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ABSTRACT 

Fractal dimension (Df) analysis have been shown as a sensitive measure for charting 

retinal vascular changes, while smartphone-assisted fundus photography (SAFP) has 

been demonstrated as a useful tool in screening eyes with problem related to diabetes 

mellitus (DM). We took these two tools together to investigate the DM risk factors using 

the best chosen SAFP by measuring the Df.  The objectives of this thesis were: (i) to 

determine the best retinal image of two SAFPs, the Peek Retina™ and 3DPO for Df 

analysis; (ii) to assess the reliability of Df analysis using the chosen best SAFP; (iii) and 

to compare the Df of the optic nerve head (ONH) vasculatures between groups with 

risk- and non-risk of DM: and (iv) to explore the potential association of ONH 

vasculature’s Df with risk factors of DM. For the first objective, our first experiment 

compared the retinal images between Peek Retina™ and 3DPO. It was determined that 

PEEK RetinaTM was preferred for retinal vascular tracing work for Df analysis, in 

comparison to 3DPO. In experiment two, based on the best SAFP in the first experiment 

finding, we determined the Df analysis reliability using the images taken using Peek 

Retina™.  It was shown that the intragrader and intergraders reliabilities were both in 

good agreement. Peek Retina™ has shown as a reliable SAFP to evaluate retinal 

vasculature using Df analysis. For objectives three and four, the ONH vasculatures Df 

value were analysed in groups with risk and non-risk of DM. The results indicated that 

the ONH vasculatures Df value was not significantly different between the groups, and 

there was no associations observed between ONH vasculature Df with DM risk factors. 

The findings in this thesis advocated that the Peek Retina™ is a reliable tool for the 

evaluation of retinal vascular Df and may be used in expansion of ophthalmic services 

in various setting. The result in this study also confirms that changes that due to DM 

probably occurs in the peripheral vessels, and ONH Df values was not associated with 

DM risk factors. 
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 خلاصة البحث 

كقياس حساس لرسم مخطط تغيرات الأوعية الدموية في  (Df) في هذا البحث تم إثبات البعد الكسري
كأداة مفيدة في فحص  (SAFP) شبكية العين، وأيضا تم إثبات تصوير قاع العين بمساعدة الهاتف الذكي

 للتحقق  معًا   الأداتين  تينها  استخدمنا لقد   .)DM(  العيون التي تعاني من مشاكل تتعلق بداء السكري 
 تصوير قاع العين بمساعدة الهاتف الذكيل  أداة  أفضل   باستخدام  السكري   بداء  للإصابة الخطورة    عوامل  من
( تحديد أفضل صورة لشبكية العين 1)   :الأطروحةكانت أهداف هذه    الكسري.  البعد   قياس  خلال  من

  Retina Peekدة الهاتف الذكي، وهما ™صوير لقاع العين المأخوذة بمساع ت  أدوات  أفضللاثنين من  
( تقييم موثوقية تحليل البعد الكسري باستخدام أفضل 2)  تحليل الأبعاد الكسرية؛بهدف    3DPO و  

( ومقارنة البعد الكسري لأوعية رأس العصب 3الهاتف الذكي؛ ) أداة مختارة لتصوير قاع العين بمساعدة  
( استكشاف 4و)  ي؛ لمعرضة لخطر الإصابة بداء السكر ( بين المجموعات المعرضة وغير اONHالبصري )

 الصلة المحتملة بين البعد الكسري لأوعية رأس العصب البصري وعوامل خطر الإصابة بمرض السكري.
و     ™Peek Retinaت تجربتنا الأولى صور شبكية العين المأخوذة ب  بالنسبة للهدف الأول، قارن

3DPO ™ تبين أن .Peek Retina   عية الدموية في شبكية العين لتحليل لتتبع الأو   كانت مفضلة
في التجربة الثانية، واستنادًا إلى أفضل أداة تصوير لقاع العين بمساعدة  .3DPOالبعد الكسري، مقارنةً بـ  

الذكي و  الصور الهاتف  الكسري باستخدام  البعد  موثوقية تحليل  التجربة الأولى, حددنا  التي حددت في 
 intergraders و   intragraderقد تبين أن موثوقية  ل.  Peek Retinaالملتقطة باستخدام ™

قد أظهرت تصويراً موثوقاً لقاع العين بمساعدة    ™Peek Retina كانت على اتفاق جيد. تبين أن  
من أجل تقييم الأوعية الدموية في شبكية العين من خلال تحليل الأبعاد الكسرية. بالنسبة    الهاتف الذكي 
ث والرابع، تم تحليل قيمة البعد الكسري لأوعية العصب البصري في المجموعات المعرضة وغير للهدفين الثال 

وعية العصب البصري الإصابة بداء السكري. أشارت النتائج إلى أن قيمة البعد الكسري لأالمعرضة لخطر  
ية رأس العصب لم تختلف بشكل كبير بين المجموعات، ولم يلاحظ وجود ارتباطات بين البعد الكسري لأوع

أن  إلى  الرسالة  هذه  في  النتائج  دعت  السكري.  بداء  الإصابة  خطورة  عوامل  مع   Peek البصري 
Retina™   بكية العين ويمكن استخدامها هي أداة موثوقة لتقييم البعد الكسري للأوعية الدموية في ش

أن التغيرات التي تحدث  توسيع خدمات طب العيون في مواضع مختلفة. تؤكد نتيجة هذه الدراسة أيضًا  في
ة, وأن قيم البعد الكسري لرأس العصب البصري لم ترتبط بسبب داء السكري ربما تحدث في الأوعية المحيطي

 .بعوامل خطورة للإصابة بمرض السكري
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1 

CHAPTER ONE 

INTRODUCTION 

The advancement of technology give rise to the development of smartphone-assisted 

fundus photography (SAFP). SAFP gives access to a portable, rapid, and cheap digital 

fundus imaging technique for assessing retinal conditions. Digital fundus imaging is 

useful in many aspects especially in the study of vascular network geometrical patterns 

for detection of retinal pathologies. Early detection of ocular diseases such as diabetic 

retinopathy (DR), by means of measuring the vascularity profiles, in return will reduce 

the risk for visual impairment or blindness.  

 

1.1 BACKGROUND OF THE STUDY 

Visual impairment and blindness are serious public health issues worldwide affecting 

2.2 billion people (WHO, 2019). It is interesting to note that the number of people 

affected by visual impairment and blindness due to preventable and treatable causes has 

decrease from 81.7% in 2010 to  80.8% by 2020 (Bourne et al., 2017; Flaxman et al., 

2017). Nevertheless, visual problem due to non-communicable diseases such as DR 

showed a progressive increment in years to come (Flaxman et al., 2017). Visual 

impairment and blindness attributed to DR is expected to rise  to 3.2 million by year 

2020, relative to its lower prevalence of 1.6 million in 1990 (Flaxman et al., 2017).  

DR is the most common microvascular complication of diabetes mellitus (DM). 

Data in 2010 demonstrated that 95 million people, among 285 million people with DM, 

have signs of DR or vision-threatening DR (Yau et al., 2012). Cases involving 

undiagnosed DM has shown to increase the risk for the development of DR and other 
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microvascular complications (e.g. nephropathy and neuropathy) due to prolonged 

untreated or prolonged uncontrolled high blood glucose level (Chawla, Chawla, & 

Jaggi, 2016). Increasing number of DM cases which include both diagnosed and 

undiagnosed diabetes are possibly the major cause of the increment in the prevalence 

of DR. Detection of DM at earlier stage is logically an important step in preventing 

diabetic-related visual complications.  

Early screening of ocular fundus is an important step for managing, and to a 

larger extent, for preventing DR (Ting, Cheung, & Wong, 2016). The standard tabletop 

fundus camera was deliberated as the main diagnostic tool in the evaluation of retina 

due to its capability to produce high-quality image. However, the disadvantages of 

tabletop fundus camera which include being bulky, expensive, office-based setting and 

technician dependent characteristics may restrict its usability for screening. The 

introduction of SAFP is an  ideal alternative for screening as this tool  being portable, 

ubiquitous, low cost and has wireless transmission ability (DeBuc, 2016; Micheletti, 

Hendrick, Khan, Ziemer, & Pasquel, 2016). Retinal images obtained using SAFP may 

be utilized in retinal vasculatures and morphology analysis which in return may aid for 

the detection of pathologies at an earlier stage. 

 

1.2 RATIONALE AND HYPOTHESIS OF THE STUDY  

Taking advantage of the widespread use of smartphones, SAFP provides an opportunity 

to be used in screening and monitoring of retinal pathologies including DR. Most 

studies reported that images taken using SAFP devices have sufficient quality relative 

to those taken using standard fundus camera (Ludwig, Shan, et al., 2016; Panwar et al., 

2016). SAFP device such as the Portable Eye Examination Kit Retina (Peek Retina™, 

Peek Vision Ltd, England, UK) has good agreement with the standard fundus camera 
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in assessing optic nerve head (ONH) as reported by Bastawrous et al. (2016), in their 

Nakuru Eye Disease Project in Kenya. Other devices such as 3D Printed 

Ophthalmoscope (3DPO) was ascertained to produce satisfactory fundus photo quality 

for normal or pathological retinal status with high resolution (Hong, 2015; Myung, Jais, 

He, Blumenkranz, & Chang, 2014). Combining SAFP capabilities together with the 

sophistication of image processing such as fractal dimension (Df) analysis, retinal 

images from SAFP may be used for quantitative analysis. Df is an indirect measure of 

vascular complexity (Karperian, 2013), turning a qualitative nature such that of retinal 

vascularity, into a numerical value of quantitative measure. Having a higher Df value 

may indicate a more complex vascularity while low Df value may indicate less visible 

blood vessels. All studies in the past pertaining to Df have used retinal images from the 

standard fundus camera (Ab Hamid et al., 2016; Azemin et al., 2011; F. Huang et al., 

2015; MacGillivray, Patton, Doubal, Graham, & Wardlaw, 2007). Retinal images taken 

using SAFP has yet been reported of used in Df analysis. In addition, the quality of 

images between SAFP devices, in terms of blood vasculatures visibility has yet to be 

explored. Thus, the objectives in this research project were to answer these questions, 

if not partly to answer their predicaments.  

In the first experiment in this thesis we aimed to decide the best SAFP device 

between the Peek Retina™ and 3DPO, for producing quality retinal image.  

• Objective 1: To compare the quality of retinal image based on preferences scale 

of blood vasculature tracing between two SAFP devices namely Peek Retina™ 

and 3DPO. 

• Research hypothesis: Peek Retina™ was expected to have better retinal image 

quality in term of blood vessels visibility compared to 3DPO. 
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In experiment 1, Peek Retina™ was established as a device that able to capture retinal 

images with a significant blood vessels visibility compared to 3DPO.  

Many studies in analyzing retinal vascular Df have used retinal images with high 

resolution and large field of view (FOV), which usually captured by diagnostic fundus 

camera (Ab Hamid et al., 2016; Cheung et al., 2012; Corvi et al., 2018; Liew, Wang, 

Cheung, et al., 2008; McGowan et al., 2015). Fundus camera provides images with good 

quality and large FOV which allows blood vessels to be self-segmented by using 

computer assisted segmentation process. Nevertheless, images captured by SAFP may 

require manual segmentation for vascular tracing, due to its smaller FOV. It is thus 

imperative to analyze the reliability of the manual vascular segmentation using images 

from SAFP for the Df analysis. We have established in Experiment 1 that Peek Retina™ 

as the better SAFP device in terms of producing images that are better for vascular 

tracing process, hence Experiment 2 will utilize images from this device. Thus, the 

objective placed for the second experiment was as follows; 

• Objective 2: To assess the intragrader and intergrader reliability of manual 

vasculature segmentation method using retinal image photographed by Peek 

Retina™ for retinal Df analysis.  

• Research hypothesis: Images captured by Peek Retina™ has good reliability in 

the manual vascular segmentation for the Df analysis. 

In experiment 2, it was established that manual vascular segmentation using retinal 

images from Peek Retina™ has shown good reliability for Df analysis. 

In the third experiment, we want to test the applicability of SAFP on groups with 

DM risk factors by using Df analysis. Numerous studies have shown that the  retinal 

vascular complex among DM population, using images from standard tabletop fundus 
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camera, were different relative to the healthy eyes (Aliahmad, Kumar, Sarossy, & Jain, 

2014; Cheng & Huang, 2003; Cheung et al., 2012; Cheung et al., 2009; Leontidis, Al-

diri, & Hunter, 2015; Popovic, Radunovic, Badnjar, & Popovic, 2018; Yau et al., 2010). 

A few studies showed of  a significantly lower retinal Df values in population with DM 

(Cheung et al., 2012; Leontidis, Al-diri, Wigdahl, & Hunter, 2015; Popovic et al., 2018). 

In contrast,  some studies demonstrated the retinal Df values as higher in population 

with DM, with increasing vascular complexity following DM severity (Aliahmad, 

Kumar, Sarossy, et al., 2014; Yau et al., 2010). Evidence of higher complexity of retinal 

vascular has been shown in DM patients with proliferative DR due to presence of 

neovascularization (Cheng & Huang, 2003). Those studies on retinal vasculatures Df 

showed changes in vascular complexity particularly on the macula. However, DM also 

caused damage to the peripheral retinal area including neuroretinal system. Studies 

showed that the progression of diabetes would altered the metabolic and hemodynamic 

process, which lead to destruction of optic nerve (Barber et al., 1998; Barber, Gardner, 

& Abcouwer, 2011). Metabolically, persistent hyperglycemia impaired both retinal 

vessels and retinal neurons in ONH by apoptosis of retinal ganglion cells (RGC; 

degeneration process; Barber et al., 2011; Victor, 2018). Long-term damage of RGC 

resulted in abnormal capillary permeability and damage of capillary cells which 

progressively diminishing the retinal nerve fibre layer (Araszkiewicz et al., 2012; Dijk 

et al., 2012). Other than that, high blood sugar level also caused the reduction of oxygen 

total in blood (hypoxia) within adipose tissues of ONH retinal vasculatures (Foti & 

Brunetti, 2017). Hypoxic condition in vessel tissues stimulated the angiogenesis 

process, thus lead to neovascularization in optic disc (NVD; Corvera & Gealekman, 

2014). These mechanisms promoted the changes in both functional and structural of the 

ONH vessels leading to the alteration of retinal vascular complexity. The subtle changes 
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of retinal vessels in those with only risk factors of DM at ONH is currently less clear. 

It was anticipated that the vascular study in individual with only risk factors of DM 

would identify early changes in retinal vascular network due to metabolic and 

hemodynamics alteration. Taking the above predicaments together, the main goal of 

this work, particularly for this last experiment, was to examine the potential use of SAFP 

for retinal vascular Df analysis in individual with and without DM risk factors at ONH. 

• Objective 3: To elucidate the difference of Df between groups with risk and non-

risk of DM.  

• Research hypothesis: Individual with DM risk factors significantly have higher 

retinal vascular Df compared to non-risk group.   

Studies showed that several cardiovascular risk factors including age and high 

blood pressure have been independently associated with lower Df measurement among 

normal population with cardiovascular and ocular risk factors (Cheung et al., 2012; Zhu 

et al., 2014). Smaller retinal Df have been reported in patients with  high myopia and 

cataract (Cheung et al., 2012). To the best of our knowledge, there is no study has yet 

examined the influence of DM risk factor on retinal vascular Df. As for that, this study 

was also aimed; 

• Objective 4: To explore the potential association of retinal vascular Df with risk 

factors of DM.  

• Hypothesis: It was expected that DM risk factors were independently associated 

with retinal Df.  

  


