3 days) and arthritis in one or
more joints, plus one of the following:

* erythematous rash
¢ generalised lymph node enlargement
¢ hepatomegaly and/or splenomegaly

* serositis

Oligoarthritis (50-60%) Arthritis affecting < four joints during the first 6 months of the disease_ If after 6
months more than four joints are involved the term extended oligoarthritis is used

Polyarthritis (20-30%) (theumatoid ~ Arthritis affecting > five joints during the first 6 months of the disease with
factor negative) rheumatoid factor negative

Polyarthritis (5-10%) (theumatoid ~ Arthritis affecting = five joints during the first 6 months of disease with

factor positive) rheumatoid factor positive on at least two occasions at least 3 months apart
Psoriatic arthritis (2-15%) Arthritis and psoriasis or arthritis and at least two of the following:

¢ dactylitis

* nail pitting or onycholysis

* psoriasis in a first degree relative

Enthesitis related arthritis (1-7%)  Authritis and enthesitis or arthritis or enthesitis with at least two of the following:
* presence/history of sacroiliac joint tenderness and/or inflammatory lumborsacral
pain and HLA-B27 positive
* onset of arthritis in a male over 6 years of age
* acute (symptomatic) anterior uveitis

# history of ankylosing spondylitis, enthesitis related arthritis, sacroiliitis with
inflammatory howel disease or acute anterior uveitis in a first degree relative

Undifferentiated arthritis Arthritis that fulfils criteria in no category or in two or more of the above
categories

Figure3-1 International League of Associations for Rheumatology classification of JIA
(Boros & Whitehead, 2010)

3.2.1 Symptoms
The symptoms includéChang, Burke, & Glass, 201®prning stiffness, pain, swelling,
andtenderness in the jointdimping, fever, rash, weighoss, fatigue or irritabilityand
eyeredness, pain, or blurred vision. Chronic eye inflammation occurs in 10% to 20% of
all patients; of these, 30% to 40% have a severe loss of vReuness around the
affected joint is also a possible symptom of joint inflammat{énthritis Foundation,
2013). If untreated, this condition carcause complete loss orimpaired vision,

permanent damage and loss of functiahthe joints interference with the growth of

23



the bone and inflammation of membranes around the heart and Iu{@sang et al.,
2010)

3.2.2 Causs

The cause of the disease is unknown. It is, however, an autoimmune disease, whereby,
the immune system attacks the lining of the joints called the syno\iBailey, 2014)
thereby causingnflammation and swelling of the lining and fluid in the joints. Figure 3

2 shows a crossection of a healthy and JAffected knee joint.

CROSS SECTION

Healthy joint
Synovial
\ \ _membrane
/
Cartilage \
BACK | ! FRONT
/
: / Patella
(kneecap)
Synovial
fluid

Changes seen in joints affected by
juvenile idiopathic arthritis

Inflamed
Bone AL synovnal
overgrowth ) \\ _membrane

S , ';' \g":;/,
Thinning \ / " “Excess

cartilage synovial fluid

Figure3-2 Cross section of healthy and JIA affected j¢@tiang et al., 2010)
3.2.3 Diagnosis

Once the disease is suspected, diagnosis normally includes the methods listed in the

next subsectiongGiancane et al., 2016)
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3.2.3.1 Clinical evaluation

This involves a detailed physical examination of all body joints where the clinician
checks for joint swelling, warmth, redness, amtriction. The clinician also takes a
family history, personal history and recerarthritis symptoms/pathologic events with
specific attention to pain and morning stiffness. Family history is taken as it can
Jv]l & }v [ E]l }( A o}% px&émidation, (fe cinidah normally gives

an overall rating of the disease activity ranging from zero (no activity) to ten
(maximum activity) on a visual analog scale (VAS). For systemic JIA, diagnosis may be
difficult as arthritis is often not presenttathe onset However, this method is

subjective.

3.2.3.1.1 pGALS

Foster and Jandial (2008) describ@AlS Raediatric Gait, Arms, Legs, Spins)aa
evidencebased musculoskeletal (MSK) screening assessment tool that has been
validated for schoehged children. Theassessmentnormally involves simple
manoeuvresthat are commonly used in clingcandis quickto perform (takes about 2
minutes)and well tolerated by the child and parent/cargpGALS has been shown to
be highly sensitive in detectinghovement anomaliesThe assessment is performed
when the child presents one or more of the following symptoms (Foster & Jandial,
2008):

X Muscle, joint or bone pain

x Unwell with pyrexia (fever)

X Limping

x Delay in achieving or a regression of motor milestones
x Clumsiness with nknown neurological disease.

x Presence of a chronic disease that has MSK presentations.

Three screening questions relating to pains @ndblems withdressingthemselvesor
walking are initially asked by the clinician before full examination of the Gait, arms,
legs and spineof the child is performed while checking for any appearance or

movement abnormalitfFoster & Jandial, 2008).
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3.2.3.2 Imaging

Radiography:Also known as theplain Xrays are the conventional gold standard
imaging method for diagnosing arthritis:rXys are a type of radiation that can pass
through the body to produce images of the inside of the b@di1S2015). At the first
instance, they can help to exclude other causes of pains and swelling at the joints; they
can also detect late complications of J8heybani, Khanna, White, & ertzis,
2013) However, this method exposes the body #onising radiation, has poor
sensitivity in identifying active synovitimflammation of the synovial membrahand

limited ability to detect erosive changes in the joint at the onset of theatise

ContrastEnhanced Magnetic Resonance Imaging-{@®) CEMRI is a type of scan
that uses strong magnetic fields and radio waves to produce detailed images of the
inside of the body(NHS, 201Bwith contrast enhancement to improve the image
quality. This method is the most sensitive for detecting acfyrovitis at the early
stages of the disease. It is also able to identify bone marrow Oedema (abnormal
accumulation of fluid) which is consiaer a preerosive abnormality and therefore an
indication to begin early treatment. It does not expose the body-tayradiation and

so is a more preferred technique. However, despite these benefitsMRIE
examinations are very lengthy and costly; requintravenous administration of the
contrast material (dye) to maintain sensitivity and frequent sedation of the patient
(Sheybani et al., 2013The contrasitnedium for enhancing th@nage quality also has

to be carefully selected based on criteria of safety, tolerability, and effieacgeen in

in agespecific clinical trials and personal experieBlargava et al.,@.3)

Ultrasonography (US)This procedure uses higfrequency sound wavet® create an
image of part of the inside of the body; the technique is very safe and does not involve
exposure to radiation(NHS, 2015b)It is relatively inexpensive and more readily
available than the MRI machines; it can reliably detect synovitis, joint effusion,
cartilage damage and does not require sedation of the patient. However, this
procedure is highly operator depdent (Sheybani et al., 2013nd requires training

and a careful interpretation of the abnormaliti€Giancane eal., 2016)

3.2.3.3 Laboratory blood test
A test for certain proteins in the blood can aid an RA diagnb®ist patients with RA

would testpositiveto rheumatoid factor (RF) anahticyclic citrullinatedpeptide (antt
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CCP) antibodies, as well lzsvean elevaed erythrocyte sedimentation rate (ESR) and
Greactive protein (CRP)Pincus & Sokka, 2009However, more than 30% of RA
patients have a negative test for RF and &@P antibodies and more than 40% have a
normal ESR and CRP. These findings show that though the blood tests can aid in
diagnosing certain patients, it is not a definitive measdioe RA diagnosis and

managemen{Pincus & Sokka, 2009)
3.1.4 Treatment

Treatment of JIA is aimed at managing the symptoms in order to allow the child to live
an active and independentfdi (Arthritis Research, 2018for optimal management,

the treatment methods involve a multidisciplinary team which includes; paediatric
rheumatologist, ophthalmologist, orthopaedisurgeon, specialist nurse, physical
therapist, occupational therapist, and psychologist. Treatment options can either be

via pharmacological or nepharmacological intervention&iancanest al., 2016)

The pharmacological interventions include painkillers e.g. paracetamol, codeine, etc.;
non-steroidal antiinflammatory drugs (NSAIDs) such as ibuprofen, indomethacin, etc.;
diseasemodifying antirheumatic drugs (DMARDs) e.g. Methotrexa biological

therapies such as etanercept, others include infliximab and adalimumab; steroids,
which can be administered as tablets or injections; eye drops, if eye inflammation is

also diagnosedArthritis Research, 2018)

Nonpharmacological interventions include physiotherapy and occupational therapy
which include using pain relief method such as acupuncture, massage, etc.; exercising
daily, posture improvement, using splints amdsoles, joint protection by using
supports if needed, and also mobility support to aid movem@hthritis Research,
2018)

3.3 Infrared thermography (IRT)

3.3.1 History

Human body temperatie has been very key to medicine since early times, however,
till the 16" century when the thermometer was developed, there was no objective
way of measuring it; and in recent times, infrared thermal imadjag beerexplored

in medicine for measuring bgdsurface temperature to better understand health and

diseases and the technique is now more affordable and reli@iley, 2006)
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The history behind infrared radiation started in 1800 when\8iliam Herschel, an
astronomer, detected heating rays beyond the visible red of the sun's spectrum and in
1840, his son, John Herschel made the first thermal image from sunlight using the
evaporograph techniquéRing, 2004) where infrared image is converted into a visible
image by differential evaporation or condensation of oil on a thin membrane

(McDaniel & Robinson, 1962)

About a hundred years later, in 1940, the first thermal imaging devices were
developed and only became available to industry and medicine between 1962,
however, the thermograms were very crude and the mechanical scanning was slow
with each image neadg about 25 minutes to recordRing, 2007)During this time,

the potential for thermal imaging in medicine wattaining significaninterest as the
human skin is an efficient radiator with an emissivity of 0.98 which is close to that of a
perfect blackbody (Ring, 2007)By the mid1970s, computerisation was introduced for
processing these images and thereafter, associations were formed to come up with
guidelines for good practise including the requirement for patient preparation,
conditions for thermal imaging and criia for the use of thermal imaging in medicine

and pharmacologyRing, 2007)

3.3.2 Fundamentals of infrared thermography

Infrared thermography is a measurement technique that can quantitatively nreasu
surface temperatures of objectév/ollmer & Molimann, 2010)It is a norcontact
technology that measures or sees infrared wavelengths emitted from objects and then
converts the temperaure information into an imagéDavis Instruments, 2012)Vhen

a piece of equipment malfunctions, or when a disease is suspected in the human body,
there is usually an increase in tempéure in the affected region. A more accurate
diagnosis can be made about the fault or disease by observing the heat patterns in

these regiongLand Instruments International0R4)

The most important process for thermography is the thermal radiation which implies
that all matter at a temperature above the absolute zerei i Xifi e« u]Se

electromagnetic radiatiofVollmer & Mélimann, 201Q)
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The next subsections will discuss the terms and theories associated with inf{i&ed

thermal imaging.

3.3.2.1 Electromagnetic (EM) spectrum

The electromagnetic (EM) spectrum comprises all sources of radiation includiyg, X
visible Ight, radio waves, etc. and these radiation types are mainly differentiated by
their wavelengths(Hickman & Riley, 2010Figure 33 illustrates the EM spectrum
highlighting the visible bah
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Electromagnetic Radiation detected by the humam eye s called visible Bght

Infrared Ultraviolet Gamma Ray

VISIBLE LIGHT

Figure3-3 The electromagnetic spectrum highlighting the visible béfidkman &
Riley, 2010)

The visible band is the range over which the human eye is sensitive. It covers the
wavelength range of 0.4pm to 0.7um. The infrared spectrum, on the other hand, is
invisible to the human eye and corresponds to radiation whose wavelength is found
between the end of the visible band (0.7um) and the start of the microwave band
(Imm) andis sensitive to lower temperatures includirapjects atroom temperature

(about 300KJHickman & Riley, 2010)

According to Hickman and Riley (201()e tIR spectrum comprises of relatively
discrete bands which are often used to distinguish Tl camdiasy include the near IR
(NIR), short wave IR (SWIR), medium wave IR (MWIR), long wave IR (LWIR) and the far

IR (FIR), and images from the same scene can look very different depending on the
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band of the TI cameradAn SWIR image would look moalike a visial band image than

an LWIR image.

3.3.2.2 Thermal radiation

Thermal radiation is EM radiation emitted from a material due to the heat of the
material, the characteristics of which depends on the temperature. Type of
radiation is generated when heat from th@ovement of charges in the material
(electrons and protons) is converted to electromagnetic radiat{dfiller, 2012)
Examples of such EM radiation include microwave, radio frequengysXinfrared,

etc. with different wavelengths and can be transmitted through atmosphere, space,
vacuum, etc(Sha, Jhuo, Chen, & Wang, 201Radiation transfers heat directly from
surface to stface; it does not require any medium to transfer heat. A campfire's heat

felt by the human body is an example of radiation.

A body that absorbs all incident EM radiation upon it is known as a black body. The
total power (energy per unit timeyadiated fran a black body is given lige Stefanr
Boltzmann law which states that the total ergy radiated per unit surface areaf a

black bodyper unit time across all wavelengthis directly proportional to the fourth
power of the black body's thermodynamic tempéure, 6 in Kelvin, as shown in

Equation 31 (Hanania, Stenhouse, & Donev, 2Q17)

2L é#6 (3-1)
ODANZEKPEKRSAN-@E+tRPMN@ERQNB=RAS=PRP
885 PABESKHPVI2KI O PamdPxHs’< 9 o] 6-84
#BOQNB=NMAE O;
68 >0KHRQMAAAN=PQNA

A body that does not absorb all the incident radiation is known as a grey body and is
characterised by an emissivityY less than1 :Y O s; Emissivity indicates the
effectiveness of a body's surface emit energy as thermal radiatio For a perfect
black body,Y L sand for a human bodyYL r&zéence a very good emitter of
thermal radiation. The closer the body is to black/dark colour, the higher the emissive
power (Sha et al., 2013)
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The total energy per unit time :S = P, Radiaed by a grey bodys then given in
Equation 32 as(Sha et al., 2013)

2L évwe (3-2)

Radiant energy that reaches a body's surface can either be absatbgdeflected :i;

or transmitted : é;and is described with Equation33Miller, 2012)

REEEILs (3-3)

For an opaque body, there is no transmitted energy,isb r and Equation 38 then

reduces to Equation-3 (Sha et al., 2013)

REEL s (3-4)

3.3.2.3 Thermal imagers

Thermal imaging systems enable the eye to see beyond the visible band of the EM
spectrum into the far infrared of the EM spectrum by making the light naturally
emitted by warm objects visibl@_loyd, 2013) Thermal imagers enable accurate Aon
contact measurement of temperature for a quick inspection of faults and objects can

be viewed in total darkneg#lickman & Riley, 2010)

A thermal imager (TI) or a thermal camera is used to capture thermal images. It mainly
consists of an optical system which is an infrared lens system that focuses the infrared
light emitted by allof the objects in view onto the detector; one or more infrared
detector elements that scans the focused light creating a very detailed temperature
pattern called a thermogram, which is then translated to electrical signals; an
electronic processor to prass the outputs from the detector and converts them into
data for the display; then a display unit that outputs the data, a combination of the
electrical signals from all of the detector elements, as visual im&ggson,2007;

Williams, 2009)The main subunits of a thermal camera are shown in Figdre 3

There are two common types of thermal imagers classed as cooled and un¢bbléd

Systems, 2015)
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x Cooled thermal imagers have an imaging sensor integrated with a cryocooler
which lowers the sensor temperature to cryogenic temperatures. This helps to
reduce thethermally inducednoise to a level below that of the signal being
acquired. They are highlyessitive and can detect very small temperature
changes between objects. However, the cryocooler have movable parts and so
wear out over time. They are also more expensive than the uncooled version.

X Uncooled thermal imagers are the most common and their(ilRrared)
detector design is based on a microbolometer, a tiny vanadium oxide resistor
with a low heat capacity and good thermal isolation. Changes in scene
temperature cause changes in the bolometer temperature, which are
converted to electrical signalnd processed into an image. They are relatively
cheaper, consume less power, have longer durability, and can work for many

years without needingnaintenance

IR Detector Electronics

Object IR Energy IR Imager Display

Figure3-4 Block diagram showing the main subunits of a thermal imaging camera
(Syed, 2016)

3.4 Accelerometryfor describing movement

Accelerometry, in this context, refers to techniques in which acceleterd@msed
systems are used to quantify and measure movemémtthis study, accelerometry
data from the knees were studied. The types of movement that were focused on at the

knee joints were the flexion and extension movements. These aedlyordescribed

(Hamill, Knutzen, & Derrick, 2014):

Flexion- This is a bending movement in which thedative angle of joint between the

two adjacent segments decreases e.g. bending oktree
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Extension- This is a straightening movement in which the relative angle between the
two adjacent segment increases as the joint returns to the reference position e.g.

straightening of th&knee

3.4.1 Accelerometers
There are many types of accelerometers, but the mogiypar and modern types are
the microelectromechanical systems (MEMS) accelerometers due to their

compactness.

MEMS combine mechanical and electrical components into small structures in sizes of
micrometres to millimetres(Dadafshar, 2014)MEMS sensors are characterised by

small size, low power consumption, low costs, high precision and integration etc.

Accelerometers are electromechanical devices that measure forces of acceleration.
Accderation is simply defined as the rate at which an object is speeding or slowing
down. These acceleration forcesay be staticsuch asthe constant force of gravity
pulling at your feet or dynamic, caused by vibrating or moving the accelerometer
(Andrejasic, 2008)

MEMS accelerometers can be found in numerous applications such as in inertial
navigation systems, gaming, smartphones, mobile dev{@sng, Su, Shi, & Qiu,
2015) They are also widely applied in medicine and sports as step counters, physical
activity monitors, human movement monitors (gait analysis) etc. In laptops,
accelerometers are used to prevent damage te thard drive in the event of a fall
while in use as the device can detect the sudden free fall and immediately turn the

hard drive off A typical 3axis accelerometer board is shown in Figu® 3
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Figure3-5 A typical 3axis accelerometer breakout boatdobby Electronics, 2018)

3.4.2 Basic accelerometer operation

The principle of operation of the accelerometer issv  }v E A3}v[e « }v o0 A }
motion which states that the acceleratiors:1 @ of a body is directly proportional

to and in the same direction as the net forcé,:0 A S P Kagting on the body and
inversely proportional to its mass, :C NI=; as shown in Equation-3 (Dadafshar,

2014)

L I_( (35)

From Equation &, acceleration can be further explained as the amount of force
required to move each unit of mass, which means if the force acting on an object is
known, and the mass of the object is also known, then the acceleration can be
determined witiout the need to measure speed and time. So, accelerometers measure
acceleration by measuring force. This is done by sensing how much a mass presses on

an object when a force acts on(iVoodord, 2018)

MEMS accelerometers are mainly of two types; the piezoresistive and the capacitive
accelerometers. The most common sensing method is however, the capacitance
sensing method such as the ADXL series from Analog Détibasbar & Teay, 2017)

andit is discussed further.

In the capacitance sensing approach, acceleration is related to change in the

capacitance of a moving mass. This approach has high accuracy, stability, low power
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dissipation and is simple to build. It is not prone to noise and variation with

temperature(Dadafshar, 2014)

A typical capacitive acceleration sensor essentially contains a stationary plate,
connected to the housing and a second plate attached to the inertial mass that moves
freely within the housing. These plates form the capacitor, whoagmcitancevalue (in
Farads) is a function of the distanc@between the plates as shown in Equatio® 3
(Fraden, 2004)

VY # (3-6)

%L@

Where Yjis permittivity of free space/vacuum or the electric constant with an
approximate valueof z& wHsr’%8( |, Yis the permittivity of the material

separatinghe electrodes,#is the area of the two electrodes.

The movementof the proof mass due to an acceleration of the device changes the
distance between the plates, thereby changing the capacitance value between them as
well. The difference in the capacitance can then be used to determine the acceleration
(Albarbar & Teay, 2017)Figure % further illustrates this concept. As the
accelerometer box moves to the right, the mass is left behind and pushes the metal

plates closer together, changing their capacitaé/oodford, 2018)

.L Jw .m

1. Mass presses 2. Mass closes plates,
capacitor plate changing capacitance

Figure3-6 The broad concept of a capacitive acceleroméWoodford, 2018)

3.4.3 Tilt sensing
Pitch and roll angles can be determined with the aid of accelerometers.

Accelerometersan measure static forces of acceleration. Tilt is a static measurement
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wheregravity is the only acceleration being measured and for accurate measure of tilt,

a lowg, highsensitivity accelerometer is requirg@lifford & Gomez, 2005)

For a threeaxis accelameter as shown in Figure? the pitch and roll angles can be
estimated using Equations 3 and 38 where #:;a# and #; are measured

accelerations sensed at th@&dJand V axes respectively.

z
A
YAW

9w

/’\ PITCH
O
ROLL

Figure3-7 Three axis of an accelerometer showing,rpitchand yaw movements
(Ellis et al., 2014)

AKHHN?P =JCAJR, (37)
2EPR =N?P =JCHIR, ; (3-8)

The arctangent2 function returns the angle in the correct quadrant based on the signs
of the two arguments.e. [-pi, pi], in contrast to the arctangent function that limits

results to the interval-pi/2, p¥2].

3.5 Digital signal processing concepts

Signasd are carriers of information, both wanted and unwanted, so the ability to extract
the useful information from the signal is necessary. Digital signal processing (DSP) can
therefore be defined as the extraction, enhancing, storing and transmission oflusefu
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information (Ingle & Proakis, 2012)sing digital processing such as by computers or

more specialised digital signal processors.
Most DSP operations can be categorised as signal filterisgyoal analysis tasks.

3.5.1 Signal filtering
This is the process of removing unwanted components or background witiseut
affecting the main informatiorirom a signal and can be majorly classed into-fags,

high-pass or bangass filters.

Movement signa from accelerometers are associated with hfgdguency noise
components. Lowpass filters (LPFs) can be used to reduce or completely remove these
unwanted components. The Butterworth filter was used in this study for signal

filtering.

LPFs are electricaktworks that allow signals with a frequency lower than the-afit
frequency (fid to pass through (pass bands) and rejects/stops signals with frequencies
higher thanthe fAgstop bands). An ideal magnitude response of the LPF is shown in
Figure 38 where :(&; is the amplitude of the signal and is the frequency
(Thompson, 2014)

However, the ideal filter cannot be achieved in reality using electric circuits so the
magnitude response of a real or practical filter, such as the Butterworth filteraha
maximally flat magnitude response in the passbdBdtterfield & Szymanski, 2018;
Mahata, Saha, Kar, & Mandal, 2018)d steep slpe soon after Byjin the stopband
depending on the filter order number. Figure-93shows a typicaButterworth
magnitude response of theland 2" order with cutoff frequency of 1 rad/s.

| o)

f
+— Passband —»

“*+— Stopband —*

-

|‘rlr.

Figure3-8 Ideal magnitude response of a lguass filter(Thompson, 2014)
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Figure3-9 Typical responseof alow-pass (LPButterworth filter of the 15t, 2", 3"d and
6™ order with a normalised cubff frequency of0.5

3.5.2 Signal analysis

This deals with the measurement of signal properties andnastly a frequency
domain operation(ingle & Proakis, 2012%uch as spectrum analysis using transforms.
Transformation of signals from time domain to frequency domain is widely used in
signal processing as they provide information abting frequencycomponents of the

signal(Williston, 2009)

3.5.2.1 Discrete Fourier Transform (DFT) and Fast Fourier transform (FFT)
Discrete Fourier transform (DFT) is simply a transform that takes a signal in time

domain and computes the frequency content of the sigiarker, 2010)

The DFT:. >Gdf an 0-point signal T 1s given by(Williston, 2009)n Equation 2:
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However, the above transform equations are computationally intensive and direct
computation is not efficient. For a faster, more efficiemtd realtime computation of
DFT, a fast Fourier transform (FFT) algorithm is used. Rather tha® &fw®mplex
multiplications and additions required by the DFT, the FFT requir@s$ ks Ccomplex

multiplication and addition operation@arker, 2010)

3.5.2.2 ShortTime Fourier Transform (STFT)

Shorttime Fourier transform (STFT) provides the tilnealised frequency information

of signals whose frequency components vary over time. It is a sequence of Fourier
transforms performed on windowed signals. There is a traffebetween time and
frequeng/ resolution in STFT. A window with narramdth results in a better
resolution in the time domain and a poor resolution in the frequency domain and vice

versa. A spectrogram is used to visualise the STFT of a($Mjhiaton, 2009)

3.5.2.3 Wavelet transform (WT)

Wavelet transform (WT) offers timiequency analysis that decomposes a signal in
terms of a family of wavelets which have a fixed shape but can be shifted and dilated
in time (Tan & Jiang, 2013Wavelet transform provides high frequency resolution at

low frequencies and high time resolution at high frequen¢i&dliston, 2009)

A. Discrete wavelet transforms (DWT)

The discrete wavelet transforms (DWT) of a signal is defined based on some
approximation coefficients and detail coefficients using the filter bank structure
(Williston, 2009) shown in Figurel®. For a signalQthe first step involves convolving
Quith a lowpass (LoD) and highpass (HiD) decomposition filters, followed by down
sampling by two (keep the even indexed elements) to give the approximatios;

and detail : ? &; coefficients as shown in FigurelB. In the subsequent steps, the new
appraximation coefficients at a higher level are split into two parts using the same

approach, to compute the approximation and detail coefficients at a lower level. This
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structure is then repeated for a muliével decomposition as shown in Figurd B The

successive details are notsanalysedMathworks, 2018)

lowpass downsample gpproximation coefs
LoD —Fu- |2 » cd,
5
HiD Ol |2 »cD,
highpass downsample detail coefs

Figure3-10 Discrete wavelet transform decomposition structyMathworks, 2018)

Figure3-11 Discrete wavelet transform decomposition tree for three levels
(Mathworks, 2018)
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B. Wavelet packet transform

This method is a generalization of wavelet decomposition that allows for richer signal
analysis. Contrary to the DWT method described above, this procedure splits both the
approximation and detail vector into two parts at every step/level i.e. the detator

is further analysed as well as shown in FigwE23Signal is reconstructed using the

coefficients identified to contain the desired informati@dathWorks, 2018B).

Figure3-12 Wavelet packet decomposition tree down to levglN8athWorks, 201B).

3.6 Image processing

3.6.1 Image segmentation
This process allowsections of images referred to as regions of interest (ROIs) to be

defined and selecteérom the backgroundor further analysis.

The ROIs can be of any shape usingN#®TLAB @ N =S L K Hun@iénJ The ROI,
once determined, can be used to ate a binary mask image. In the mask image, pixels
belonging to the ROI are set to 1 and all other pixels (outside the ROI) are set to O
(MathWorks, 2019a)

3.6.2 Image tracking

Image tracking refers to the ability for an algorithm to detect a region of interest in an
image and recogniséhe same in subsequent images. The main objective of image
tracking is to deal with the streams of images that change with {iReddy, Priya, &
Neelima, 2015)

Several image tracking algorithms have been reported in literatures and one that has
gained much attention, and which was also used in this study is the templatehing
method (Pan, Hu, & Zhang, 2006)
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3.6.3 Templatematching
Template matching is a technique for finding areas of an image that could either match
or be similar to the templatdROIl)image (Munsayac, Alonzo, Lindo, Baldovino, &

Bugtai, 2017using a suitable template matching algorithm.
Template matching by normalised cros®rrelation (NCC)

The correlation betwee two signals is a standard approach for feature detection. This
method has been extensively used for evaluating similarity between images and its
main advantage over the ordinary cross correlation method is that it is less sensitive to
changes in backgrowl intensity andbrightness i.e.changes in the brightness or
darkness of themages does not affect the resPerveen, Kumar, & Bhardwaj, 2013)
NCC has been reported to be more accuritan other methods such as the sum of
absolute difference (SAD) and sum of squared difference (SSD); however, the

computational load is heaviéMunsayac et al., 2017)

The N©€ method can be used to measure the similarity between image and template
(ROl)as the template(ROl)is compared with image. The NCC of the regibimage
under the template : &R, and the template imageP TadJ; can be computed with
Equation 311 (Lewis, 1995)

Ass B TAL FREPPTF QUF R F F® (3-11)

0% %¥R L

§ Ky B TAL F B&G Ass PTF QUF R F PP
Where Bis the image,#& the mean of the template imageg$ is the mean ofB: T4;

in the region under the template image (Lewis, 1995).

The larger the NCC value, the more similar the two imagesGaeerally NCC values
canrange from-1.0 to 1.0such that NCC of two identical images equalsah@NCC of

an image and itexact negative (inveed grayscale valuegquals-1.0 (O'Dell, 2005;
Perveen et al., 2013JFigure 315 illustrates the NCC of two images. It shows the NCC
values of imagel and image2, with the highest NCC value (0.844) shown for the most

identical of the two image@Perveen et al., 2013)
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Figure3-13 Normalised cross correlation of two imagé&®rveen et al., 2013)
3.6.4 Colourfeature extraction andsimilarity index
In thisstudy, the Euclidean distance metric method was implemented to measure the

similarity between thecolourhistogramsof the visual images.

Colour histogram is a colour feature extraction methodhat represents the

distribution of the number of pixel animage(Kodituwakku & Selvarajah, 2004).

Euclidean distancas the most commonly used image metric because of its simple
computation. If Tand U are two / by O images, TL :TP&r& arc<, UL
PASL& ASFC, thenfor GL sP KO LE TAtkeCEuclidean distance@,: TAJ; is
given byWang, Zhang, & Ferfg005)in Equation 312 as:

s (3-12)

@: T4 L ©f T, F ;6
P@b
SDANA>W E@AOEXBDAEI=CA

/0 :/ HO; E@APKPFHI >AKNBLET ARRG-DEI=CA

3.7 Summary
In this chapter, the relevant theory of the study was briefly discussed to give some

backgroundunderstanding of the work, basic definitions and formulas.

JIA refers to all types of arthritis that begin before the age of 16, persist for more than
6 weeks and are of unknown cause and the symptoms can include stiffness, warm and

redness around the aftded joint. Disease diagnosis can be through clinical evaluation

43



(pPGALS), imaging technologies (radiography, CT, ultrasouddRQEtests fo certain
proteins in the blood There is no cure for the disease, so treatment is aimed at

management of the syntpms.

Brief explanations of signal and image processing concepts such as signal filtering (low
pass filters) and analysis (FFT and STFT), image segmentation, image tracking, template
matching technique (using normalised cross correlation methadj colou feature

extraction method weralsogiven.

In the next chapter, the research methodology for the thermal/visual imaging and

accelerometry study is presented.
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B ResearchMethodology for the Thermal/\Misual Imaging and
AccelerometryStudy

In thischapter, the researchmethodologies that are common to the results obtained
in the following results chapter are explained. To improve clarity and ease of reading,
research methodologies that are only specific to studies in specific chapters are

explainedin the related chapters.

4.1 Ethical approval

Full ethical approvalfrom Sheffield Hallam University (Appendix 1) and National
Health Service (NHS) (Appendjxv2re obtained prior to the stardf the study As part

of the approvals process, a health check and Disclosure and Barring Service (DBS)
check was also carried out by the authorised bodies to certify the researcher was fit for
performing NHS related tasks such as data recordings from children. THuks®the
researcher being awarded a Research Passport (App&)diy the hospital to give
access to the hospital for data recording purposes. Further, the NHS courses on the
Good Clinical Practice (Appendixand Informed Consent in Paediatric Reseavehe

studied and passed (Appendd).

4.2 Risk assessment
An assessment of the risks that could be involved in the study was fully considered and

the appropriate forms were completed and submitted to the designated authorities.

4.3 Recruitment

Children and youngeople (CYP) diagnosed withigoarticular(affecting four or fewer
joints for the first 6 months in the persistent case, and more than four joints after the
first 6 months in the extended cas@avelli & Martini, 200)7 or Polyarticular JIA
(affecting five or more joints during the first 6 months) were recruited for the study
from the routine rheumatology clinics or steroid injection lists held at the Sheffield

Z]lo E v[e* ,}*%]S 0o ~" ,¢X

The knee and ankle joints were investigated as these joints have the most flares in

practice and thus were more available to test.

45



4.3.1 Information sheets
After identifying eligible patients, purpose designed information sheets explaining the
study for parent/gardian and CYP were provided before the routine clinic

appointment.
For the thermal/visual imaging study, there were separate information sheets for

x Children aged 4 to 11 years (Appen@)x
X Young persons aged 12 to 16 years (Apperdix
x Parent/guardian (Appendi®)

Likewise, for the accelerometry study, there were different information sheets for

x Children below 10 years (Appen@ix
X Children 10 years and above (Appendd 1
x Parent/guardian (Appendix1}

The information sheets were prepateclearly in a manner that would be well
understood by patients o& specific age. The study was also verbally outlined with the
patients and their parent/guardian at the appointment by a member of the clinical

team and any question answered.

4.3.2 Assent/ Cosent

Once the study was informed to the patients and their rights to withdraw were
explained, interested patients and their parent/guardian were given the assent and
consent forms respectively to sign. These were duly obtained before taking part in the
study (Sample assent (for CYP) and consent forms (for parent/guardian) are provided

in Appendices 2to 15 for the thermal/visual imaging and accelerometry studies).

4.3.3 Exclusion criteria

Exclusion criteria for the Tl study included:

X CYP below 4 years of age
x CYP with active/chronic infectiothat required hospitalisation or treatment
with intravenous antibiotics within 30 days of recruitment or oral antibiotics

within 14 days of recruitment.
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x CYP with history of active tuberculosis of less than 6 months tredtroen
untreated latent tuberculosis.

x CYP with soft tissue infection, injury or fracture of the affected joint which
could affect the Tl reading

x CYP with any inflammatory skin condition which may be near the affected joint

x Nonconsenting CYP, or parent(s)aydian(s)
Exclusion criteria for the Accelerometry study included:

x CYP aged below 8 years (this is to ensure that the participant is old enough to
co-operate with attaching the accelerometry device to the lower limb and
follow flexion and extension movemenas demonstrated).

x Diagnosis of any previous joint condition (other than JIA) affecting lower limbs

x Fracture of any bone in the precious 4 months

x Diagnosis of any muscle condition or chronic pain syndrome

X Any concerns from parent(s)/guardian(s) regardiSgZ %o S] vS|[e ]o]sC

complete the data recording session

Recordings were performed in the presence of a medical supervisor.

44 W 8] vSe[ S ]Jo-

The pilot study focused on rheumatoid arthritis of the knees primarily because of the
ease of thermal image recording for the region and the relative availability of patients
with knees rheumatoid arthritis. However, the ankles were also analysed. Twwenty
patients aged 4 to 16 years (age: mean=10.6 years, SD = 2 years) with diagnosis of JIA
AE E Eujs (}E& S$Z +Sp ]l (E}u SZ % §] vse E ( E
Hospital (Sheffield, United Kingdom)Twenty patients participated in the
thermal/visual imaging study and four patients in the accelerometry study (2 patients
from the thermall/visual imaging study were part of the 4 that partook in the
accelerometry study, making a total of 22 patientecruited. dZ % S] vSe|
demographic details are atuded in Table 2. The study did not interfere with the

manner the patients were medically treated.
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Table4-1 Demographic analysis

Parameter Value

Mean age (SD) (years) | 10.6 (2.3)

Sex Male: 9(41%), Female: 13 (59%)

Mean weight (SD) (kg) | 42.05 (14.91)

Mean height (SD) (cm) | 142.77 (14.34)

xKnee 10 patients clinically diagnosed with active
arthritis on one knee, 8 patients had on both knees,
while 4 patients had nactive knee arthritis at the time
of clinical assessment

xAnkle:9 patients clinically diagnosed with active
arthritis on one ankle, 4 had on both ankles and 7 wit
no active arthritis in the ankles at the time of clinical
assessment

Patient Categories

xSystemic immunosuppression (10)

xCourse of oral steroid (1)

xSystemic immunosuppression + Ibuprofen (4)
xRegular Ibuprofen (2)

xRegular Naproxen (1)

xMethotrexate, Adalimumab (1)

xNo medication (3)

Medication of patients
with JIA. Values in
parenthesis are the
number of cases

The patients included had active arthritis on either one or both knees or ankles at the
time of clinical assessment. Data recordings were performed within half an hour

before or after the clinical assessment.

4.5 Medical examination of patients

All patients vere evaluated by an experienced paediatric rheumatologist. Diagnosis of
JIA was clinically made by performing a musculoskeletal examination which checked
for joint warmth, swelling and restriction using the pGALS (paediatric Gait Arms Legs
and Spine) tooplus history of the symptoms i.e. persistence of the symptoms (joint
swelling and early morning joint stiffness) for 6 weeks or more lasting for 30 minutes

or more.

PGALS is a validated screening tool of the musculoskeletal system for inflammatory
diseaseto distinguish abnormal from normal joints and can be completed within two
minutes (Foster & Jandial, 2013\ summary of the symptoms observiedall patients

is provided in Table-4. (For thermal/visual imaging and Accelerometry studies).
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Table4-2 Clinical diagnosis for each patigpresence of symptoms are highlighted)

Patient | Diagnosis Joint Symptoms How
No Warm | Swollen | Restricted| diagnosis
was made
1 Extended | Right Knee| No No No All
Oligoarticular| Left Knee | Yes Yes Yes Musculoskel
JIA Right Ankle] No No No etal
Left Ankle | No Yes No examination
2 Polyarticular | Right Knee| No Yes No and history
JIA Left Knee | No Yes No taken by
Right Ankle] No No No exp_er_le_nced
Left Ankle | Yes No No C"T"C'a”
3 Oligoarticular| Right Knee| Yes Yes Yes copr:SIrettci)on
JIA Left Knee | No No No of joint
Right Ankle] No No No injections.
Left Ankle | No No No
4 Polyarticular | Right Knee| No No No Examination:
JIA Left Knee | No No No Clinically
Right Ankle] No No No suspected
Left Ankle | No No No warmth,
5 Oligoarticular| Right Knee| Yes Yes Yes swelling and
JIA Left Knee | No No No restriction.
Right Ankle| No No No
Left Ankle | No No No History:
6 Extended | Right Knee| Yes Yes Yes confirmed
Oligoarticular| Left Knee | No No No diagnosis of
JIA Right Ankle| Yes Yes Yes | arthritis due
Left Ankle | No No No to persistent
7 Extended | Right Knee| Yes Yes Yes | unexplained
Oligoarticular| Left Knee | Yes Yes Yes symptoms
JIA Right Ankle| Yes Yes Yes Ias;uhn;]nrgore
Left Ankle | No No No weeks, 30
8 Oligoarticular| Right Knee| Yes Yes Yes mins or
JIA Left Knee | Yes Yes Yes greater of
nght Ankle| Yes No No ear|y
Left Ankle No No No morning
9 Extended | Right Knee| No No No joint
Oligoarticular| Left Knee | No Yes Yes stiffness
JIA Right Ankle| No No No
Left Ankle | No Yes Yes
10 Oligoarticular| Right Knee| No Yes No
JIA Left Knee | No No No
Right Ankle] No Yes Yes
Left Ankle | No No No
11 Oligoarticular| Right Knee| No No No
JIA Left Knee | Yes Yes Yes
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Right Ankle] No No No
Left Ankle | No No No
12 Oligoarticular| Right Knee| No No No
JIA Left Knee | No Yes No
Right Ankle] No Yes No
Left Ankle | No Yes No
13 Polyarticular | Right Knee| No No No
JIA Left Knee | No No No
Right Ankle| No Yes Yes
Left Ankle | No No No
14 Extended | Right Knee| Yes No No
Oligoarticular| Left Knee | Yes No No
JIA Right Ankle| Yes Yes No
Left Ankle | Yes Yes Yes
15 Oligoarticular| Right Knee| Yes Yes Yes
JIA Left Knee | Yes No No
Right Ankle] No No No
Left Ankle | No No No
16 Oligoarticular| Right Knee| Yes Yes No
JIA Left Knee | Yes Yes No
Right Ankle] No No No
Left Ankle | No Yes No
17 Oligoarticular| Right Knee| Yes Yes Yes
JIA Left Knee | Yes Yes Yes
Right Ankle| No No No
Left Ankle | No No No
18 Oligoarticular| Right Knee| No No No
JIA Left Knee No No No
Right Ankle| Yes Yes No
Left Ankle | Yes Yes No
19 Polyarticular | Right Knee| Yes Yes Yes
JIA Left Knee | Yes Yes Yes
Right Ankle| No No No
Left Ankle | No No No
20 Oligoarticular| Right Knee| No No No
JIA Left Knee | No No No
Right Ankle| Yes Yes Yes
Left Ankle | Yes Yes Yes
21 Polyarticular | Right Knee| No Yes No
JIA Left Knee No No No
Right Ankle| No No No
Left Ankle | No No No
22 Oligoarticular| Right Knee| No Yes Yes
JIA Left Knee No No No
Right Ankle] No No No
Left Ankle | No No No
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4.6 Anonymity

In order to protect the identity of the participating patients in line with the ethics

approval, unique identifier numbers wetesed to identify each patient.

4.7 Materials

4.7.1 Camera and associated software

A FLIR T630sc portable thermal camera which also has an integrated visible camera

was used for the thermal/visual imaging study. The camera image is displayed in Figure

4-1. The camerapecifications are provided in Table34

The associated FLIR ResearchlR Max software was used to operate the camera though

a laptop.

Figure4-1 Image of the FLIR T630&tIR, 2019)

Table4-3 FLIR T630sc specificati@LIR, 2016)

Parameter

Specification

Detector type

Uncooled microbolometer

Spectral Range

75t X1 ...u

Resolution

640 x 480 pixels

Operating Temperature Range

-15°C to 50°C

Visible Image

5.0 Megapixel from Integrated Visib
Camera

Object Temperature Range

-40°C to 650°C

Accuracy +2°C or 2%

Focus Continuous Automatic or Manual
Frame Rate 30 Hz

Sensitivity <40mK

Command & Control USBWi-Fi

MSX® Enhancement/Picture in Picture| Adds Visible Detail to ThermalifP

Overlays Thermal on Visible Image

Size (L x WH)

143 x 195 x 95 mm
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4.7.2 Data Processing software

Data collected from this study was processed using MATLAB®.

4.8 Summary

In this chapter, the ethical approval and recruitment procedure for the stwdye
discussed. Twentiwo patients aged 4 to 16 years with either Oligoarticular or
Polyarticular JIA diagnosis werecruited from the routine clinicat the $effield
Children Hospital (SCH) Purpose designed information sheets for eligible
patient/guardian were provided and duly signed assent/consent forms were obtained
from the patient/guardian before partaking in the study. The knees and ankles were

investigatedn this stud.

The medical diagnosis and symptoms observed by the clinician for each patient were
also presented. The specific procedures followed for each study (thermal imaging,

visual imaging and accelerometry) are presented in the relevant chapters.

In the next bapter, the results related to the thermal imaging study are presented and

discussed.
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B Thermal maging for the Clinical Asessment ofJuvenile

|diopathic Arthritis

In this chapter, thermal imaging (Tl) methods are developed and compared with
routine clinician musculoskeletal examination in assessing knees and ankles with active
arthritis in children and young people (CYP) with Juvenile idiopathic arthritis (JIA). An
increase in the joint temperaturmay indicateinflammation due to active rheumatd
arthritis hence accurate means to measure temperature at these jonatgassist with

the clinical assessment and diagnasigIA

Tl techniques were developed to determine whether they can detect the changes in
temperature (caused by alterations blood flow patterns) of the skin overlying joints
which may be inflamed. Thermal videos of the front and back of the knees and ankles
of twenty patients were recorded. A technique to locate the regions of interest (ROISs)
enclosing the affected area was adoped to allow consistency of analysis across
patients. The ROI used polygon segmentation method to best follow the contour of
the affected area. The ROtwntred on the knees and ankles were manually
segmented from the images for further processing.he3e were analysed and

interpreted as described in the following sections

5.1 Methodology

5.1.1 Setup at the hospital
Thermal image recording was performed in a room with consistent temperature and
humidity and free of draught. The average room temperature and ireahumidity

were 23.6C (standard deviation (SD) 1°2&nd 33% (SD 2.4%) respectively.

The patient on arrival sat on a chair draped with towel and placed their feet on the
ground, equally draped with towel. They sat for approximately 10 minutes, ensuring no
contact with the knees, to acclimatise with the room temperature and ensure even
skinblood flow. Thermal recordings of the front and back of the knees and ankles were

then taken while the patient stood on a towel to isolate the feet from ground.
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The FLIR T630sc infrared camera and the associated FLIR ResearchIR software from
FLIR system& E pe (}E& $Z 8Z Eu o E }E JvPX dz u & [
thermal sensitivity of lesthan v rl G, pixel resolution ofx vrTv zrL E T AEh@ssivity

of the camera was set to 0.98 as is required for the human skin. The thermal camera
was locatedone meter awayfrom the patient. The @amera was connected to a laptop

to display the image as well as store the recorded image.

5.1.2 Data collection

A 20second thermal video recording of the front and back of knees and ankles was
collected at 30frames per second in order to allow the temperature measurement
over a time period rather than just a single image. Recorded data were processed
offline using the MATLABpackage (The recorded file was converted from sequence to
mat file). The team that mcessed the data was unaware of the clinical diagnosis for

the patients to ensure the unbiased processing.

5.1.3 Image processing procedures
For segmenting the images, identifying the location of the knees and ankles was very
key for this process. A repeatablesthod to locate the joints was adopted (described

in the next section).

5.1.3.1 Segmenting the knee

Using MATLABthe first thermal image of the recorded video (containing 20 seconds x
30 frames per seconds = 600 frames) was displayed on computer screen. using t
polygon cropping tool available iMATLAB, a region centred on the knees was
manually segmented from the image (see Figutg).5The knee region was visually
located. This was assisted by considering the curvature at the point of the knee region
(see white arrows in Figure-&(a)). A circle was fitted at the location of curve in such a
manner to best fit into the curve of the knee. The centre of the circle was located.
From the centre of the circle, an area that covers vertically, 1.5 of the radiedgitble
forms the ROI (Figure-5 shows the anterior view of the knee describing the bone

makeup of the knee to include the femur/ thigh bone through to the tibia/shin bone).
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| 1

(a) Front knee (b) Back knee

Figureb5-1 Sample thermal image showing how knee ROI is identified. The patient is
facing the camera

Figure5-2 Anterior view of the kne€London Knee Specialists, 2019)

5.1.3.2 Segmenting the ankle
The front of the ankle ROI was identified using the same principle as that used to
locate the knee ROI (see Figur8)5 From Figure-3(a), the identified ROI is the area

covering the blue line from top to bottom.

For the back of the ankles, however, because the ankle joint sits on the heel bone
(calcaneus which was observed to be much cooler than the rest of the leg on most

patients), after fitting the circle around thenile curve, an area that covered from 1.5
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of the radii vertically upwards to the bottom of the circle was selected as ROI
(basically, the blue line in Figure3fh)). Figure 8l illustrates the skeletal ankle joint

which shows the ankle joint to be made thie tibia (shin bone), fibula, and the talus

(ankle bone).

Figure5-3 Sample thermal image showing how ankle ROI is identified (a) Front of the
ankle (b) Back of the ankle

Lateral
Process

Calcaneus

Figure5-4 lllustration of Skeletal ankle (side view and front vié@jtholnfo, 2019)

The segmentation process using the knee as an example is described in Figure 5
After the ROI was identified, a mask of the region was generated and mapped over the
original image, rectangulatropping was then performed to extract the ROI from the

full image.
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(a) Identified ROI (b) The binary mask of ROI

(c) ROI (d) ROI cropped out

Figure5-5 Segmentation process using the knee as an example (a) identified ROI (b)
ROI binary mask (c) ROI (d) Extracted ROI

The thermal images described are shown in colour images for visual display and for
visually cropping the first image in the algorithm. Hoee the images processed were
not RGB (Red Green Blue) but each pixel represented the actual temperature in degree

centigrade.

5.1.3.3 Tracking by template matching

The ROIs for the remaining images in the same recording were then determined using
a template matching algorithm based on normalised cross correlation (N@G)S,
1995) A tracking operation was needed as the small body movements during the

recording caused the ROI to appear in different locations for each recorded image.
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The converted sequence file loaded into MATRAB a mat file read approximately
600 files into the sysim. The operation of the algorithm is explained in the next steps

(Griffin,2009)

x The first image, A, was displayed and the template (ROI) was selected and
cropped out.

x For the next image, B, the NCC matrix of the template and image B was
determined. The NCC matrix is in the value range-bfto 1(The NCC function
scans the template over the image to find the best match).

x The :N K& K H Q tdordinates of the position of the highest NCC value was
obtained asthe location of thebest match in the NC@atrix and used to
determine the best match in the image B.

x The coordinates of the best match in image B were then used to identify the
new template in image JRising the width and height of the first template.

X This process is repeated for the subsequemges to determine the new ROISs.

Figure 56 illustrates an example performed in the laboratory to test the N@§kd
tracking algorithm implemented in this study. This example shows a right ankle moving
from left to right and the ROI marked by the box, ntaining its original position at

the back of the ankle, irrespective of the ankle movement. Figuie shows the
starting location : TdJ; of the ROI in each image for the entire recording. Figuile 5
shows the Tand Uaxes, changing position as it tkacthe ROI, verifying the algorithm

could match the ROI template as it moves. Trend Uaxes record the horizontal and

vertical movement respectively.

Figure5-6 ROI tracked through right ankle movement from left to right direction
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Figure5-7 ROI locations for each image tracked accurately (the imagerdinate is in
blue and y coordinate is in red)

An example to illustrate the tracking of the knee is shown in Figu&$05510. The
first image has ROI starting at the (20.5, 60.5) point (see Fig8)ye 5

First image

Figure5-8 Back of knee showing first image ROI at (20.5, 60.5)
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At the end of the tracking algorithm, the last image shows the ROI at thé@9oint,
(see Figure ®) showing that the patient had moved in the course of the recaydin
Despite the movement, the tracking algorithm was still able to identify the ROI. The

ROI ceordinates for all the frames is shown in Figurél5showing movements in both
the Tand Uaxes.

Figure5-9 Back of knee showing last frame ROI at (29,60)
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Figure5-10ROI (X, Y image pixel coordinates) tracked through the recorded frames.
The starting coordinates were approximated in thRigure to (21, 61)

5.1.3.4 Temperature measurement

Once the ROI was detected in each image, the pixel values contained within the ROI
representing the temperatures were averaged to obtain a single value representing
the temperature of the selected region. These values were then further averaged

across all recorded images to obtain a better estimate of the temperature.
The above procgs was repeated for the front and back of the knees and ankles.

5.2 Results and discussion

The aim of this study was to investigate if higisolution Tl correlates with clinician
musculoskeletal examination in the identification of changes in skin temperatur
Eighty thermal images in total were analysed (twenty each from the front and back of

knees and ankles).

To aid the analysis of the results, the patients were grouped into three categories
based on the knees and ankles clinically identified to haveeaatithritis at the time of

assessment.

x Category I: patients with only one knee/ankle with active arthritis
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x Category II: patients with both knees/ankles with active arthritis

x Category llI: patients with no knee/ankle with active arthritis

The knees and ardd were segmented with the segmentation process described in

section 5.1.4.

Mean temperatures for the left and right knees and ankles were computed and
compared against clinical assessment. PaecentageTemperature Difference (PTD)
between the left andright knees and ankles were also obtained and compared
between categories. The PTD was computed by takingAlheolute Temperature
D] (( Ev ~de+}AE3Z A EP }(8Z o (35 asgi®hPzs o P
Equation 51, i.e.(Cole & Altman, 202)
#6 & 5-1
2 L —H
6& 6 E 6 t st
SDAN&Gand 6c: E SZ u *pE S u% & SUE » (}E& SZ o0 (5§ v

or ankles) respectively.

5.2.1 Knee analysis

5.2.1.1 Category It Patients with active arthritis in one knee only

Eight out of twenty patients were clinically diagnosed with active arthritis in oee k

Table 51 present the mean temperature measurements and PTD values between the

left and right joints of the front of the knees for category | patients.
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Table5-1 TI mean temperatures angmperature differencet Category } Knees

Front knee t one knee with active arthritis
Mean Thermal ImagingBased
temperatures-TI (A) Consultant's .
: (Front knee) evaluation Correlation
Patient Left . (Active of methods
knee Right | Warmer | ATD| PTD arthritis) (B) (A) and (B)
°C) knee (°C) knee CC)| W)
1 33.67 32.89 Left 0.78| 2.34 Left Yes
3 30.18 31.17 Right | 0.99| 3.23 Right Yes
5 32.17 31.97 Left 0.20| 0.62 Right No
6 30.46 30.90 Right | 0.44| 1.43 Right Yes
9 29.61 30.60 Right | 0.99| 3.29 Left No
10 30.20 30.45 Right | 0.25| 0.82 Right Yes
11 32.61 28.78 Left 3.83| 12.48 Left Yes
12 31.43 31.16 Left 0.27| 0.86 Left Yes
Mean 0.97| 3.14

For the front of the knees, there was 75% (six out of eight) correlation between Tl and
clinicalassessment with an average PTD of 3.{#Bis PTD value will be compared will
be compared with that from categories Il and 11l in the following sectidrigesults for
patients 5 and 9 did not agree with clinical evaluation. These two cases are further

analysed to explore the discrepancy in the thermal and clinical assessments.

5.2.1.1.1 Patient 5

The thermal images showing the left and right ROIs (in the box) are shown in Fgure 5

11. Tl reports the left knee to be warmer while clinical observation picks the right knee

as the knee with active arthritis. From Figurd B the darker the region, #hhigher

the temperature as indicated on the colour bar, so the darker regions appear more on

the left ROI than the right ROI. The patient, on clinical examination, was reported to

have a warm, swollen and restricted right knee. They walked with a limfpaddixed

flexion deformity on the right kneehis means they were unable to fully straighten or

extend their right knee. Thimaylead to altered mobility and the patient leaning more

on the left leg, causing more blood flow through the left leg, thgredsulting in the

left knee having a higher temperature as measured by TI, for correlation purposes.
visZ & ( S}E S} }vel] & ] o]v] ] Vv[* %E]}E & o §

diagnosis (obtained through other examinations and assessments)tla@ visual
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examination of the knees, which could lead them to decide the knee that is swollen

and restricted to be the warmer knee.

(b)
Figure5-11 Patient 5 thermal images$ (a) Left knee ROI (b) Right knee ROI

5.2.1.1.2 Patient 9

The situation is also similar for patient 9. On clinical examination, they were reported
to have swollen left knee, established restriction on the left knee due to arthritic
changes to left hip, with adaptive shortening thie overlying muscles causing dix
flexion deformity on the left knee. They also walked with 2 elbow crutches with
reduced weightbearing through the left leg. Warmth was not detected by the clinician

for this patient.

On the thermal images (Figurel2), the fixed flexion deformity cabe seen on the
left leg as it looks slightly bent forward (the right leg appears as though it is behind the
left leg). The darker regions which signify higher temperatures also appear more on
the right leg than the left leg. So, although the left kneeliisically confirmed to have
active arthritis, Tl has indicated the right knee as being warmer due to the reduced

weight bearing on the left knee.
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iy

Figure5-12 Patient 9 thermal image showirlge right leg with darker regions (higher

temperatures) than the left leg

Table 52 presents results for the back of the knees. Correlation between Tl and
}Jvepod v3[e A op 3]}v ]e ii9 AZ]Jo §Z }8Z & Ai9 ] v}§ F
and 9, whose E}vS Iv d/ u ep& uvs ] v}S o} PGE Alsz
evaluation (same reasons apply for the front and back of knees for patients 5 and 9).
Thermal images for the front and back of the knees of patients 1 and 12 are provided

in Figure B13.

Table5-2 Mean temperatures and PTD for back of knees

Back kneet one knee with active arthritis
Mean Thermal ImagingBased
temperatures-TI (A) Consultant's .
. (Back knee) evaluation Correlation
Patient Left _ (Active of methods
knee Right | Warmer | ATD| PTD arthritis) (B) (A) and (B)
°C) knee (°C) knee CC)| (W)
1 32.84 32.89 Right | 0.05| 0.15 Left No
3 29.65 29.93 Right | 0.27| 0.92 Right Yes
5 33.61 33.15 Left 0.46 | 1.37 Right No
6 30.64 31.10 Right | 0.46| 1.48 Right Yes
9 29.94 31.19 Right | 1.25| 4.09 Left No
10 31.17 31.23 Right | 0.06 | 0.18 Right Yes
11 31.05 30.76 Left 0.29| 0.94 Left Yes
12 30.53 30.72 Right | 0.19| 0.60 Left No
Mean 0.38| 1.22
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(a) Patient 1 (front) (b) Patient 1 (back)

PP

(c) Patient12 (front) (d) Patient 12 (back)
Figure5-13TZ Eu o Ju P « (}& (E}VvS v [ }( Iv

32

28

24

c (JE %o §]

For patients 1 and 12, the temperature difference between tb# and right knees

were more noticeable from the thermal images at the front than at the &affure 5

13). The mean PTD for front of the knees was higher at 3.14% than for back of knees at
1.22% indicatinghe temperature changes were more pronouncetithe front than

the backas well These suggest thahe front knees gave a better presentation of the

situation. However, the results from the front and the back of knees (Tablesbd 5

2) show a 75% correlation, indicating there is consistency imebats.

5.2.1.1.3 Patient 11

dZ]e % 3] VS %o E * v§e « AZ & d/ v }vepo$ v§[e

thermal images for the front and back of the knees are shown in Figdre Elinical

examination reported a warm, restricted and swollen left knaad was diagnosed

with active arthritis on the day of assessment. Tl results also showed the left knee was

warmer than the right by 12.48% at the front and 0.94% at the back.
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(@)

(b)
Figure5-14 Patient 11 thermal images (a) Front knee (b) back knee

5.2.1.2 Category It Patients with active arthritis in both knees

This category includes patients that had active arthritis in both knees according to
o]Jvl o A op 3]}vX ]JE & }u% EJ]e}v SA v d/ v }vepo

not becarried outfor this group as there was no record of normal skin temperature for

each patient to be used as a baseline reference. However, to determine how skin

temperature around the knee compared to other parts of the body, a section from the

back of the left and right legs was segmented, averaged and used as a reference (to

see ifthe knee temperatures are higher). Results are shown in TaBle 5
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Table5-3 Front and back knee temperatures for when both knees are diagnosed with
active arthritis

Active arthritis in both knees~ }vepuod v&[e A op $]}ve

Mean temperatures- T|

Front of the knee Back of the knee
Patient Left | Right ATD | PTD Left | Right ATD | PTD Ref?rence
knee | knee o) | @) knee | knee o) | () (°C)
G | (°C) °C) | (O

28.34| 28.47| 0.13 | 0.46 | 29.11| 29.21| 0.11 | 0.36 28.33

2
7 32.23| 33.14| 091 | 2./8 | 31.79| 31.80| 0.01 | 0.03 29.21
8 30.16| 30.81| 0.65 | 2.12 | 30.96| 30.95| 0.01 | 0.04 29.35

14 31.56| 31.33| 0.23 | 0.72 | 31.49| 31.50| 0.01 | 0.03 30.03

15 33.17| 32.82| 0.35 | 1.05 | 32.68| 32.73| 0.06 | 0.17 31.35

16 32.68| 32.90| 0.23 | 0.69 | 32.72| 32.16| 0.57 | 1.74 31.61

17 30.90| 31.16| 0.26 | 0.84 | 30.90| 30.71| 0.19 | 0.60 29.42

19 32.56| 32.81| 0.25 | 0.77 | 32.42| 32.36| 0.05 | 0.16 30.89

Mean 0.37 | 1.18 0.12 | 0.39

For dl the patients in this categorgxceptpatient 2 (front of the kneesthe computed
reference temperature, for both the front and back of the kneess lower than the
knee temperatureqsee Figures-35 and 516), giving an indication that the knees
could have the active disease as evaluatgdtlie consultantFor patient 2 (front of

knees), the left and right knees and computed reference temperatures are close.

Front knee temperatures
__34.00

4 3500
(]
30.00
28.00
26.00 I
24.00
2 7 8 14 15 16 17 19

Participant number

Temperatur

m Left knee mRight knee m Reference

Figure5-15 Chart showing reference temperature (grey bar) lower than thedstt
right knee temperatures for front of the knee
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Back knee temperatures
33.00
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o || || ||
25.00
2 7 8 14 15 16 17 19

Participant number

Temperature €)
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\‘
o
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m Left knee mRight knee m Reference

Figure5-16 Chart showing reference temperature (grey bar) lower than the left and
right knee temperatures for back of the knee

The PTD for categories | (one knee active) and Il (both knees active) are summarised in

Table 54. For the front knee, category | PTD was 2.7 times higher than the category Il
PTD and for the back knees, 3.1 times higher than the category Il PTD.

Table5-4 Average PTD for category | and Il

Category PTD (%)
Front knee Back knee
| (one knee active) 3.14 1.22
Il (both knees active) 1.18 0.39

Analysing the temperature difference was another way to investigate and compare the

E epode A]8Z 8Z o]v] ] v[* e eceu vE ¢ 5Z]e ]* ]V %o V
reference temperatures. Theoretically, PTD for when one knee is active should be
higher thanthat for when both knees are active. Thesult presented in Table-%

conformsto theory, further indicating that Tl partially agrees with clinical assessment.

However, with no information regarding which knee was worse from the clinical
examination or aneasured reference temperature, there was no wayattequately
JEE 03 d/ v oCe]s A]3Z §Z }vepos v3[e A op 3]}vX Z «p
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5.2.1.3 Category llIt Patients with no active knee arthritis

Patients in this category did not have active artisritm the knees at the time of the
clinical assessment. It is expected then that the temperatures measured at the left and
right knees to be approximately the same or with minimal difference. The PTD for the

front and back of the knees is computed (Tablg)5nd compared with the PTD from

category |I.

Table5-5 Front and back knee mean temperatures with no active arthritis

E} S38]A ESZE]S8]* ]v 8Z Iv s ~ }veposd v3]J

Mean temperatures- Tl

Front knee Back knee
Patient - .
o o °C % o o °C %
(°C) (°C) (°C) (%) °C) °C) (°C) (%)
4 3190 | 31.87 0.03 0.09 32.39 | 32.06 0.32 1.01

13 30.38 | 30.28 | 0.10 033 | 3241 | 31.70 | 0.71 2.21
18 3240 | 32.18 | 0.23 0.70 | 31.25 | 31.51 | 0.26 0.83
20 31.61 | 31.76 | 0.15 0.48 | 31.07 | 31.45 | 0.38 1.23
Mean 0.13 0.40 0.42 1.32

Table 56 shows the mean PTD for categories | and Il patients for the front and back of

the knees.
Table5-6 Average PTD for category | and Il
Category PTD (%)
Front knee Back knee
| (one active arthritic knee) 3.14 1.22
I1l (No active arthritic knee) 0.40 1.32

From Table %, the PTD for the front of the knees is 7.85 times lower than that of
category |, agreeing with theory. The back of the knees however, showed a slightly
higher PTD than those of category | (1.08 times higher), suggesting there was a higher

temperature change between the left and right knees at the back.
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So, while the front of the knees did suggest both knees may be inactive as PTD is much
lower than those of category I, the back of knees shows a slightly higher PTD,
suggesting there may be s@ activity. There wastherefore, partial correlation

SA v d/ v }vepod vs[e A op 3]}vX *u A% E]Ju vse }v
give more details on the results. The thermal images for the back of the knees are
provided in Figure 7 showing visually that there weresignificant temperature

changes between both knees.

Left ' Right ‘ l Right

Patient 4 Patient13

Patient 20

Figure5-17 Thermal images showing back of knees for category Il Patients
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5.2.2 Ankle analysis

The results for the ankles are presented in this section.

5.2.2.1 Category It Patients with active arthritis in one ankle

Patients in this group include 1, 2, 6, 7, 8, 9,118, and 16. The mean temperatures

obtained for each patient for the front and back of ankles is shown in Tablesnsl 5

8. TI and clinical evaluation fully correlate for patients 6, 7, 8 and 10; partially

correlate for patients 2, 13 and 16 (where thé did not detect the same ankle as

warmer for the front and the back) and no correlation for patiehtand 9.

Table5-7 Front ankle results for patients with one active ankle arthritis.

Front ankle t one ankk with active arthritis

Mean Thermal ImagingBased
temperatures-TI (A) Consultant's :
. (Front ankle) evaluation Correlation
Patient Left _ (Active of methods
knee Right | Warmer | ATD| PTD arthritis) (B) (A) and (B)
(°C) knee (°C) ankle | (°C)| (%)
1 32.76 33.28 Right | 0.52| 1.58 Left No
2 30.61 30.56 Left 0.05| 0.15 Left Yes
6 28.47 30.30 Right | 1.82| 6.20 Right Yes
7 26.21 30.88 Right | 4.67 | 16.37 Right Yes
8 28.08 29.24 Right | 1.16| 4.04 Right Yes
9 24.92 26.94 Right | 2.01| 7.77 Left No
10 32.47 32.79 Right | 0.32| 0.97 Right Yes
13 31.28 30.52 Left 0.76 | 2.46 Right No
16 33.30 33.11 Left 0.19| 0.57 Left Yes
Mean 1.28 | 4.46
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Table5-8 Back ankle results for patients with one active ankle arthritis

Back anklet one ankle with active arthritis
Mean Thermal ImagingBased
temperatures-TI (A) Consultant's .
: (Back ankle) evaluation Correlation
Patient Left Right (Active of methods
Warmer | ATD | PTD . (A) and (B)
knee knee ankle °C) (%) arthritis) (B)
W®) W®)
1 31.29 31.36 Right 0.07 | 0.22 Left No
2 28.10 28.36 Right 0.27 | 0.95 Left No
6 28.65 29.04 Right 0.39 | 1.36 Right Yes
7 25.89 30.43 Right 454 | 16.12 Right Yes
8 26.64 28.13 Right 1.49 | 5.45 Right Yes
9 25.26 26.45 Right 1.19 | 4.59 Left No
10 30.68 30.74 Right 0.05 | 0.18 Right Yes
13 29.40 30.52 Right 1.12 | 3.74 Right Yes
16 31.66 31.72 Right 0.06 | 0.21 Left No
Mean 1.02 | 3.65

The cases for some patients axplored further in the following sections

5.2.2.1.1 Patient 1

The TI and clinical report did not agree for this patient. Figui® provides the Tl of
the front and back of the ankles.

) N d

(a) Front ankle (b) Back ankle

w
®
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n
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@

2

Figure5-18 Thermal images for patient 1 showing t(e front and (b) back of ankles

(The warmer regions are the darkest spots as indicated in the colour bar)
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As seen from Figure-B3, the right ankle showed warmer regions than the left ankle
(the front more than the back). Clinical assessment reportedpidigent had a swollen

left ankle thereby putting more weight on the right leg. Warmth was not detected on
both ankles by the consultant. Tl has detected the right ankle as the warmer joint and
this could be due to the reduced weight bearing on the lef, leshich causes more

blood flow on the right leg.

5.2.2.1.2 Patient 9

Patient 9 Tl data and clinical report did not also correlate. The thermal images are

provided in Figure 89.

N
O ™

(a) Front ankle (b) Back ankle
Figure5-19: Tl for patient 9 showing the front and back of ankles (The hotter regions

are the darker regions)

The right ankle shows a higher temperature than the left for the front and back
according to TI. Cliniteeport stated the left ankle was the joint with active arthritis; it
also reported the patient had arthritic changes to their left hip, shortening of the
overlying muscles causing flexion deformity on the left knee, walked with the aid of
elbow crutcheswith reduced weightbearing through the left leg as previously
identified in the knees. The patient had more of their weight on the right limb, so
more blood flows through the right than the left, and as discussed in the knee analysis,
could be responsikl for why both methods do not agree. The clinician did not also

detect warmth at the ankles during their clinical assessment.
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5.2.2.1.3 Patient 13

There was patrtial correlation in this case. Clinical report indicated the right ankle to be
the affected joint. Thepatient had swollen, restricted right ankle, severe degenerative
changes to the right ankle, walked with a significant limp and occasionally required a
wheelchair.The clinicians did not record any joint warmth at the time of assessment.
The TI results &m the front of the ankles showed the left was warmer by &7@nd

the backankles showed the right ankleaswarmer by 1.12C. Thermal images are

shown in Figure 20.

(a) Front ankle (b) Back ankle

Figure5-20: Tl for Patient 13 showing the front and back of ankles (darker regions are
warmest)

The thermal image of the front ankles clearly shows the left ankle was warmer. The
image in Figure-20(a) gives amdication the left was leaned more into, as the right
looks slightly jutted forwardand may have caused the left anklddok warmer at the

front.
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5.2.2.1.4 Patient 7
This is a case where there was full correlation between Ticinidal report. Tl images

are shown in Figure-31.

m i Leﬁ ight i
(@) (b)

Figure5-21: Tl forpatient 7 showing the front and back of ankles (darker regions are warmest)

Clinical report indicated the right ankle had active arthritis. Tl also detected the same

ankle as the warmer one as detailed in Tablésdnd 58.

5.2.2.2 Category ItPatients with active arthitis in both ankles

Four (4) of the patients had both ankles diagnosed with active arthritis on the day of
assessment. An attempt to determine how the ankle temperatures compared against
another section of the leg was performed to aid analysis. The teesiilthe mean
temperatures obtained for this group compared with the computed reference

temperature (back of the legs) are shown in Tabi 5
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Table5-9 Patients with active arthritis in both ankles

$]A ES3ZE]8]* ]v }3Z vlo s ~ }veposd v

Mean temperatures- T|

Front ankle

Back ankle Reference
Patient | Left | Right ATD | PTD Left | Right ATD | PTD (°C)
ankle | ankle cC) | (%) ankle | ankle cC) | ()
¢S | (S S | (°C)

12 30.95| 30.76| 0.19 | 0.63 | 29.32| 29.26| 0.07 | 0.22 29.39

14 33.00| 32.70| 0.30 | 0.91 | 30.23| 30.90| 0.68 | 2.21 30.03

18 33.94| 33.65| 0.29 | 0.86 | 31.57| 32.22| 0.65 | 2.05 30.69

20 33.03| 32.97| 0.05 | 0.16 | 31.77| 31.51| 0.26 | 0.84 29.80

Mean 0.21 | 0.64 0.41 | 1.33

Figures 822 and5-23 compares the left, right and reference temperatures for the

front and back of ankles respectively.

Front ankles
36.00
= 34.00

32.00

30.00

(3 28.00

26.00
12 14 18 20

Patient number

C

mperature

m Left ankle m Right ankle = Reference

Figureb-22 Comparing left ankle, right ankle and reference temperatures for front of
ankles

77



33.00
32.00
31.00
30.00

TemperaturefC)
N
©
o
o

28.00
27.00

Back ankles

12 14 18 20

Patient number
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Figure5-23 Comparing left ankle, right ankle and reference temperatures for back of

ankles

From Figures22 and 523, the computed reference temperature was lower than the

right and left ankle temperatures for both the front and back ankles except for patient

12 whose computed reference temperature was slightly warmer than the left ankle at

the back of the ankles. With most of the ankle temperatures higher than the reference

(back leg section), could mean there was active arthritis in both ankles.

One of the challenges considered was the reference selection method. The region

selected may not b

SEP E % E » vE §]}v }( §Z

% 8] vS[e VIEU

selected sections could be affected by the arthritis as well or other external factors.

However, with the reference temperatures being consistently lower than the ankle

temperatures in 87.% of the cases, does give strong indication the method could be

accurate. A clinical measure of the normal skin temperature of the leg region would

aid in making a more definite analysis.

The average PTD for the front and back of ankles was lower tharobtained for

patients with only one anklaffected, as would be expected. This is showiiable 5

10.
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Table5-10: Average PTD for Patients in categories | and Il

Category PTD (%)
Front knee Back knee
| (one active arthritic ankle) 4.46 3.65
Il (both active arthritic ankles 0.64 1.33

The musculoskeletal examination did not record which ankle felt wa(ee¥n though
both were suspected), therefore proper correlation between TI and clinical
examination was not possible. Further information regarding the skin temperature of

the patients would aid for a more accurate comparison. Results were inconclusive

5.2.2.3 Catgory llI- Patients with no active arthritis in the ankles
This group of patients did not have active arthritis in the ankles according to clinical
reports. Tl results obtained are shown in Tablgl5The aerage PTBwere compared

with those with only me ankle affected (Table &2).

Table5-11 Patients with no active ankle arthritis

E} 38]A ESZE]S]*]v 8Z vlo s ~ }vepos v$

Mean temperatures- Tl

Front of the ankles Back ofthe ankles
Patient - .
o o °C % o o °C %
°C) °C) (°C) (%) °C) °C) (°C) (%)
3 31.24 | 31.20 0.04 0.13 29.95 | 29.76 0.18 0.62
4 3151 | 30.84 0.66 2.13 29.06 | 29.78 0.72 2.45
5 3142 | 30.77 0.65 2.09 30.15 | 29.29 0.86 291

11 26.65 | 26.66 | 0.00 001 | 2741 | 27.24 | 0.17 0.62

15 33.21 | 33,57 | 0.35 1.06 | 32.36 | 32.33 | 0.03 0.10

17 32.31 | 32.34 | 0.03 0.10 | 30.86 | 30.46 | 0.39 1.29

19 31.03 | 31.00 | 0.04 0.12 | 30.78 | 30.45 | 0.32 1.06

Mean 0.25 0.81 0.38 1.29
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Table5-12: Average PTD between patients in categories | and IlI

Category PTD (%)
Front ankles Back ankles
| (one active arthritic ankle) 4.46 3.65
lIl (no active arthritic ankle) 0.81 1.29

The PTBfor the front and back ankleare consistently lower for the patients with no

active arthritic ankle than those with the one ankle affected.

5.3 Summary

The research methodology and results for the thermal imaging study were presented
in this chapter The tkermal recording was performed in a room with consistent
temperature (approximately 23.6°C) and humidity (33%). A&tbnd thermal video

(at 30 frames per second) of the front and back of the knees and ankles was collected

after a 18minute acclimatisatiorime using the FLIR T630sc thermal camera.

The regions of interest (R were then manually segmented after properly identifying
the joints. Aconsistentmethod for locating the knee and ankle regions was adopted.
To track the segmented ROI (templateydhgh the recorded images, a template
matching algorithm based on normalised cross correlation was implemented. The
average of the pixel values (temperatures) contained within the ROIs was obtained for

temperature measurement.

Patients were grouped into tee from clinical evaluation of which knees/ankles had
active arthritis at the time of the assessmeiitonly one knee/ankle active, both
knees/ankles active and no knee/ankle active (categories | to Il respectively).
Correlation between Tl and clinicalsessment was seen to be higher at the front of
the joints with a 75% correlation at the front of knees and ankles for category |
patients. Inconsistenciesvere observed in some patients, which may be due to the
increased reliance on the side with no actigghritis, leading to a higher physical

activity and a temperature increase that exceeds that produced by the arthritis.

o]Jv] ] v[* % E]}E IviAo P }( 83Z % 3$]masealsovinfldencéE ]| P

which joint they detect as warmer.
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For categorieslland Il patients, the Percentage Temperature Difference (PTD) was
observed to be consistently lower than those of category | patients, agreeing with

theory.

These findings confirm the ability of Tl to assist clinicians in determining joints'
temperature and therefore gives good indication that Tl may potentially be an

effective tool to aid clinicadiagnosis ofIA.

In the next chapter, the results obtained from the visual imaging sardypresented

and discussed

81



Z %S E 0

B Visual imaging (VI) and itso@relation with Thermal maging
to Assistwith dinical JIA diagnosis

Clinicians look for skin colour changes at jhints of patients suspected of JIA as the
changes provide further evidence of the condition. This colour evaluation is subjective
and as sometimes the changes are subtle, their detection can be challenging. An
automated quantitative way of analysing oal of the joints can make the assessment

more accurate and consistent.

A method of analysing joint colour in JIA patients was developed and evaluated on 20
JIA patients.The visuaimage analysis on th&o. $] Wkrges(front and back) and ankle
(front and back) were obtained. These were investigated to explore whether JIA had
altered the skin colour of the joint suspected of JIA. The FLIR T630sc camera used for
the thermal recording contains a visual camera which was used to take single visual

colour imayes from the front and back of the knees and ankles for each patient.

The images taken were compared to a reference image (a section under just under the
knee) based on their colour features using the Euclidean distance metric method. The
image that was rare different from the reference image, in terms of colour, was more
likelythe 3]A E3ZE]8] i}]vdX dZ & .pose}s]v A E JE

evaluation as well as thiaermal imaging resultsom Chapter 5

6.1 Methodology

6.1.1 Data collection

Sngle visual images of the front and back of knees and ankles of the twenty patients
with active arthritis on one or both knees and ankles were taken in starjbsdion,

using the FLIR T630sc camefde acquired images were in JPEG format waith
resolution of 2592 x 1944ixels The visual images were taken immediately after

acquiring the thermal imagegnsuring the knees and ankles were not touched.
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6.1.2 Data processing

The steps involved iprocesang theimages are explained in the following subsections.

6.1.2.1 Identification and segmentation of the regions of interest (ROI)

The ROI identification process used for selecting the knees and ankles in the thermal
images discussed in chapter ection 5.13) was alsoimplemented here for
identifying the areas to be segmented. The selected regions for the knees and ankles in
a patient were roughly the same size as illustrated in the knee example in Fidure 6
The areas selected under the knees were cropped wsetl for reference. Figure-®

shows the cropped ROls.

Original Colour Image
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Figure6-1 The cropped knee region and areas under them used to obtain the
reference are shown.
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(a) Right knee
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Figure6-2 Sample of knee segmented regions after cropping showing the black
background of the cropped ROIs in (a) amd (

6.1.2.2 Reference image consideration

Comparing the left and right joints to a reference was considered rather than
comparing the joints directly because even two healthy joints would not be of the
same colour when quantified. So, the idea to compare to a esfeeimagewas to
determine, which was more different to that reference section taken from the same

patient.
There were two options to compare the colours of the knees/ankles for the patients:

1. Comparison of the colour of each knee/ankle with a referencgiare taken
from under the same knee (i.e. comparing left knee/ankle with reference taken
from under left knee and right knee/ankle with reference taken from under
right knee). In this approach, the possible colour offset of a leg would not affect
the compaisons but the issue with this approach is that the two knees are
using different references (Results are presented in Taldle 6

2. Comparison of the colours of the knees/ankles with the average of the
reference regions taken under both knees. In this apgtg a common

reference is used for both knees/ankles and the difficulty referred to in
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approach A is overcome and thus chosen for the analysis of the visual images

(see Table @).

Figure 61 shows the reference regions under the knees manually croppgd b
displaying the visual image on the screen. Bimes of the two references wetbe

same and they were averaged to obtain a common reference.

6.1.2.3 Similarity metric

The Euclidean distance metric was used to determine the similarity between the
images using the histograms as a colour feature. The histograms, which hold the colour
information of the images, (knees, ankles areference),were obtained and the
similarity index was computed by calculating the Euclidean distance between their
histograms. The smaller the distance, the higher simailarity between the images.

The Euclidean distanceA & E O P;#alr ?Wpixelsbetween the colour distributions of

the test image,#and the reference image$is given irEquation 61.

A &E O P £ ¥PAgg #uF $:° 6-1

6.1.2.4 Comparing the colours of the ROIs and Reference

In order to compare the colours of the knees/ankles with the common reference, the
colour histograms of the knee/ankle regions and that of the common reference were
obtained in the red, green and blue channels. The pixel values histogram bin number
coveredthe full range for each channel, i.e. 0 to 255. Bin 0 was excluded as it
represented the black background of the cropped region (the cropped regions for the
knee/ankle appeared on a square frame with areas not covered by the selected region
appeared as lack t see Figures 2(a) and (b)).The Euclidean distance of the
histograms of each knee/ankle and that of the reference for each channel there
determined. The mean distance was then computed by averaging the distances
obtained from the red, green andlue channels of the colour images. The knee/ankle
image with a larger distance was considered the joint with more changes in colour as

compared to the other knee/ankle.
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6.1.2.5 Operation of the algorithm

Eighty visual images in total were processed (twentghefiom the front and back of

the knees and ankles). The acquired images were subsequently processed offline in
MATLAB. Eachvisual image was loaded and displayed on a computer screen and the
knees, ankles, and reference were identified and cropped. Tieedrams for the
images were computed and the similarity between the joints and reference was
determined by finding the Euclidean distance between their histograms (colour
distributions). The image less similar to the reference was considered to be the jo
with more colour changes, and for the purpose of this study, assumed to be due to the

active arthritis.

6.1.2.6 Testing the algorithm
The images to be compared in this study had no obvious differences in colour as can be
seen in Figures-6 and 62. Therefore some sample coloured pictures were initially

used to test the working of the algorithm.

Figures 63 show some sample images tested.

Reference image Testimage 1 Test image 2

(@)

Distance = 1960

(b)

Distance = 53 Distance = 64

Figure6-3 Samplernages used to testimilarityalgorithm(Keen, 2005)

In order to illustrate the effectiveness ablour assessments, the images shown in

Figure 63 were used. The figure shows two sets of images, (a) ancn)the
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similarity algorithm was tested to see if the imagésat more are more similar in
colour would have a smaller distanc&he reference images were used to compare

with the test images 1 and 2.

Following the algorithm procedures, for the set of images in (a), the histogram (which
stores the colour information) of all three images were obtained #mel Euclidean
distances between the histograms of the reference image and the test image 1 was
1412 and between those of the reference and test image 2, was I9&flest image 1

had a smaller distance to the reference than the test image 2.

For thesecond set of images in (lthe Euclidean distances between the histograms of
the reference image and test images 1 and 2, were also computed and compheed. T
test 1 imagewas alscseen to havea smaller distance to the reference than the test 2

imageat 53 and 64 respectively.

This was a test of image similarity, and it can be concluded from the test, that the
images in test 1 were morikke their reference imagethan those in test 2, as would
be expected from perceived similarifgee Figure 63). Thealgorithmwas therefore,

able to detect the more similar pictures in these samples

6.2 Results and discussion

Visual imaging (VI) results were compared with Tl to determine if the joint with more
colour changes in comparison to the reference was the warmer joint and compared
A18Z 3Z }veposS v3[+ A op $]}v 8} 3 GEulv ]( 13 A+ o0°} &
Alsz $]A ESZE]8]s ~ }EE o0 38]}v Vv 0Ce]* A]J3Z }vepo

possble for patients with one active arthritic knee/ankle).

6.2.1 Analysis of the front of the knees (Correlation with Tl and }vepos vS§|[e
evaluation)

The front of the knees was processed using the reference image methods 1 and 2

described in section 6.22todet Eu]lv AZ] Z }EE o3 Z]PZ E A]8Z &

report and TI.The percentage distance difference (PDD) between the left and right

knees was computed to determine how they differed.

Tables €1 and 62 present the VI results obtained using the two reigce image types

and the correlation with Tl and clinical assessment.
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Table6-1 }JEE o §]}v SA v s/ pe]JvP Zuyv & «u Iv [ E ( E
evaluation and TI results
Front of the Knee
VI t Distance measures
Zhv & <w | JVepod v d/[+ | Correlation
Subject reference (1) . evaluation active | “armer
PDD between Knee with| i ritic knee (A) knee (B)
left and right higher A B
knee (%) distance
1 4.73 Right Left Left No | No
2 7.99 Right Both Right - Yes
3 18.76 Right Right Right Yes | Yes
4 11.71 Right None Left - No
5 21.76 Left Right Left No | Yes
6 5.17 Left Right Right No | No
7 12.42 Left Both Right - No
8 11.72 Right Both Right - Yes
9 18.08 Left Left Right Yes No
10 10.08 Right Right Right Yes | Yes
11 11.70 Right Left Left No | No
12 7.81 Left Left Left Yes| Yes
13 5.16 Left None Left - Yes
14 14.94 Left Both Left - Yes
15 1.61 Right Both Left - No
16 3.38 Right Both Right - Yes
17 27.34 Right Both Right - Yes
18 0.07 Right None Left - No
19 8.68 Right Both Left - No
20 3.94 Right None Right - Yes
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Table62 }JEE o 3§]}v SA v s/ pe]vP }uu}v E ( E v U }veput
and Tl results

Front of the Knee
VI t Distance measures o d/[- | Correlation
Common reference (2) JVeuos vs|o o er
Subject| PDD between| Knee with| evaluation active
_ - . knee (B)
Left and Right| Higher | arthritic knee (A) A | B
knee (%) Distance

1 2.82 Left Left Left Yes | Yes
2 8.57 Right Both Right - Yes
3 17.46 Right Right Right Yes | Yes
4 1.24 Right None Left - No
5 11.74 Left Right Left No | Yes
6 3.08 Left Right Right No | No
7 2.77 Right Both Right - Yes
8 10.91 Right Both Right - Yes

9 5.32 Left Left Right Yes No
10 5.99 Right Right Right Yes | Yes

11 10.96 Right Left Left No | No
12 2.10 Left Left Left Yes| Yes
13 2.04 Left None Left - Yes
14 6.50 Left Both Left - Yes
15 7.72 Left Both Left - Yes
16 5.03 Right Both Right - Yes
17 22.98 Right Both Right - Yes
18 0.10 Left None Left - Yes
19 13.64 Left Both Left - Yes
20 3.16 Right None Right - Yes

Table 6i «Z}Ae [Ai9 }EE o §]}v  SA v s/ v }veuos vSe[ ¢/
correlation between VI and TI. Table€6on the other hand, shows a 62.5% correlation

SA v s/ v }vepod3 vi3e[ A op 3]}v v Vv 619 }EE o §]}v
results show that the common reference method correlated slightly higher than the
Zpuyv € e u Ilv [ E (& v X dz tuulv €& ( E v usz} U

unified reference image, was therefore chosen for the analysis of the visual images.
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6.2.2 Resultsfor the back of the knees (Correlation with}veposS vSe]

andTI)

Theresults for the back of the knees ashown in Table 3.

Table6-3 Back of the knee correlation between VI, v e po S evalu@tion and Tl

Back of the Knee
VI t Distance measures o d/[+ | Correlation
Common reference }vepos vs
Subject| PDD between Knee with| €valuation active warmer
' ) " knee (B)
left and right | higher | arthritic knee (A) A | B
knee (%) distance

1 6.82 Right Left Left No | No
2 3.76 Left Both Right - No
3 1.63 Left Right Right No | No
4 2.21 Right None Left - No
5 1.90 Left Right Left No | Yes
6 9.50 Left Right Right No | No
7 0.72 Right Both Right - Yes
8 6.40 Left Both Right - No
9 3.65 Right Left Right No | Yes
10 1.27 Left Right Right No | No
11 2.38 Left Left Left Yes | Yes
12 9.85 Right Left Left No | No
13 10.01 Right None Left - No
14 12.97 Right Both Left - No
15 10.03 Left Both Left - Yes
16 0.72 Right Both Right - Yes
17 3.06 Right Both Right - Yes
18 16.99 Left None Left - Yes
19 0.37 Left Both Left - Yes
20 4.53 Left None Right - No

As can be seen from Table36 VI did not show a high correlation

with clinical

assessment and Tl at 12.5% and 45% respectively. This fatthiag that the colours

of the front and back of the knees were not closely relasgtte a higher correlation

was obtained at the front of the knees.
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6.2.3 Z *uOS-e

and TI)

Table 64 presents the results obtained from the front of the ankles.

Table6-4 }EE o S]}v

(JE §Z

A

v s/U

(E}vE }( §Z

ankle

}veuosS vs§[e

A op §]}v v

Front of the ankle

VI t Distance measures

Common reference d/[- Correlation
}vepos vs
Subject| ppDbetween | K€ | evaluation active | VAME!
. with " ankle (B)
left and right ; arthritic ankle (A) A B
ankle(%) | raher
distance
1 0.56 Right Left Right No | Yes
2 3.26 Left Left Left Yes | Yes
3 9.28 Left None Left - Yes
4 2.44 Right None Left - No
5 1.50 Left None Left - Yes
6 2.44 Left Right Right No | No
7 3.70 Right Right Right Yes | Yes
8 4.76 Right Right Right Yes | Yes
9 4.17 Right Left Right No | Yes
10 8.12 Left Right Right No | No
11 13.78 Right None Right - Yes
12 3.43 Right Both Left - No
13 4.10 Right Right Left Yes | No
14 3.13 Right Both Left - No
15 0.30 Left None Right - No
16 0.55 Left Left Left Yes | Yes
17 10.17 Left None Right - No
18 0.84 Right Both Left - No
19 1.92 Left None Left - Yes
20 5.56 Left Both Left - Yes

From Table &1, VI shows a 62.5% correlation with th@veposS vS|[e

55% correlation with TI.

91

A op &]}v

vio « ~ JEE o §]}v A]sZ

Y



6.24 Z epose (}& 8z | }( 82 vlo « ~ }EE o 3]}v AlsZz }
and TI)

The results from analysing the back of the ankles is presented in T-&ble 6

Table65 }EE o §]}v. 8A v s/U }vepuos vi[e A op 8]}v v d/

ankle
Back of the ankle
VI t Distance measures .
Correlation
Common reference lvepod vi| d/[- A E
subject| ppD between K€ | evaluationactive |  ankle (B)
left and right W'th arthritic ankle (A) A B
ankle (%) | Mgher
distance

1 5.72 Right Left Right No | Yes
2 14.17 Right Left Right No | Yes
3 15.98 Right None Left - No
4 14.41 Right None Right - Yes
5 2.56 Left None Left - Yes
6 3.74 Right Right Right Yes | Yes
7 2.50 Right Right Right Yes | Yes

8 14.16 Left Right Right No | No
9 3.49 Right Left Right No | Yes
10 9.76 Right Right Right Yes | Yes
11 12.47 Left None Left - Yes
12 5.35 Left Both Left - Yes
13 16.97 Left Right Right No | No
14 5.40 Left Both Right - No
15 2.68 Right None Left - No
16 3.02 Right Left Right No | Yes
17 16.72 Right None Left - No
18 4.27 Left Both Right - No

19 5.56 Right None Left - No

20 6.53 Right Both Left - No

From Table &, VI shows a 37.5% correlation with clinical evaluation and a 55%

correlation with TI.
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6.2.5 Summary of the correlation results

Table6-6 Correlation result§Techniques compared separately)

VI correlation with (%)

Joint Consultants evaluation of -
. . . i Tl detected warmer joints
joint with active arthritis
Front of knees 62.5 80
Back of knees 12.5 45
Front of ankles 62.5 55
Back ofankles 375 55

The above average correlation of VI with Tl at the front of knees, front and back of
ankles does suggests the joint detected to be warmer by Tl also had greater changes in

their colours(see Table ®).

The results obtained for the frontfahe knees indicatethe highestcorrelation and so

this area was more sensitive to the colour changes. In most patients, the knee with the
greater Euclideardistancewas also the active arthritic knee and the warmer knee
when comparing the techniques samtely. A 62.5% correlation with clinical
assessment and 80% correlation with TI, confirm that in some patient, JIA may alter
the skin colour of the affected joint, and so the technique may potentially aid in JIA

diagnosis.

The combinedcorrelation betwen VI, Tl and the consultant's evaluatioras also
explored. Resu#tare summarisedin Table 67. There was a 50% correlation at the
front of the knees which identified the knees with a higher Euclidean distance as the Tl
detected warmer knee as well asr=ultants' assessed JIA active knee. For the rest of

the joints, VI did not show a high correlation with the other technigoesbined

Table6-7 Combined correlation between VI} v e uo S evalu@ition and Ti

Combined VI correlation with
Consultants' evaluation of joint with active arthritis ang
TI detected warmer joints (%)

Joint

Front of knees 50.0
Back of knees 12.5
Front of ankles 33.3
Back of ankles 33.3
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The findings from this correlation analysis indicate that the three techniques (VI, Tl and
}vepno$ evaluption) do not necessarily have a direct relationship. In comparison

with clinical assessment and TI, it is possible for the knee with activetarttorinot

have more changes in colour, and for the warmer knee to also not have more changes

in colour respectivelyBut in some patients, JIA magiuse some skin colour changes.

A further consideration was the selected reference region could also betedféy
ESZE]S]s Vv <} v}s SEN & % & ¢ vS S]}v }( S$Z %o 8]

normative study would provide information that could assist in further analysis.

However, vith the correlation seen in Table®Band the combined correlation at the

front of the kneesthe VI techniquenay potentially assist clinicians in diagnosing JIA.

6.3 Summary
The correlation analysis between Visual Imaging (VI), Thermal imaging (TI) and the

consultants' evaluation were presented and discusetthis chapter

Single visual images of the front and back of the knees and ankles of twenty patients
with active arthritis on one or both knees and ankles were collected using the FLIR
T630sc camera. A new arndnsistentmethod to identify the ROIs fro the image was
developed, and these (ROIs) were segmented for further processing. A section
between the knees and ankles from both legs was selected, averaged and used as a
reference image for comparing the left and right joints to see which differed more
from the reference image. The Euclidean distance metric was used to determine the

similarity between the images using the histograms as a colour feature.

Comparing the techniques separateltys/ A]3Z }vepo$ v3[e A op §]}v v
results showechigher correlations at the front of the knees and ankles, and so these
areas may have been more sensitive to the colour changesorrelations of 62.5%
v 019 A]8Z 8Z }vepos vs[e A op 3]}v v d/ E sposde E %
the front of the knees; and 62.5% and 55% at the front of the ankles. Combined
JEE o §]}v SA v s/U d/ v }vepos v3e[ A op 3]}v }( @Ai9
front of the knees. This was the region with the highest correlation as compared to the

other joints.
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These findings indicate that though it is possible for JIA to alter the skin colour of a
patient (as seen with the combined correlation of 50%), it is not always the case. It is
not always necessary that JIA would affect the skin colour of a patient. These
techniques do not directly relate. However, with the correlation results, the VI

technique may potentially assist in JIA diagnosis.

The next chapter presents and discusses the results obtained using accelerometers to

measure the joint range of movement reistion, one of the symptoms of JIA.
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B Accelerometry toAid Assessmenbdf Jint Movement in JIA

In this chapter, accelerometryechniques are developed and are compared with the
gold standard clinician assessment using validated p@ERa&liatricGait, Arms, Legs

and Spine)musculoskeletal examination tool in the identification of inflamed knee
joints in children and young people (CYP) with Juvenile idiopathic arthritis (JIA). Joint
restriction at the joints is one of the characteristic symptomsliéf, hence, the ability

to accurately quantify the joints range of motion (ROM) may aid in the early detection
of joint inflammation. It may also aid and provide objectivity to movement analysis

andmaybe a useful tool for monitoring progress duringdtment.

The use of accelerometers to measureuman knee movement patterns such as the
movement angle, acceleration, velocity, displacement to detect altered movement in
inflamed knee joints was explored. A suitable signal processing method was designed
for evaluating human movement. Accelerometry data were recorded to determine

knee movement patterns in walking and lying down positions.

7.1 Methodology

7.1.1 Materials

ADXL335 traxial accelerometers with dimensions 4 mm x 4 mm x 1.45 mm were used
for the measurements. The ADXL3@5gure 71) measures acceleration forces with a
full- scale range of £3 g (Analog Devices, 2009). It measures static acceleration in tilt
sensing applications as well as dynamic acceleration from motion, shock or vibration.
The output signals are analogue voltages that are proportional to acceleration (Analog

Devices, 2009).

-
» - ADXL335

Figure7-1 ADXL335 accelerometer

96



These sensors were connected to the Arduino Mega 2560 microcontroller board
(Figure 72), which was in turn connected to a computer with a USB connection. The
microcontroller board digitised the analog TdJand Vvoltage outputs from the

accelerometers for display, storage and processing by the computer. The recording

sample rate waspproximately212 samples/second.

Figure7-2 Arduino MEGA 2560 hooked up with accelerometer connections

7.1.2 Experimental setup in the University Laboratory
In order to have a better understandingf adhe device's operation prior to its

application to patientsa series ofaboratory experiments were performed.

7.1.2.1 Angle measurements of a static platform

This investigation involved recording data using the Arduino microcontroller (Arduino
mega 2560) boardccelerometer setup connected to a computer. Fourattial
accelerometersonnected to the Arduino board were attached at four points on a flat

%0 *3] } & §Z 8 A+ Jv]8] ooC (08 & v VvPo -Up Vv 8§
u Z v]eu 8} ](( & vS vVvPo * uVe aim of}thd ekpement was to
determine theseparae tilt angles from the four accelerometers placed at different

locations on the board.

A protractor was also attached to this sgp to allow actual inclination angle to be

obtained. To reduce measurement errors, the experiment was perfortmeck, and
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the average of the data recorded at each angle was tsad for processing. Figure 7

3 shows the experimental setp.

The recorded accelerometer data was processed using MATtAdEs to estimate

§Z vPo }( 8]o8X dZ u v v }((+ § }detdrhined3andihen A E
subsequent readings at nexero angles were corrected for this offset. The tilt angles
were calculated from each accelerometer data obtained at the different angles using
Equation7-1. The estimatedaccelerometerangleswere compared with theactual

vPo « E (Elu §Z % E}SE S}EX KvoC v EE}A E vP
considered for this experiment as the aim was just to estimate the angle of tilt from

recorded data and to see if the results correlates wvtiit protractor measurements.

Figure7-3 Experimental setup using four accelerometers for estimating tilt angles

=, 7-1

PEHRH#?NP:J%G (1)
S =

Where =; &5 and = are the measures for the accelerometer in thEd) and Vaxes

respectively.

7.1.2.2 Angle measurementsf a hinge joint
Ahinge joint wasalsobuilt to modelthe knee in a sim manner as shown in Figure 7
4. It allows the movement to be precisely controtleand the angle tdoe measured

using a goniometefprotractor).
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Figure7-4 Model of hinge joint showing attached accelerometer sensors

The model consisted of two wooden bars of the same dimension jointed by a hinge.
Two accelerometer sensors were attached to the bars using desibéxl adhesives.

This provided a very simple model of a situation that accelerometers are attached to
the left and right human thighs and shanks (just above and below the knee joint) in
order to obtain the relevant movement angles. The wooden bars were then moved in

different scenarios to obtain the angle at the joint, which were confirmed with a

flexible goniomeer (seeFigure 75).
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Figure7-5 Flexible goniometer

7.1.2.3 Angle measurements from an adult subject

To make the devicevearable,the accelerometersvere housed in a small casiagd
the microcontroller was howed in a box (top was transparent) and put in a waist

pouch to avoid contact with the participants. A photo of the device is shown in Bgure

7-6 and #7
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Further experiments were performed with the sensattsached to both right and left
thighs andshanks (a sensor just above and a sensor just blow each &eed-igure-7

8) of a healthy adult subject as he performed the following movements;

x Sitting on a chairthe subjectmoved his lower legs up and down freely and
simultaneously to their full extesion and flexion.

X Lying on a table on hisackfully stretched one of hisegsto touch the table

and then bent it fully toward his chest, repeating 30 times. This was repeated
for each leg.

x Walked normally the length of long corridor (length about 10 m)

The movements' angles, angular accelerations, angular velocities and total angular

displacement were calculated from the accelerometer readings that were recorded.

A

A
A
2
"j
A
A
A
A
2
A
A
=
A
A
ol

A &
Figure7-6 Photo of the accelerometsrand microcontroller housed in suitable casings
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Figure7-8 Accelerometers strapped to the thighs and shaokan adult subject

7.1.3 Set up at the hospital

At the hospital, participants attended a 3finute session. Four aelerometers, two

for each legwere placed just above and just below each knee joint using specially
designed adjustable elastic. Participants were asked to perform the following

movements:(seeFigure 77 for a photoof the device)
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X Lying on their backs on a bed, and bent a leg, aftiamg to their best ability to
bring the heel to buttocks (flexion) and straighten the leg (extension), repeating

the motion 10 times (see Figure9j. This was repeated for each leg.

Flexion Extension

Normal Nomnal

Figure7-9 Flexion ad Extensior{Global Alliance for Musculoskeletal Health, 2015)

x Walking normally in a straight line the length of 10 meters.

7.1.4 Participants

Four children and young people (CYP) agdé 8ears with diagnosis of JIA and current
active arthritis of one knee and without suspected active arthritis of other lower limb
joints (e.g. Hips, ankles), including the cordateral knee joint, were recrugd.
Recruiting a larger number of patients within the study's time period proved difficult as

the patients had to fully conform to the NHS approved ethics.

Participants were recruited from routine steroid joint injection clinics and routine
outpatient cinics. Each participant had both knee joints studied. Movement data from
the inflamed knee joint was compared with that obtained from the cosdétaral non

inflamed knee joint, which acted as a control for the purpose of the study.

7.1.5 Clinical Evaluation

Musculoskeletal examination was undertakeon each study participant by an
experienced consultant paediatric rheumatologist according to a standardized
examination tool: Paediatric Gait, Arms, Legs, Spine (pGALS) which is a validated
musculoskeletal examinain screening tool, to determine the presence of active knee

arthritis (see Chapter 4)

7.1.6 Measurements
The digitised accelerometer readings were collected from all the four accelerometer
sensors simultaneously. Accelerometers 1 and 2 were attached tdghethigh and

shank and accelerometers 3 and 4 were attached to the left thigh and sbiatiie
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participants. Figure -10 presents a schematic diagram of the knee showing

accelerometer positions and the relative angle of the knee joint

Accelerometer 1

Accelerometer 2

Figure7-10 dC %] o Iv «Z}A]vP 0 E}u 8§ E %}e]S]kve Vv
Raisch, & Schauer, 2014)

Accelerometer outputs from the more sensitive axddand Vaxes were used (the
assumption was that thé&nee moved inone plane up and down without deviating
horizontally to the left and right thus th&axis of the accelerometer that represented
horizontal movements was not used). To obtain the kj@at angles the angles of
inclination made by the thighsL'J;UU g and shanks,i jga apWere first computed with
Equations 72 and 73 respectively. The relative knee joint angle for the lying
down dk; g »8nd walkingUs ¢ ¢ p oSGENarios was computed witijuations 74(a) and

(b) respectively.

Uoyo L =N?P=JCALREY, (7-2)
Twoapl =N?2P=JCAUREY, (7-3)
Wivab szr klogo E Taoa® (7-43)
WorpukouXIF :Uoyo E Taoas (7-4b)

where = and =\ are the acceleration measures for th&Jand Vaxes of the
accelerometer attached to the thighsl} and =\§are the acceleration measures for
the Uand Vaxes of the accelerometer attached to the shank. Similar calculations were
also performed for accelerometers 3 and 4 attached to the left knee to obtain the

angle of the left knee joint.
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Once the joint angles( U;were determined, the angular velocity R, angular
acceleration : =; and total angular displacement@ were determined for both legs

usingEgquations 75to 7-7 respectively.

U 7-5

RP L @—@P (7-5)

—p L& (7-6)
xXC

@R L igg RP (7-7)

where 6is the signal recording's duration.

The velocity indicates the rate of change of speed of the leg as it is was swWheg.
acceleration measures changes in the velocity of the swing; and the displacement
shows the total movement made by each leg. These results were compared for both

right and left legs to determine movement pattern differences.

7.1.7 Operation of the algorithm
Usihg MATLAB, the digitised accelerometer data collected from the thighs and shanks
for both lying down and walking scenarios were loaded into the computer system as

an array of 8 columns, representing theand Vaxes of each accelerometer, i.e.

Usdsdx M duddv &=J GvX dZ o E}lu § @&dwas pankeped to
acceleration force values expressed@usingEquation 78.
N ABANMRKIAP = (7-8)

#:C L k# F VAQoUI

SrivOOAJOEPRI

where V A Dl (gero voltage: 1.65V) and sensitivity (330mV/g) are specified in the
o E}u 8§ E[- § «Z S U-diifalconverteP (ADC) resolution value is
1024 and the reference voltage is that from the microcontroller (Arduino mega 2560

board: 33V). Equation B is specific to the type of accelerometer used in this study.

The left and right thighs and shanks anghesse computedusingEquations 72 and #
3. A sample of theesultantaccelerometersignal obtained fronone of the legs ithe
lying down pgition is provided in Figure-¥1 showing the characteristic high
frequency noise componentsenceembedded(usuallyduring novement initiation or

sudden change ithe movement's direction)n an accelerometry signal.
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unﬁltered signal
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Figure7-11. Sample accelerometer signal from characterised with noise

A Butterworth low pass filter of the™Border with a suitable cut off frequend¥, in
the range of0.5Hz to 3Haletermined by finding therequency component of the
signal in the frequency spectrumyjas then applied to denoise the signal. Sample of

the denoi®d signal is shown in Figurel2.

filtered signal

Angle (deg)
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Figure7-12 Sample accelerometer filtered signal

The relative knee angle, angular velocity, angular acceleration and total angular

displacement is then obtained afterwards.
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7.2 Results and discussion

7.2.1 Static platform experiment
Table7-1 presents the results of the aelerometer (Accl, Acc2, Acc3, and Acedy
protractor measurementsThe absolute errors{cc1, Eacc2, Eaces and &ecd between the

accelerometer and protractor readings are also shown.

Table7-1 Accelerometer and protractor measurements and the associated absolute
errors

Protractor

readings Accl | Acc2 | Acc3 | Accd | Eacer | Bace2 | Baces | Eaces
(degrees)

1 1.15 1.13 1.01 0.89 0.15 0.13 | 0.01 | 0.11

2.19 2.22 2.00 1.83 0.19 | 0.22 | 0.00 | 0.17

3.12 2.90 2.99 2.86 0.12 | 0.10 [ 0.01 | 0.14

4.58 4.45 4.44 4.24 058 | 045 | 0.44 | 0.24

5.58 5.39 5.43 5.28 0.58 | 0.39 | 043 | 0.28

7.74 7.52 7.59 7.46 0.74 | 052 | 059 | 0.46

8.65 8.29 8.40 8.23 065 | 0.29 | 040 | 0.23

3
4
5
6 6.57 6.33 6.40 6.28 0.57 0.33 | 040 [ 0.28
>
8
9

9.70 9.33 9.53 9.31 0.70 | 0.33 | 053 | 0.31

10 10.97 | 10.57 | 10.71 | 1056 | 0.97 | 0.57 | 0.71 | 0.56
11 1198 | 1153 | 11.71 | 1250 | 098 | 0.53 | 0.71 | 0.50
12 1256 | 12.21 | 1282 | 12.65| 0.56 | 0.21 | 0.82 | 0.65
13 13.26 | 12.79 | 13.65| 13.39 | 0.26 | 0.21 | 0.65 | 0.39
14 14.20 | 13.61 | 14.07 | 1442 | 0.20 | 0.39 | 0.07 | 0.42
15 15.46 | 14.83 | 15.26 | 15.03 | 0.46 | 0.17 | 0.26 | 0.03
16 16.29 | 1581 | 16.15| 1585 | 0.29 | 0.19 | 0.15 | 0.15
17 17.29 | 16.55| 17.05| 16.85| 0.29 | 045 | 0.05 | 0.15
18 18.19 | 17.65| 18.15| 1791 | 0.19 | 0.35 | 0.15 | 0.09
19 19.28 | 1859 | 18.97 | 18.80 | 0.28 | 0.41 | 0.03 | 0.20
20 20.63 | 20.08 | 20.61 | 20.27 | 0.63 | 0.08 | 0.61 | 0.27
21 21.74 | 2089 | 21.40 | 21.03| 0.74 | 0.11 | 0.40 | 0.03
22 2251 | 21.72 | 2233 | 22.06 | 051 | 0.28 | 0.33 | 0.06
Averageerror 0.48 | 0.30 | 0.35 | 0.26
Standarddeviation (error) 0.26 0.15 | 0.26 | 0.17

The average error from the accelerometers was less tharJ@bich was within an
acceptable range given the application in this study. Figule Bhows the angles
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estimated by the accelerometers closely tracked the actual angles measured with the

protractor.
Accelerometer and protractor angles
25
— Protractor
- 20 measurements
()
% 15 e AcC1
Q
=
Q
210 Acc2
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1 3 5 7 9 11 13 15 17 19 21 23
Iteration

Figure7-13 Accelerometer and protractor measurements

7.2.2 Knee model experiment
For validating thgoint angles measured by the two accelerometers attached to the

hinge joint, a flexible goniometer was usexh¢wn inHgure 75). Table 72 presents
the estimated joint angles as measured by the accelerometéggire 714 shows the
result of theestimated anglesneasured by the accelerometerfhe offset of the data

§ i addetermined, and then subsequent narero angles were cogcted for this
offset. Thehinge joint was moved approximately betwe86° and 90° (these were not
very exact as the joint was in motion) in 8 iterations and confirmed with a goniometer
(simulating flexion and extension movements ithe lying down position) The

estimated &celerometer measurementswere able to closely track the angles

measured by the goniometer.
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Table7-2 Estimated goniometer and accelerometer angles

Iterations 30° region (°) 90° region (°)
1 29.69 90.95
2 27.99 92.99
3 28.98 91.73
4 28.23 90.42
5 28.61 90.99
6 28.32 90.81
7 28.90 90.51
8 28.00 90.33

Accelerometer estimated angles

T I A
AR
{IENIIREAni

|
NI RINIRIRR

Angle(deg)

20
0 5 10 15 20 25 30 35 40 45

time (sec)
Figure7-14 Acceleraneter estimated angles from the hinge joiexperiment

7.2.3 Experiment performed on healthy adult knees
To further test the technique, experiments were performed on the healthy adult knees
in three scenarios to determine if accelerometers can be used to describe movement

patterns.
(a) Sitting scenario

Movement information (angle of movement, angular velocitygalar acceleration and

angular displacement) obtained when the subject sat on a chair and swung their legs
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are presented in this section. To look at thensig in more detail, Figures1b (a) and

(b) show zoomed in sections, indicating the relationdiepveen the angles, velocities
and accelerations respectively (st vertical black line running through the graphs)
for the left and right legs. The figures show that when the angle peaks (at state of rest
at maximum extension of the leg), the velodignds to zero indicating no movement
and velocity peaks when rate of change of movemertiighest. Acceleration peaks
when rate of change of velocity is highest. Both right and left legs show similar

movement patterns.

-
s wn
[—R =03

angle
degrees

time, seconds
0 1 2 K] 4 5 b 7 8 9 10
time, seconds

velocity,
radss
bposka

fota
[=]1=1=1—]

i i i i i i i i 1

4 5 ] 7 ] a 10
time, seconds

accelerain,
rads2
—

2
-
P
[¥0}

(@)
) Right leg
g £ 150 : i ' ] ;
2 3100 \_/ \/\/\/
" o= 50 1 1 1 1 1 1 1 ' L

2 3 4 5 6 T 5 9 10
time, seconds

relocity,
radis
bprasm

0 1 2 3 4 5 6 7 3 9 10
time, seconds

i i Il i ' i i

1 2 3 4 5 6 T 3 ] 10
time, seconds

(b)

Figure7-15 Measurements from (a) left leg (b) right leg showing relationship between
the movement data (Snippets)
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The plots results comparing the differences in the patterns of movements for the left
and rightlegs are provided in Figures1B(a) and (b). The results indicate that even

though the subject had been healthgifferences in the movements of left and right

leg exist.
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Figure7-16 Histograms bdata for (a) left and (b) right legBlwaizu, Saatchi, & Burke,
2016)
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The movement information is summarised in Tabid detailing the range of motion
(ROM), angular velocity, angular acceleration and angular displacement information

measured from both legs.

The left leg covered a wider range of movement, by approximately 21t@h the
right leg, and had a higher total galar displacement with a difference of 41 radians.
The maximum velocity and acceleration for the left leg in the positive direction were
also higher than the right leg by 0.68 = @nd 1.83N = @respectively

Table7-3 Movement information from the left and right legs

Knee - Angulqr Total angular
Leg ROM Angular velocityt accelerationt displacement
(& ot forward swing :"£S ™ forward swing e
' ' ST '
Left 102.14 2.98 12.62 191.60
Right 80.23 2.35 10.79 150.77

The frequency of movement was further analysed by obtaining the frequency
spectrogram (also known as shdime Fourier transform) of the kneeangles,
computed by finding fast Fourier transform (FFT) of the signal, to see the time
frequency relationship of the leg swing and the extent of the movements over time.
These are shown iRigures 717(a) and (b) for the left and right legs respectivéle
plots show that at the start of the movement, up to the 40 seconds mark, the legs
movedslower(0.55Hz) but theangeof movement, indicated by the magnitude (bright
red colour) was higher. Thereafter, the legsvedrelativelyfaster (about 0.65Hz) ku

covereda lower range of movemenfagain, this is indicated by the magnitude of the

plot).
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2D representation of the STFT - Left Leg
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Figure7-17 STFT of movement angles for the (a) left and (b) right legs. Higher
amplitudes are shown in bright red up to 40 seconds and the yellow colour thereafter
showsreducedrelative amplitude (Nwaizu, Saatchi, & Burke, 2016)

These results show that the subjemoved the left leg faster and to a slightly wider
range than the right leg in this experiment. The frequency analysis was also able to
indicate how and when each leg moved and to what extent, further confirming the

0 E}u SEC *Ce+3S u[e ibelditinCt Mmdvemendpatterns.
(b) Lying down scenario

The results obtained when the subject laid down is prodidethis section. Figures 7
18 (a) and (b) show the angles measured, movement frequency for the left and right
legs while the subject laid dnis back and moved his legs in turn from fully stretched

on the ground to fully bent close to the chest.
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Figure7-18 Angle measurement for (a) left leg (b) right leg, subject laid on his back

Therelateddata are summarised in Table47 The left leg was able to cover a range of
119 (52.9° 167.9°)and the right leg covered a similar range of 12920 1 X 601 Xi U
which indicates that both legs were able to flex and extend in the same manner. The
frequency of themovement for both legs was 0.P&, thus taking 3.8 seconds to
complete a movement cycle. Tlepectrograms provided in Figurel® confirm both

legsmovementfrequencybeingin the 0.26Hz range
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Table7-4 Legs' movement's range and frequency for laid down position

Leg Knee ROM9) Movementfrequency (Hz)
Left 52.9-167.9 0.26
Right 43.9-163.1 0.26

STFT- Left leg- laying down
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Figure7-19 Shorttime Fourier transform of legs' angular movement, subject laid on his
back
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(c) Walking scenario

In the walking scen& (results shown in Figure20), the angular range aghovement
was just slightly higher for the left leg than the right leg by & m@rgin The related
data is provided iffable 75. The largest peaks present in the magnitude frequency
spectrum of the angular movement were at 0.77 Hz, 1.55 Hz and 2.33 hzheit
dominant frequency at 1.55Hz, and tissclearly shown in FigureZ.
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Figure7-20 Angle measurements from the (a) left afi@ right legs, subject walking
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Table7-5 Legs' movement range and frequency while walking

Frequency (Hz) associated with the
Knee Movement . :
Legs three largest peaks in the magnitude
Range(degree)
spectrum
Left leg 101.7-274.5 0.77,1.552.33
Right leg 115.2-284.1 0.77, 1.55, 2.33

STFT - Left leg - walking

Frequency {(Hz)

5 10 15 20 25
Time (s)
STFT - Right leg - walking

ha
o

Frequency {Hz)

Time (s)

Figure7-21 Shorttime Fourier transform of the legs' angular rotation signal, subject
walking

The results from these movement scenarios confirmed that accelerometersthave
potential to be a useful tool in clinics to aid the analysis of human movement patterns

in the detection or diagnosis of arthritis.

7.2.4 Analysis of data collected from CYP with active JIA on one knee

Data collected from lying down and walking scenarios of CYP with active JIA on one
knee on the day of clinical assessment is presented in this seciifne healthy knee

(i.e. the knee without active JIA) acted as a reference for comparisonthir
participants The results describe the movement pattern for each participant and
comparison is made between accelerometer results and clinical observaiibe
analysis of accelerometry data was performed without the knowledge of clinical

diagnosis to avoid bias.
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Four participants were recruited. Recruitment of a larger number of patients with the
study's time frame proved difficuindthere were strict ethics requirements related to

inclusion criteria for the patients. The results are presented and discussed accordingly.

In the lying down position shown, the movement goes from full extension (tending
towards 180) to full flexion (heel to bottomtending towards 0). In the walking
position, forward swing tends towards 270°, backward swing tends towards 0° and
heel strike about the 180° angle (shown in the oval sectisee sample of walking
data shownn Figure 722).

Walking signal
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Figure7-22 Sample walking signal showing forward swing, backward swing and heel
strike region in the oval section

7.2.4.1 Patient 1
The results for patiet 1 are summarised in Table6/or both lying down and walking

and compared with lmical observation
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Table7-6 Patientl movement information and clinical assessment

Position Parameter Left knee Right Accgler.ometry Chmcgl
knee finding observation
Angle (°) 42: 163 58: 155
(ROM) (121) (97)
ey | oar | oas
(Amplitude) (0.79) (0.69)
Lying | Anoularvelocity | 4 5.50 | -1.5:1.6 | Right knee
(rad/s)
down suspected
Angular
acceleration -4.0:3.3 | -3.2:.29
(rad/s?)
. Total angular 39.2 328
displacement(rad Warm
Time (s) 36 37 SWO‘?Ien’ <
Angle (°) 80: 239 99: 234 restricted
(ROM) (159) (135) Riaht knee
0.8,1.6, | 0.8, L6, g
Frequency
spectrum (Hz) 2.3 2.4
(pAm litude) (022, | (0.44,
P 0.44, 0.17)| 0.30, 0.07)
Walking| Angularvelocity | 14 7. 16| g3.g7 | Rightknee
(rad/s) suspected
Angular
acceleration -132: 133 | -67: 85
(rad/s?)
Totalangular | g5 55 | 5464
displacement(rad
Time (s) 16 16

The knee ROM and movement frequency for lying down position are/rshin Figures

7-23 and 724 respectively for both legs.
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Figure7-23 Lying down ROM
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Figure7-24 Movement frequency and data distribution for both legs
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Similarly, the walking information is shownhkigures 725 and 726.
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Figure7-26 Frequency components of the walking signal
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The spectrograms shown in Figure2B indicatethe frequency components of the
walking signal over the recording time. Three components are well highlighted at

0.8Hz, 1.6Hz and 2.3Hz for both legs.

The acelerometer readings indicatbat the participant was able to move the left leg
more swiftly and to a wider angle covering a wider ROM. The main frequency
components for both legs were approximately same, suggeshag the legs were

able to make aycle of movement in about the same time but to a lower extent for the
right leg. Total angular displacement was also higher in the left leg. The right leg was
therefore suspected to have active arthritis tire day ofthe clinical examinationThe
patient has been clinically diagnosed witiigoarticularJIA. Clinical assessment on the
day observed the right knee to be warm, swollen and restricted with fixed flexion
deformity (FFDY) inability to fully extend the kneeAccelerometer findings and clinical

reports therefore agree for this participant.
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7.2.4.2 Patient 2

Movement information for patient 2 isrpvided in Table -7.

Table7-7 Patient 2 movement informatioand clinical assessment

Position Parameter Left knee Right Accgler_ometry Cllnlca_l
knee finding observation
Angle (°) 61: 162 44: 166
(ROM) (101) (122)
ey | 0as | st
(Amplitude) (0.42) (0.76)
Lying | Angularvelocty | o.19 | 26:26 | Leftknee
(rad/s)
down suspected
Angular
acceleration -5.1:51 | -7.8:7.7
(rad/s?)
_ Total angular 26.7 30.9
displacement(rad wWarm
Time (s) 23.8 19.8 swollen z;md
Angle (°) 99: 218 63: 226 restricted
(ROM) (119) (163) Left knee
0.8,1.6, | 0.8,1.6,
Frequency
spectrum (Hz) 2:5 2:5
FAm tude) (0.26, (0.42,
P 0.35, 0.23)| 0.62, 0.24)
. Angular velocity . 13 Left knee
walking (rad/s) 11: 13 13: 18 suspected
Angular
acceleration -101: 115 | -135: 150
(rad/s?)
_Totalangular | o) ) 65.70
displacement(rad
Time (s) 12.16 12.07

For patient 2, the accelerometer findings show the left knee as the restrictive knee on
the day of data collection. The ROM, angular velocity and angular acceleration
recorded lower numbers in comparison to the right knee. Plagient had previous
diagnosis of Oligoarticular JIA and was clinically assessed to have warm, swollen and
restricted left knee with fixed flexion deformity. The accelerometer and clinical

findings correlate.
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7.2.4.3 Patient 3

The movement information for ggent 3 is provided in Table-&.

Table7-8 Patient 3 movement informatioand clinical assessment

Position Parameter Left knee Right Accgler_ometry CIinica_I
knee finding observation
Angle (°) 57: 168 67:143
(ROM) (1112) (76)
Frequenc
spect?um (52) 82% 8;;
(Amplitude) (0.57) (0.32)
Lying A”g‘zr'zayse)'oc'ty 1.7:1.7 | -1.0:1.0 | Right knee
down suspected
Angular
acceleration -28:29 | -16:1.6
(rad/s?)
_Totalangular ~ |0 o9 21.49
displacement(rad
Time (s) 31.79 40.51 Swollen
Angle (°) 69:212 102: 217 right knee
(ROM) (143) (115)
0.62, 1.28,| 0.62, 1.28,
Frequency 1.90 1.90
spectrum (Hz) (0.20, (0.24,
0.31, 0.20)| 0.25, 0.13)
walking Angular velocity 81:93 | 5775 Right knee
(rad/s) suspected
Angular
acceleration -82.1: 92.7| -61.5: 69.3
(rad/s?)
Total angular
displacement(rad 65.8 50-5
Time (s) 28.83 28.83

Patient 3 had a previous diagnosisRolyarticular JIA andvasassessed with a swollen
right knee on day assessment indicating the presence of active arthritis. The
accelerometry findings also point to the right knee as the suspected knee (results

shown in Table -B). Both findings correlate.
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7.2.4.4 Patient 4

The results obtained fquatient 4are presented in Table-g.

Table7-9 Patient 4 movement information and clinical assessment

Position Parameter Left knee Right ACC(—_JIer_ometry Cllnlca_l
knee finding observation
Angle (°) 35: 165 34: 158 Right knee
(ROM) (130) (124) covered
Frequency slightly less
spectrum (Hz) (8'22) (8'22) ROM
(Amplitude) ) ]
Angular velocity _ _ Both legs had
(rad/s) -1.82:1.83| -1.76: 1.76 approximately
Angular the same
Lying acceleration -3.7:3.7 | -4.1:4.0 angular
down (rad/s?) velocity and
acceleration
_ Total angular 36.76 o5 53
displacement(rad
Task was | Swollen and
completed | restricted
i slightly quicker (fixed
Time (s) 33.29 24.87 on the right flexion
leg deformity)
right knee
Angle (°) 107:185 95:184
(ROM) (78) (89)
Frequency Left knee had
spectrum (Hz) 09,19 0.9,1.9 lower ROM,
Angular velocity 7263 | -7.6 82 angular
. (rad/s) velocity and
Walking
Angular angular
acceleration -64.9: 77.2| -72.1:86.6| acceleration
(rad/s?)
_Totalangular | ¢ 4, 28.74
displacement(rad
Time(s) 11.03 11.03

For the lying down position, the accelerometer findings suggested the right knee
covered slightly less ROM butemoved swifter than the lefteg; other parameters
were approximately the same. The walking data suggested that the left knee moved
with a slightly lower ROM, angular velocity and acceleration. Further analysis on the
frequency spectrum of the walking sigriaee spectrogram in FigureZ7) highlighted

the two frequency components, 0.9Hz and 1.9Hz, present in this walking signal. It also
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shows the 0.9Hz component, being the more dominant one for both left and legkt
however, the amplitude is higher for the right leg than the left (ieglicated by deeper
colour as shown on colour barThis would suggéedhat the right leg had higher

magnitude of movements than the left leg.

Patient 4 had a diagnosis of Oligoarticular JIA. Clinical assessment on the day of data
collection, reported tle right knee to be swollen and restricted with fixed flexion
deformity. Clinical reports also stated th#te patient has previously hadwelling,
warmth and fixed flexion deformities on both knees and this may have ktified

by the accelerometer dat as the lying down results were approximately same for
both legs. Accelerometer findings pointed more towards the left leg and so did not

correlate with clinical assessment for patient 4.

Left leg - Angle (STFT)

r2
wn

Frequency (Hz)
o

—

600
500
400
300
200
100

[S]

<
o

4.5 5

o
(8]
o

6.5
Time (s)
Right leg - Angle (STFT)

I
w

Frequency (Hz)
o om

1000

800

600

400

—_

200

<
o

4.5 5

o
(8]
o

6.5
Time (s)

Figure7-27 STFT showing the dominant 0.9Hz frequency component

The correlation results are summarised in Tabld07 The results show that

accelerometers can potentially in the future assist clinicians make a diagnosis of JIA.
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Table7-10 Correlation between accelerometer and clinical findings

Suspected knee joint .
. — . Correlation
Patient Accelerometer | Clinical observation between A and B
finding (A) (B)
1 Right knee Right knee Yes
2 Left knee Left knee Yes
3 Right knee Right knee Yes
4 Left knee Right knee No
7.3 Summary

The use of accelerometers to describe movement data from the knee joi@ts
investigated Laboratory experiments were initially performed to test the effectiveness
of the accelerometer to measure movement data of a hinge joint and used a flexible
goniometer for measuring the actual angles being recorded, and results showed the

accelerometer s able to track the goniometer readings.

Further work was then carried out to measutiee knee ROM on an adult human
subject with the sensors attached to both the left and right thighs and shanks in three
scenarios: sitting and swinging the knee freéyng down and flexing the knee from
heel to bottom, and walking. The angle of knee movement, velocity, acceleration and
displacement were computed from the recorded data. The experimental results

(LESZ E Jv] § 8§z o E}u § E[vemdgua@. S} u < puE u}

A pilot study which involved recording accelerometer movement data from patients
with active JIA on only one knee was then carried out in two scenarios: flexing and
extending their legs in the laid down position; and walking amHler lengh.
Correlation was performed between accelerometry and clinical examination. Of the 4

subjects that participated, 75% of the cases correlated.

The results obtained from this study gave a good indication that accelerometry may

potentially be an effectivedol to aid clinical JIA diagnosis.

In the next chapter, the overall conclusion of the study is presented, and some further

works areoutlined.
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B Conclusions and Further work

8.1 Conclusions

An investigation to correlate thermal, visual imaging and accelerometry measurements

with the clinical musculoskeletal examinations Ghildren and Young People (CYP)

suspected ofuvenileldiopathicArthritis (JIA)wvas carried out. The aim was ¢valuate

these techniques to assistinicians in their diagnosis of the condition.

To achieve this ainthe following djectives weremet:

X

Segmented the ROIs from thikermal and visualmages using the MATLARB
ROlbased processing method.

Accurately tracked the ROIs through the recorded thermal video using a
template matching algorithm based othe normalised cross correlation
method.

Computed the average temperature of the thermal imaging (TI) ROIs
Quantified the skin colour changes dfet Visual imaging (VI) ROIs using the
histogram method and dund similarity between knee/ankle joints and a
reference image using the Euclidean distance metric.

Designed an accelerometry systéat used4 accelerometers hooked up to an
Arduinomega 2560microcontroller. The sensors werattached just above and
below the knees of the patients as knee movement data was collected in lying
down and walking scenarios.

The collected accelerometry data was processed to describe knee movement
information such as ange of movement, velocity, acceleration and
displacement.

Thedeveloped techniquesvere evaluated on patientsn the hospitaland the

results obtained were Ju%. (E A]3Z §Z AssepsmienvS[e
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The following contributions to knowledge were madghis study for the first time
brought together thermal and visual imaging and accelerometeyelopmentsto
assist with clinical JIA diagnosis. To identify the ROIs to be segmented, this study also
devised a nevand consistentmethod using the curvatures of the knees and ankles as
a point of reference, thereby introducing a less subjective wayafuallysegmenting

the ROlslIn the VI studythe colour changes on the knees and ankles were not visually
noticeable, so to comparthe ROIs (knees or ankles), a reference image method was
adapted, such that the left and right knees/ ankles were compared to a common
reference and the side more different to the reference was considered to have more
colour change and therefore the affted side.In the accelerometry study, agensor
method, 2 for each leg, placed just above and below the knees to measure the joint
angle in two movement scenarios: lying down and walkivgas adapted. The
developed techniques were evaluatesh 22 patiets from the hospital and the

findings were correlated against the consultgnt A op $]}v X

8.1.1 Thermal/Visual Imaging developments

Twenty patients participated in this study in thermal and visual measurements. The
front and back of the knees and ankles of le@atient were recorded and analysed. A
new method to identify the region of interest centred on the knee oklanwas
devised. To aid the analysis of the results, the patients were grouped into three

categories:

x Category It patients with one active kneer ankle arthritis
x Category lIt patients with active arthritis in both knees ankles

x Category llit Patients with no active knee or ankle arthritis

8.1.1.1 Thermal ImagindTI)

For category | patients, the correlation between Tl and clinical assessment Was 75
and 67% for the front of the knees and ankles respectively; 50% and 33% for the back
of the knees and ankles respectively. These results indicate that the front of the joints
had a more pronounced sign of thermal and visual changes related to activetigrttt

was observed that in most patients that there were not agreements, the patients had

more distinct arthritic SCu% S}tueX dZ o]Jv] ] v[* % E]}E Iv}Ao P
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diagnosis could have also affected the clinical assessment of the joint tetupetay

being more biased toward detecting the arthritic knee as warmer.

For category Il patients, direct correlation of the affected arthritic knee or ankle and
healthy knee or angle was not practic@iherefore,a region that both sides could be
comparedwas selected by identifying a reference region. This region was obtained by
averaging a section midat between the knee and the ankle. The reference
temperatures were observed to be lower than the knee or ankle temperatures for
both the front and the bak in most patients except in a patient at the back of the
ankles. Thd?ercentageTemperatureDifference (PTD) was also seen to be lower than
those for category I. A consideration was the computed reference temperature may
not be the true normal skin tempature of the patient, however, because the result
was consistent, in almosll the patients, it gives good indication, that there were

active arthritis in both knees and ankles.

For Category lll, the TI results could also betcorrelated directly withthe clinical
report as there was no measure of normal skin temperature for the subjects to use for
comparison however, the PTD of the joints in this category wab times lower than

those in Category I, as would be expected for cases with no arthritis.

These findings, therefore, indicate that Tl can potentially be an effective tool to aid in

JIA diagnosis.

8.1.1.2 Visual imaging (VI)

The Euclidean distance between the colour distributions of the selected reference
image and the left and right knees and anklgsre computed to determine which
knee or ankle had a larger distance (the analysis was performed for both the front and
back of the knees and ankles). The joint with the larger distance between the left and
the right side was the joint with more colour ainges. The VI results were compared

A18Z d/ v }vepod v3e[ A op 3]}vX

JPZ & }EE o §]}ve 8} §Z }vepos v3[e A op 3]}v v d/ A
the knees and ankles with the highest being at the front of the knees, indicating this
region was more sensitive to colour changes. Separate correlations of 62.5% and 80%
Al8Z 8Z }vepos v3[e v d/ E erpobisen@&l atithe FpA af Rneks;
and 62.5% and 55% observed at the front of the ankkesombined correlation
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knees and a 33.3% correlation at the front of the ankles. These results confirmed that
an active arthritic joint does not necessarily have skin colthanges, however, in
some patients, JIA may have altered the skin colour of the affected joint, and so the

technique may potentially aid in JIA diagnosis.

8.1.2 Accelerometry

Due to constraits during the study only 4 patients undertook the accelerometry tests.
Accelerometry developments to describe movements at the knee joint with only one
active knee arthritis wereexplored. A 75% correlation was observed with clinical
assessment, indicating the accelerometry systeas able tadifferentiate the affected
knee from the healthy knee. The discrepancy was found in the patient that had
previous active arthritis on the knee that was not clinically diagnosed on theoflay
assessment. Hence, the system may halso identifiedsome symptoms of activity
from the undiagosed knee. However, the results gawe good indication that
accelerometrymay be able todescribe movement data that can assist clinicians in

diagnosing JIA.

So, to a very large extent, the results from the three techniques correlated with the
standard clhical musculoskeletal examination. The thermal and visual imaging
methods were norcontact less invasive and quick methethat were easy for the
children to cope with. The accelerometry method as well, though a contact method of
monitoring, was also eady carry out and participants coped equally well with the

data recording session.

8.2 Further work

This study established a proof of concept demonstrating the value of TI, VI and
accelerometry as part of diagnosing arthritis. Future work could be to acqumeger

data of patients with only one active arthritic joint so that a more informed pattern
could be determined from the results. A larger data set will give more details that will

aid analysis.

There would also be a need to obtanhealthydata set ie. from persons with no JIA

to better understand what a range obrmal temperaturéskin colour could be as one
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of the challenges in this study was in the selection of the reference sections for the

thermal/visual imaging techniques.

Automatic segmentatio of the knees and anklesould alsobe explored in order to
remove any secondary errors that could be introduced by manually segmenting the

regions of interest (ROISs).

For the accelerometry study, addition of gyroscope to denoise the accelerometer
signalcould be further explored. Findings from the work done in this study shavayt
improve the accelerometer data and may potentially be able to detect the clinically

diagnosed joint without picking the redundant activities from a previously active joint.

Joints affected by arthritis can become swollen. It will be valuable to be able to
automatically quantify the extent that the joint is swollen as this can prowvigjective

information.

This study was on children. In future it will be useful to extetda @dults with arthritis.
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RE: Ethics application from Harriet Nwaizu.

Saatchi, Reza exchange shu.ac.uk= 6 April 2017 at 12:09
To: "Uchenna, Hamet" my.shu.ac.uk>

From: Rodngues, Marcos

Sent: 06 April 2017 11:26

To: Saatchi, Reza

Cc: Rodrigues, Marcos; | ACES Research Ethics Committee (FREC)
Subject: Re: Ethics application from Harmiet Nwaizu.

Hi Reza,

| have had the opportunity to review all documents submitted by Harriet. It is a well put together application (both
accelerometer and thermal imaging) with all required information in place including required NHS ethical approvals. It
is my view that all data protection and ethical issues have been properly addressed and thus, the application is
approved under Chair's action.

Andrea, would you please archive the received documents. Thank you.
Kind regards,

Marcos Rodrigues
FREC Joint Chair
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NHS

Health Research Authority

Dr Daniel P Hawley

Consultant Paediatric Rheumnatologist Email: hra.approval@nhs net
Sheffield Children's NHS Foundation Trust

Dept Paediatric Rheumatology

Sheffield Children's Hospital

Western Bank

S5102TH

30 January 2017

Dear Dr Hawley

Letter of HRA Approval

Study title: Proof-of-concept study of an accelerometer device in
children with active knee arthritis to describe joint
movement.

IRAS project 1D: 201610

REC reference: 16/ HI0347

Sponsor Sheffield Children's NHS Foundation Trust

| am pleased to confirm that HRA Approval has been given for the above referenced study, on the
basis descrbed in the application form, protocol, supporting documentation and any clarfications
noted in this letter.

Participation of NHS Organisations in England
The sponsor should now provide a copy of this letter to all participating NHS organisations in England.

Appendix B provides important information for sponsors and participating NHS organisations in
England for amanging and confirming capacity and capability. Please read Appendix B carefully, in
particular the following sections:

* Participating NHS organisations in England — this clarifies the types of participating
organisations in the study and whether or not all organisations will be undertaking the same
activities

+ Confirmation of capacity and capability - this confirms whether or not each type of participating
MNHS organisation in England is expected to give formal confirmation of capacity and capability.
Where formal confirmation is not expected, the section also provides details on the time limit
given to participating organisations to opt out of the study, or request additional time, before
their participation is assumed.

+ Allocation of responsibiliies and nghts are agreed and documented (4.1 of HRA assessment
criteria) - this provides detail on the form of agreement to be used in the study to confirm
capacity and capability, where applicable.

Further information on funding, HR processes, and compliance with HRA criteria and standards is also
provided.

Page1of 8

xli



| IRAS project ID | 201610

It 1s critical that you involve both the research management function (e.g. R&D office) supporting each
organisation and the local research team (where there is one) in setting up your study. Contact details
and further information about working with the research management function for each organisation
can be accessed from www.hra.nhs.uk/hra-approval.

Appendices
The HRA Approval letter contains the following appendices:

* A—List of documents reviewed during HRA assessment
o B - Summary of HRA assessment

After HRA Approval
The document “After Ethical Review — guidance for sponsors and investigators”, issued with your REC
favourable opinion, gives detailed guidance on reporting expectations for studies, including:

* Registration of research

o Notifying amendments

o Notifying the end of the study

The HRA website also provides guidance on these topics, and is updated in the light of changes in
reporting expectations or procedures.

In addition to the guidance in the above, please note the following:

o HRA Approval applies for the duration of your REC favourable opinion, unless otherwise
nofified in writing by the HRA.

* Substantial amendments should be submitted directly to the Research Ethics Committes, as
detailed in the After Ethical Review document. Mon-substantial amendments should be
submitted for review by the HRA using the form provided on the HRA website, and emailed to
hra.amendmentsfnhs.net.

* The HRA will categorise amendments (substantial and non-substantial) and issue confirmation
of continued HRA Approval. Further details can be found on the HRA website.

Scope

HRA Approval provides an approval for research involving patients or staff in NHS organisations in
England.

If your study involves NHS organisations in other countries in the UK, please contact the relevant
national coordinating functons for support and advice. Further information can be found at
http:/fwww.hra.nhs.ukfresources/applyving-for-reviews/nhs-hsc-rd-review/.

If there are participating non-NHS organisations, local agreement should be obtained in accordance
with the procedures of the local participating non-MHS organisation.

User Feedback

Page 2 of 8
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The Health Research Authority is continually striving to provide a high quality service to all applicants
and sponsors. You are invited to give your view of the service you have received and the application
procedure. If you wish to make your views known please email the HRA at hra.approval@nhs.net.
Additionally, one of our staff would be happy to call and discuss your experience of HRA Approval.

HRA Training

We are pleased to welcome researchers and research management staff at our training days — see
details at hitp-/fwww hra nhs uk/hra-training/

Your IRAS project ID is 201610. Please quote this on all comespondence.
Yours sincerely

Thomas Fairman
HRA Assessor

Email: hra.approval@nhs.net

Copy to: Ms Wendy Swann , Sheffield Children’s NHS Foundation Trust,
(Sponsor Contact and Lead NHS R&D Contact)
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Sheffield Children's NHS Foundation Trust
Western Bank, Sheffield S10 2TH

Tol 0114226 7846  Fax: 0114 226 7844

www shaflisidchildeenscrt nhs uk
26" November 2015
Dear Harriet Uchenna Nwaizu
Letter of access for research

As an existing NHS employee you do not require an additional honorary research
contract with this NHS organisation, We are satisfied that the research activities that you
will undertake in this NHS organisation are commensurate with the activities you
undertake for your employer. Your employer is fully responsible for ensuring such
checks as are necessary have been carried out. Your employer has confirmed in writing
to this NHS organisation that the necessary pre-engagement check are in place in
accordance with the role you plan to carry out in this organisation. This letter confirms
your right of access to conduct research through Sheffield Children's NHS Foundation
Trust for the purpose and on the terms and conditions set out below. This right of access
commences on 26™ November 2015 and ends on 5" May 2018 unless terminated earlier
in accordance with the clauses below.

You have a right of access to conduct such research as confirmed in writing in the letter
of permission for research from this NHS organisation. Please note that you cannot start
the research until the Principal Investigator for the research project has received a letter
from us giving permission to conduct the project

You are considered to be a legal visitor to Sheffield Children's NHS Foundation Trust
premises. You are not entitled to any form of payment or access to other benefits
provided by this organisation to employees and this letter does not give rise to any other
relationship between you and this NHS organisation, in particular that of an employee.

While undertaking research through Sheffield Children’s NHS Foundation Trust, you will
remain accountable to your place of study Sheffield Hallam University but you are
required to follow the reasonable instructions of your nominated manager Professor
Derek Burke in this NHS organisation or those given on his behalf in relation to the terms
of this right of access.

Where any third party claim is made, whether or not legal proceedings are issued, arising
out of or in connection with your right of access, you are required to co-operate fully with
any investigation by this NHS organisation in connection with any such claim and to give
all such assistance as may reasonably be required regarding the conduct of any legal
proceedings.

You must act in accordance with Sheffield Children's NHS Foundation Trust policies and
procedures, which are available to you upon request, and the Research Governance
Framework.

You are required to co-operate with Sheffield Children's NHS Foundation Trust in
discharging its duties under the Health and Safety at Work etc Act 1974 and other health
and safety legisiation and to take reasonable care for the health and safety of yourself
and others while on Sheffield Children's NHS Foundation Trust premises. Although you
are not a contract holder, you must observe the same standards of care and propriety in
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dealing with patients, staff, visitors, equipment and premises as is expected of a contract
holder and you must act appropriately, responsibly and professionally at all times,

If you have a physical or mental health condition or disability which may afiect your
research role and which might require special adjustments to your role, if you have not
already done so, you must notify your employer and the Trust (Dr. Gillian Gatenby-
Research Directorate Manager) prior to commencing your research role at the Trust

You are required to ensure that all information regarding patients or staff remains secure
and strictly confidential at all times. You must ensure that you understand and comply
with the requirements of the NHS Confidentiality Code of Practice

(nttp:/www.dh.gov. uk/assetRoot/04/06/92/54/104069254 pdf) and the Data Protection Act
1998. Furthermore you should be aware that under the Act, unauthorised disclosure of
information is an offence and such disclosures may lead to prosecution,

Sheffield Children's NHS Foundation Trust will not indemnify you against any liability
incurred as a result of any breach of confidentiality or breach of the Data Protection Act
1998. Any breach of the Data Protection Act 1998 may result in legal action against you
and/or your substantive employer.

You should ensure that, where you are issued with an identity or security card, a bleep
number, email or library account, keys or protective clothing, these are returned upon
termination of this arrangement. Please also ensure that while on the premises you wear
your ID badge at all times, or are able to prove your identity if challenged. Please note
that this NHS organisation accepts no responsibility for damage to or loss of personal

propety.

We may terminate your right to attend at any time either by giving seven days’ written
notice to you or immediately without any notice if you are in breach of any of the terms or
conditions described in this letter or if you commit any act that we reasonably consider to
amount to serious misconduct or to be disruptive and/or prejudicial to the interests and/or
business of this NHS organisation or if you are convicted of any criminal offence. You
must not undertake regulated activity if you are barred from such work. If you are barred
from working with aduits or children this letter of access is immediately terminated, Your
employer will immediately withdraw you from undertaking this or any other regulated
activity and you MUST stop undertaking any regulated activity immediately.

Your substantive employer is responsible for your conduct during this research project
and may in the circumstances described above instigate disciplinary action against you.

If your circumstances change in relation to your health, criminal record, professional
registration or suitability to work with adults or children, or any other aspect that may
impact on your suitability to conduct research, or your role im research changes, you
must inform the NHS organisation that employs you through its normal procedures. You
must also inform your nominated manager in this NHS organisation

Yours sincerely

Wendy Swann
R&D Manager, Sheffield Children’s NHS Foundation Trust

cc:  HR department at Sheffield Children's NHS Foundation Trust
HR department of the substantive employer (and provider of honorary
clinical contract, where applicable)
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CERTIFICATE of ACHIEVEMENT

This is to certify that

Harriet Nwaizu

has completed the course

Introduction to Good Clinical Practice eLearning (Secondary
Care)

March 16, 2017

Modules completed:

Introduction to Researchin the NHS
Good Clinical Praclice and Standards in Research
Study Set Up and Responsibilities
The Process of Informed Consent
Data Collection and Documentation
Safety Reporting

This course is worth £ CPD credits
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PARTICIPANT INFORMATION SHEET
FOR CHILDREN

To be shown and read by parent/carer if required

Study title:
ThermRheum

1. What is research?
Research is a careful experiment to find out the answer to an
important question.

2. Why is this research being done?

We want to try and find out if our new test can determine
whether your joints are inflamed or not so that in future we
can diagnese arthritis earlier and use fewer scans and blood
tests when this happens.

3. Why me?

You have been chosen because you may have arthritis.
You can help us find some answers that will help us
improve the way we identify if arthritis is active or
not. We are asking between 20 children in total,

4. Do I have to take part?

No you do not! It isup to you. We would like you to read this
information sheet. If you agree to take part, we would like you to
write your name on two forms. We will also ask your parent or carer to
write their name on the forms and give one back to us. You can still
change your mind later. If you don't want to take part, just say nol

JE X

ThermRheumn

Participant Information Sheet 4-11 years
Version 5.0

Date 27/05/2016
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5. What will happen?
When you come into hospital for your joints to be examined the
doctors will examine your joints as they normally do.

Then you will be asked if you want to take part in this study. If you
are happy to, pictures of your knees and ankles will be taken by a
camera that can see how warm they are. The camera will also take a
short video of your joints to check skin colour as inflammation can
make your skin go red. This takes a few minutes. You can see these
pictures yourself if you want to.

Your parent or carer will be with you all the time and you will be asked
to complete a short questionnaire after the study.

6. Will joining in help me?
No, but it may help us to know more about joint inflammation in the
future.

7. What else might happen?
The people doing the research may be in the room when taking the
images of your joints. If you don't like this, we will not carry on.

ThermRheum
Participant Infomation Sheet 4-11 years
Version 5.0
Date 27/05/2016
Page 2 of 4
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8. What happens when the research study stops? I
We will collect all the information and see if it is useful in l'
telling us if the doctors can manage joint inflammation
problems better in the future.

9. What if something goes wrong?

We do not think anything will go wrong, but if it does your parent or
carer will be able to talk to someone who will be able to tell them what
they need to do about it.

10. What if I don't want to do the research anymore?

Just tell your parent or carer, doctor or nurse at any time. They will
not be cross with you. You will still have the same care whilst you are
at hospital.

11. What if I want to complain about the study? i ‘:'.:
If you want to complain you or your parent or carer, can
talk to Dr Dan Hawley at this hospital. \

12. Will anyone else know I'm deing this?

The people in our research team will know you are taking part. The
doctor looking after you while you are in hospital will also know. No one
else will know because we will not use your name or address. You will
get a special number that will be used instead.

13. What happens to what the researchers find out?
When we collect your information we will make sure it is kept
in a safe place and only the people doing the research study

can look at it.

ThermRheum
Participant Information Sheet 4-11 years
Wersion 5.0
Date 277052016
Page 3 of 4




We will use the information to help doctors learn how to find joint
inflammation more easily, and we will publish our findings in magazines
and on websites that doctors read.

A short summary will also be on the hospital's research website but
your information will not be identified.

14. Did anyone else check the study is OK to do?
This study has been checked by several people, to make sure it is
alright.

15. How can I find out more about this study?
Your parent or carer, or the doctors and nurses &
looking after you can also help you find out more about s

the study.

REE

=
i -;1.:; A

Thank you fer taking the time to read this - please azk any
questions if you need te.

ThermRheum
Participant Infommation Sheet 4-11 years
Version 5.0
Date 27/05/2016
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PARTICIPANT INFORMATION SHEET
FOR YOUNG PEOFPLE

Short title: ThermRheum

Part 1 - to give you first thoughts about the project

1. Invitation paragraph

We would like you to help us with our research study. Please read this information
carefully and talk to your parent or carer about the study. Ask us if there is anything that
is not clear or if you want to know more. Take time to decide if you want to take part. It
is up to you if you want to do this. If you don't then that's fine, you'll be looked after at
the hospital just the same. :

2, Why are we doing this research?
We want to try and find out if Thermal Imaging is helpful in identifying if your
joints are inflamed or not.

3. Why have | been asked to take part? =
You have been chosen because you are already being examined for joint inflammation.
We are asking 20 children and young people all together.

4, Do | have to take part?|
Mol It is entirely up to you. If you do decide to take part:

« You will be asked to sign a form to say that you agree to take part (an assent
form)

= You will be given this information sheet and a copy of your signed assent form to
keep.

You are free to stop taking part at any time during the research without giving a reason.
If you decide to stop, this will not affect the care you receive whilst in hospital.

X

ThermBRheumn
Participant Infomation Sheet Age 12-16
Version 5.0
Date 2710512016
Page 1 of 4
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Data fusion developments

Accelerometers can accurately estimate tilt angles in static conditions, however, in a
dynamic condition, they are prone to high frequency noise. Some work to explore
means to denoise the accelerometry signal by including a gyroscope device to make it
more effective in estimating tilt angles was carried out. Data fusion algorithms, to
combine and integrate the signals gotten from the accelerometer and gyroscope
sensors in order to deal with and minimize the errdiSasiadek, 2002jvere

investigated.

One of the wel known, widely used technique are the complementary filters, and this

was evaluated in this study.
Complementary filter

The complementary filter (CF) is obtained by a simpkdyasis in the frequency domain
(Higgins, 1975)The principle behind the complementary filter as shown in Fig6r&
involves passing the accelerometer data which contains low frequsigoyls through

a low pass filter and the gyroscope data which contains high frequency signals through
a high pass filter to estimate angles. By doing this, the high frequency noise and low
frequency drift associated with accelerometer and gyroscope meastespectively

are eliminated. The idea is to combine outputs of the accelerometer and rate
gyroscope to obtain good estimate of orientation, thus compensating for drift of the
rate gyroscope and the slow dynamics of the accelerom@@eaerveldt & Klang, 1997)

The filters share the same caoff frequency as shown in the frequency response

diagram in Figure 18.

Ixxviii



Figure 161: Block diagram of a typical complementary filter (Edfgari et al., 2011)

Figure 162: Frequency response of complementary filt¢ghen, Yao, Jia, & Yuan,
2012)

The complementary filter is designed using Equatiori 16

=JCHA==JCH/AL UNK@FE :sF = % (16-1)

where =is the filter coefficient, C U NsKgyroscope values (in degrees per secends
dps), @iP the sampling time interval (in seconds) aggis tilt angle estimated by the

acceleraoneter (in degrees).

The filter coefficient is related to the filter time constamthich is the relative duration

of signal it will act on. The filter time constant should be chosen as low as possible in
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order to minimize the influence of offsets of thate gyroscopeRaerveldt & Klang,
1997). So, knowing the desired time constant and sampling frequency, one can find the
filter coefficient. Alternatively, for best results, the eoff frequency of the high/low
pass filters must be carefully defined to lethe valid signals as well as suppress the
unwanted noisy response of the sens¢fseng, Wet.ung, Chitvang, JidVei, & Chin
Sheng, 2011)

The pros to this method include: fast estimates of angle and not very processor

intensive (Colton, 2007)

The majorlimitation is that the parameters of the CF such as filter coefficient, once
selected are fixed and so to determine the best filter coefficients to use in every case
will involve a careful study of the signal and continuous tweaking to select the

coefficient that give the best results.
Experiments and Results

One of the challenges encountered with the accelerometry systems is that they suffer
from highfrequency noise during movement's initiation or when there is a sudden

Z vP Jv §Z u}A u v3e[NwhiE, Sjatchi, & Burke, 2017 suitably
designed low pass filter (LPF) was used to denoise the signal in this study, to accurately

estimate angular rotation, velocity, and acceleration.

Developments in denoising the accelerometry system, which in theory will improve the
effectiveness of accelerometry systems at accurately measuring movement data, were

considered.
Inclusion ofa gyroscope

A gyroscope providesa rate of rotation, and integation is needed to obtain the
E}sS S]}vo vPo X v ]Jv]S] o }((=S Jv SZ PCE}s }% [* }|
amplitude drift that increases with time. So, by combining outputs from accelerometer

and gyroscope, using a suitable filter, these issues eaatellt with to an extent.

Experiments were performed to investigate the ability of the conventional
complementary filter to accurately track the signal recorded from an IMU device
(LSM9DSO0) consisting of an accelerometer, gyroscope and magnetometer. diowev

only the accelerometer and gyroscope data were considered for processing as the
IXXX



magnetometer measures are highly disturbed by the presence of ferromagnetic

materials, and this was not put into consideration at this experiment.

The aim of the experimentvas to investigate if the complementary filter could
accurately remove the errors associated with the desired signal (i.e. the noise and

drift).

The IMU was hooked up to the Arduino board (in this case, the Arduino Uno)
connected to a computer and two cerdings were obtained each with the IMU
attached to the thigh and leg (the lower limb segment of the body) of an adult subject

while walking in different patterns and speeds.

The complementary filter algorithm was designed using a filter coefficieat 0.98 as
shown in Equatior16-2 making the design rely more on the data from the gyroscope
(98% gyroscope data,C U Ndfd 2% accelerometer datagy such that they

complemened each other. The sampling interva@® Ras 0.018 seconds.
=JCHA{zk=JCHAC UNHK@,BE rat & (16-2)

Figures 16-3 and 16-4 show a section of the results obtained. The accelerometer signal

(black) as can be seen is noisy due to large accelerations, the gyroscope signal (blue) is

drifting while the complemerary filtered signal shown (in red) is able to estimate the

angles as well as remove the noise and drift from the accelerometer and gyroscope

respectively.

Figure B-3 Angles estimated with IMU attached to the thigh
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Figurel6-4 Angles estimated with IMU attached to the shank

Wavelet packetbased developments for denoising accelerometer signals

A wavelet packet decompositidmased technique to denoise a simulated
accelerometer signal using a simulated gyroscope signal as @& wai&ldeveloped and

its effectiveness was compared with the conventional complementary filter method.

Experiments were carried out using simulated accelerometer and gyroscope signals
(Figure 16-5) to assist with the evaluation of the effectiveness of thesthod.
Simulated signals were used to demonstrate the concepts but in future studies these

could beapplied to signals obtained froneal devices.

An accelerometer signal (shown in Figi@5U 5}% e+ A « P v E § &} ¢Jupo 3
movement in a simplifié form. Gaussian noise was added to this signal to represent

the effect of measurement noise (shown in Figut&5, middle). The simulated
gyroscope signal (shown in Figuté-5, bottom) was the guide signabimulations

were done in MATLAB®.
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Figurel6-5 Simulated signals for reference, accelerometer and gyroscope readings

In the wavelet packet decomposition algorithm, a signal is successively decomposed to
a specified level, by suitably chosen lowpass and-pags filters, and the outputs
from the filters down sampled by a factor of 2 to give the approximation and detail

coefficients respectively.

The noisy accelerometer and drifting gyroscope signals were decomposed separately
to 8 levels using the Daubechies 20 wavelet family. The coefficiertteederminal
nodes are represented by nodes 255 to 510. These decomposed coefficients for both
accelerometer and gyroscope signals were then compared for similarity by performing
cross correlation. The two nodes with the highest correlation magnitudescétidg
closest to similarity) were selected to be used for reconstructing the accelerometer

signal, while the values of coefficients not selected were set to zero.

The wavelet packebased reconstructed accelerometer signal was compared with that
obtained from the complementary filter. Complementary filter combines the

accelerometer and gyroscope signals to generate a signal affected less by the noise
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and drift. The movement angle from the complementary filter was obtained using

Equation16-3.

dveapal Ukdrageuak 4c10E (SF Ujdg (16-3)

dZ Ju%o uvsd EC (Jod E oP}E]S3Zu A« <]Pv pe]vP
ullJvP 8§z *]Pv E oC u}E-b3dsed RAYE: py; H¥an tleat from the
accelerometer,: as;. The sampling intervat= 0.018 seconds (sample rate 55 samples

per second).

The processing was performed in MATEABhe correlation between the decomposed
coefficients show nodes 255 and 258 to have the highest similarities (Figweand

were selected for use in reconstructing the accelerometry signal (Figre.

The wavelet packet method was more effective in representing the original reference
accelerometer signal than the complementary filter (Figa&@8). This part of the
study demonstrated the potential of wavelet transform in denoising accelerometry
signds. For the work carried out on patients only accelerometers were used and thus
in future inclusion of gyroscopes should be considered as they may improve the

analysis.

Figurel6-6 Waveletpacket coefficient correlation plot
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Figurel6-7 Decomposition tree showing 8 levels and the reconstructed accelerometer
signal

Figurel6-8 The signal obtained using the complementary filter and the accelerometer
signal obtained from the wavelet padke
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