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Abstract 
 

In light of new data regarding pathology of multiple sclerosis (MS), more research is 

needed into the vascular aspects of the disease. Demyelination caused by inflammation is 

historically thought of as the main cause of disability in the disease. Recent studies, 

however, have suggested that MS is in fact a spectrum of overlapping phenotypes 

consisting of inflammation, oxidative damage and hypoperfusion. The microvasculature 

plays an important role in all of these pathogenic processes and its dysfunction may 

therefore be of crucial importance to the development and progression of the disease. This 

thesis focuses on investigating the microvasculature of the retina as a surrogate for the 

brain by assessing the vascular structure, blood flow dynamics and oxygen transfer of the 

retinal blood vessels in secondary progressive multiple sclerosis (SPMS). Studying the 

retinal microvasculature using a multimodal imaging approach has allowed us to develop a 

more detailed understanding of blood flow in MS and to identify new imaging markers for 

trials into neuroprotective drugs in MS. The work done in this thesis demonstrated; i) a 

higher rate of retinal microvascular abnormalities in MS which progresses with disease 

severity, ii) evidence of retinal vascular remodelling in SPMS and iii) changes in blood 

velocity and flow in the retina in SPMS. These observations pave the way for future 

investigations into the mechanisms of vascular alterations and vascular dysfunction in MS, 

and provide a set of imaging markers to further explore other cerebrovascular diseases 

through the retina.  
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Impact Statement 
 

By using the eye as a window to the brain, this thesis has expanded our knowledge of 

possible changes in microvascular function in multiple sclerosis and has provided a baseline 

for future investigation into the temporal vascular changes during disease progression. This 

thesis has demonstrated that high resolution imaging of retinal microvasculature is possible 

and fruitful in patients with multiple sclerosis, and could be used more widely in other 

neurological and systemic disorders to further understand subclinical impacts of disease. 

Indications of microvascular pathology in multiple sclerosis will increase traction for 

research into the microvascular impact of other brain diseases which also have devastating 

social and economic impact and where treatment options are also limited. The multimodal 

method development and baseline vascular parameters reported in this thesis will now be 

used for the analysis of images being captured as part of an ongoing clinical trial for the 

assessment of simvastatin treatment in SPMS. The semi-automated analysis tools for 

measuring retinal blood velocity developed in this thesis can also be applied to the study of 

numerous ophthalmic and systemic diseases where vascular function is thought to be 

affected. The use of multimodal imaging greatly enhanced the insights gained in this thesis 

and should be considered for diseases with subtle but significant microvascular effects in 

the retina. Following the findings in this thesis that the retinal microvasculature is impacted 

in MS, microvascular health should be recognised by neurologists and policy makers alike 

as a potentially significant element in the progression of MS worthy of further investigation 

and investment. 
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Introduction 
 

1.1 Multiple Sclerosis 
 

1.1.1 Overview 
 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central 

nervous system (CNS). Typically, patients who develop MS present with clinically isolated 

syndrome (CIS), where patients experience only one episode of neurological symptoms 

which lasts 24 hours or more. In order for the patient to be diagnosed with MS, they must 

have at least one neurological relapse in addition to other clinical, laboratory and 

radiological findings (Thompson et al, 2017).  Most patients with a single clinical episode 

constituting a CIS, usually involving the optic nerve, spinal cord or brainstem, that also have 

abnormal brain imaging will go on to experience further disease activity and develop 

clinically definite MS (Brex et al, 2002). Subsequently, most MS patients will experience 

“relapses” of neurological disability that are followed by complete or incomplete recovery, 

and are diagnosed with relapsing-remitting MS (RRMS). Relapses without complete 

recovery can cause significant disability accumulated over time.  Over time, approximately 

15-30% of RRMS patients will start to chronically accrue disability without clinical recovery, 

a disease type called secondary progressive MS (SPMS) (Thompson et al, 2018) (Figure 1.1), 

as it follows the initial relapsing phase. This is in contrast to a small minority of MS patients 

(approximately 15%) who present as primary progressive MS (PPMS), meaning they initially 

present with this progressive state of continuous clinical deterioration without recovery. 

Secondary progressive (SP)MS can be characterised into active, where there may be some 

evidence of relapses or new lesions on MRI, or inactive, where these indicators are absent 

(Lublin et al, 2014). Whilst most of the long-term disability experienced by MS patients is 
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accrued in the progressive states of the disease, there is still a sparsity of effective 

treatment options for these patients. 

 

Figure 1.1: Description of disease course in relapsing remitting and secondary progressive 
multiple sclerosis. Adapted from Holland et al (2010).  
(Holland et al, 2010) 

1.1.2 Pathobiology of MS 
 

The term “multiple sclerosis” derives from the original description of the disease as 

presenting with numerous sclerotic or scar-like lesions which develop in the white matter 

of the brain and spinal cord (Charcot, 1868; Pearce, 2005). These lesions are formed by 

acute focal inflammatory demyelination with limited remyelination, leading to axonal 

damage and functional loss. Demyelination refers to damage and loss of the myelin sheath, 

which is formed and maintained by oligodendrocytes and is essential for saltatory 

conduction in nerves. Neuropathological studies of MS patients show various typical 

aspects of MS associated CNS injury, consisting of neuronal and axonal loss, demyelination, 

oligodendrocytic damage and death and remyelination.  The injury and loss of 

oligodendrocytes have been proposed to be important drivers of subsequent neuronal 

dysfunction and death. 
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1.1.3 Risk Factors and Triggers of MS 

Although inflammation of the CNS is seen to be the primary initiating event in MS, the 

specific events that trigger this inflammation are still unknown. MS is thought to be 

triggered by a combination of lifestyle and environmental factors in an individual with a 

complex genetic risk profile for MS (Waubant et al, 2019).  

One of the most prominent environmental factors in MS is geographic location. There is a 

latitudinal gradient of MS risk, where the prevalence increases with increasing distance 

from the equator. This effect has a number of possible explanations, most notably; genetic 

influence, vitamin D levels and UV radiation. MS has a significant familial recurrence rate, 

with first degree relatives having a higher risk of MS (2-5%) (Robertson et al, 1996; 

Sadovnick & Baird, 1988). Over 200 genetic risk variants have been identified for MS, each 

with only a small effect on the disease, yet it is the different combinations of these variants 

that likely contribute to an individual’s susceptibility to MS (Baranzini & Oksenberg, 2017). 

This genetic component would contribute to the geographic variations in MS, but does not 

explain how risk among people of common ancestry changes when they migrate to areas of 

low or high risk (Hammond et al, 2000). This change of risk also only applies when an 

individual migrates before the age of 15, suggesting exposure to environmental factors 

early in life plays an important role in the disease’s development (Ahlgren et al, 2012; Gale 

& Martyn, 1995). Increased vitamin D levels before the age of 20 are associated with a 

reduced risk of developing MS later in life (Munger et al, 2006). As vitamin D synthesis is 

dependent on UV radiation, the environmental risk factor of geographic location is possibly 

mediated by vitamin D exposure. Vitamin D is known to have broad-ranging effects on the 

immune system through suppression of B- and T- cell proliferation (Aranow, 2011), but UV 

radiation is also known to support the immune system, independent of its impact on 
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vitamin D by actions such as activation of B and T regulatory cells (Byrne & Halliday, 2005; 

Schwarz, 2008).  

It has also been suggested that exposure to particular viruses could cause an autoimmune 

effect which initiates the MS process. Infection with Epstein-Barr Virus (EBV), a herpes virus 

widely present in the wider population (Balfour et al, 2013), has been associated with a 

higher risk of developing MS (Ascherio & Munger, 2007). The reasons for this association 

are unclear. EBV could have a specific effect on immune regulation, or its effect could be 

the result of “molecular mimicry” where a foreign antigen shares genetic or structural 

similarities with a self-antigen, and an immune response to the virus inadvertently cross-

reacts with myelin to induce demyelination (Lang et al, 2002). 

 

1.1.4 Immune Pathways of MS 

There are multiple theories to describe MS pathogenesis. Firstly, damage occurs from the 

“outside-in”, where CNS inflammation is the primary insult of the disease from which all 

other disease mechanisms follow. Secondly, damage occurs from the “inside-out”, where 

neurodegeneration and microvascular damage causes blood-brain barrier (BBB) 

dysfunction, with inflammation as a secondary response. Thirdly, that both inflammation 

and neurodegeneration are independent processes which occur at different rates 

throughout the disease.  

As many successful treatments for the relapsing remitting stage of MS target immune 

regulation or specific immune cell types it is clear that the immune system plays an 

essential role in the pathogenesis of MS. The “outside -in” hypothesis of MS describes how 

the disease could be triggered by the activation of peripheral autoreactive effector CD4 T 

cells that migrate into the CNS to initiate CNS damage (Malpass, 2012). Once trafficked into 

the CNS, autoreactive effector CD4 T cells become reactivated and recruit more T cells and 
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macrophages, causing further damage and establishing the inflammatory lesion. In RRMS, 

disease activity is primarily driven by formation of new acute focal MS lesions, where T 

lymphocytes entering the CNS elicit a local immune mediated response that incurs damage 

primarily to oligodendrocytes. However, inflammation is not only contained to the focal 

demyelinating lesions, as more subtle, diffuse forms are also seen, such as found in normal 

appearing white matter (Kutzelnigg et al, 2005). The presence of many different pathologic 

features in MS implies that the disease is not only inflammatory, but is creating an 

environment which is neurotoxic. 

The “inside-out” model of MS (Stys et al, 2012) suggests that the initial trigger of MS is 

hypoxia, hypoperfusion and tissue energy failure followed by demyelination, inflammation 

and white matter loss. Tissue energy failure has been steadily gaining traction in MS 

research as an important causal factor in MS pathophysiology (Dutta et al, 2006; Dutta & 

Trapp, 2011; Lazzarino et al, 2017; Lu et al, 2000; Sadeghian et al, 2016). The hypothesis is 

that poor metabolic function, caused by poor perfusion and mitochondrial failure, creates a 

neurotoxic environment driving MS neurodegenerative processes. MS has been associated 

with ischaemic diseases of the brain, such as stroke (Hong et al, 2019) and venous 

thromboembolism (Christensen et al, 2012), suggesting a role for hypoxia in disease 

development. However, it is not clear whether decreased microvascular function causes an 

environment of energy failure which damages oligodendrocytes leading to BBB 

dysfunction, or is a result of reduced metabolic demand by atrophied tissue. Loss of 

myelination also causes increased energy demand from axons, especially if a more 

continuous mode of conduction is restored to the demyelinated axons. Additionally, local 

production of nitric oxide can result in mitochondrial inhibition, inducing a state of “virtual 

hypoxia” (Trapp & Stys, 2009). Axonal and neuronal degeneration are therefore key 

pathological features in the early phases and are potential causal factors of disease. 

Another potential explanation is that BBB dysfunction may precede immune cell infiltration 
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(Spencer et al, 2018). In both imaging and histological studies of MS, there is evidence to 

support this theory of initial BBB breakdown (Dawson, 1916; Filippi et al, 1998). Disruption 

of the BBB can been detected prior to the presentation of gadolinium (Gd) enhancing 

lesions, and other clinical and radiological signs of MS (Filippi et al, 1998). Seminal 

histological characterisation of MS lesions demonstrated that myelin breakdown invariably 

originated around parenchymal blood vessels (Dawson, 1916), which supports the theory 

that barrier breakdown is the initiating factor allowing for immune cell infiltration and 

neural lesion development.  

The debate surrounding the exact genesis of MS, whether it is “outside-in” or “inside-out”, 

is complicated by the variability of this disease. MS has a high degree of individual variation 

in its presentation, severity and progression (Thompson et al, 2018). It is possible that both 

models are accurate, and in fact take place at different stages of the disease process of MS 

patients, leading to variability and inconsistencies between patients. 

 

1.1.5 Progression of MS 

The exact events that lead to conversion from RRMS to SPMS are not yet known. Some 

argue that the brain exhausts its capacity to compensate for axonal loss (Trapp & Nave, 

2008) as the remaining demyelinated axons have an increased energy requirement to 

maintain conduction velocity, which drains resources resulting in further cell damage and 

death (Herndon, 2002). Although focal demyelination is associated with clinical relapses, 

axonal loss is thought to be the primary cause of permanent disability in MS (Dutta & 

Trapp, 2011). The secondary progressive phase of MS has often been considered to be a 

stage where BBB dysfunction is no longer of relevance, and where heightened immune 

response is “compartmentalised” to the CNS.  
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The impact of inflammation on disease progression in progressive MS is also less clear. 

Lesions during the secondary progressive phase exhibit diminished inflammatory activity 

(Prineas et al, 2001) and circulating immune markers in SPMS patients are dampened 

(Soldan et al, 2004; Sorensen & Sellebjerg, 2001), yet neurodegeneration persists. While 

RRMS is related to focal, immune-mediated inflammatory processes that result in new 

plaque formation, progressive MS has been suggested to be related to more diffuse, global 

and continuous CNS damage. It is mediated by lower but steady concentrations of 

inflammatory cells and mediators, that produce a “slow-burning” inflammatory attack on 

the CNS. Progressive MS is also associated with generalised brain atrophy, caused by 

diffuse axonal injury and neuronal death, affecting the cortex and even “normal-appearing” 

white matter. As patients move into the secondary progressive phase, new focal regions of 

inflammation no longer appear and the remaining lesions grow slowly by radial expansion. 

Inflammation in this stage however is also not only contained to the focal demyelinating 

lesions, as diffuse forms are also seen, such as found in normal-appearing white matter 

(Kutzelnigg et al, 2005). These diffuse inflammatory changes have been shown to correlate 

with axonal loss leading to neurodegeneration and disability (Frischer et al, 2009). 

Inflammation is also argued to be compartmentalised in progressive MS as lymph follicle-

like structures have been detected in the meninges and perivascular spaces of these 

patients (Prineas & Wright, 1978; Serafini et al, 2004) and their presence is associated with 

rapid disease progression and profound brain damage (Magliozzi et al, 2007). Ongoing 

subtle inflammation such as this may lead to vascular changes such as endotheliopathy 

(Plumb et al, 2002), causing hypoperfusion and neuronal damage. 
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1.1.6 Vascular Disease and MS 

This low level, underlying inflammation may be associated with generalised vascular 

dysfunction within the CNS. There are reported associations between vascular disease and 

MS (Marrie et al, 2016; Roshanisefat et al, 2014; Tettey et al, 2014; Tseng et al, 2015). 

Vascular comorbidities, such as diabetes, heart disease, hypertension and peripheral 

vascular disease, are associated with more rapid disease progression in MS (Marrie et al, 

2010). The work of Tseng et al (2015) suggested there is an increased risk of ischaemic 

stroke in MS, however a larger cohort study by Roshanisefat et al (2014) suggested this 

may be acute, with no significant risk of stroke one year following diagnosis. Population 

studies which attempt to correlate vascular events to MS are challenging in these cohorts 

due to variation of disease and lifestyle impact of disease burden.  

Due to the success of immune modulating therapies in RRMS, MS research has been 

heavily focused on involvement of lymphocytes and other immune cells. However, 

erythrocytes may also play an important role in MS pathogenesis as a result of impaired 

antioxidant capacity and altered haemorheology, leading to peripheral oxidative stress and 

potential ischaemic tissue damage. Markers for oxidative stress in erythrocytes correlate 

with a higher Enhanced Disability Status Scale (EDSS) score, lesion load and increased 

disease duration in RRMS (Ljubisavljevic et al, 2014) however it is unclear as to whether this 

is a cause or effect of the disease. This concept of erythrocytic damage is supported by the 

high concentration of free serum haemoglobin in SPMS, and its correlation to brain atrophy 

(Lewin et al, 2016). It is hypothesised that low-grade chronic intravascular haemolysis 

releases free haemoglobin into the CNS across an already damaged blood-brain barrier 

along with the breakdown products haem and iron (Lewin et al, 2016). Interestingly, iron 

loading is a common feature in MS (Adams, 1988; Al-Radaideh et al, 2013; Craelius et al, 

1982), and as it accumulates with age (Hallgren & Sourander, 1958) and disease (Bermel et 

al, 2005; Brass et al, 2006; Zhang et al, 2007) it can further increase oxidative tissue loss. 
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Iron is mainly stored in oligodendrocytes in the CNS, and with oligodendrocyte death free 

iron is released into the extracellular space (Hametner et al, 2013), contributing to the iron 

loading caused by intravascular haemolysis. 

Whilst there is an association between multiple sclerosis and vascular pathology, it is 

difficult to determine the direction of causality. Hypoperfusion and tissue hypoxia could be 

the result of neurodegenerative processes or it could play a central role in the development 

of MS and its persistence through the secondary progressive phase. 

 

1.1.7 Hypoxia and MS 

There is increasing evidence suggesting that tissue hypoxia is an important factor in MS 

pathophysiology (Law et al, 2004; Marshall et al, 2016; Sosa & Smith, 2017; Yang & Dunn, 

2015). Hypoxia can exacerbate inflammation and vice versa, due to common regulation 

signals involved in both inflammation and hypoxia responses (Cummins et al, 2006). 

Therefore, the link between hypoxia and inflammation in MS could be crucial to 

understanding the disease process. Increased infiltration of inflammatory cells and 

activation of microglia could also be another cause of reduced oxygen availability 

(Horstmann et al, 2013; Schroeter et al, 2009), which would lead to a mixed inflammatory 

and hypoxic phenotype as seen in MS. 

MS lesions typically develop in watershed areas of the brain (Desai et al, 2016; Haider et al, 

2016), which are most vulnerable to hypoxic damage due to the nature of their blood 

supply. Consistent with this, MS patients are found to have a reduced cerebral blood flow, 

even in areas of normal appearing white matter (Adhya et al, 2006; D'Haeseleer et al, 

2013). Changes in cerebral perfusion in multiple sclerosis have been noted in multiple 

sclerosis of all subtypes, and progressive patients in particular show substantial areas of 

reduced perfusion (Adhya et al, 2006; Law et al, 2004; Rashid et al, 2004). Arterial spin 



28 
 

labelling (ASL), an MRI technique to measure rate and volume of cerebral perfusion, has 

been used to study this in MS. Bolus arrival time, a measure of haemodynamic function in 

the brain, as measured with ASL is delayed in RRMS (Paling et al, 2014), and is associated 

with disability. Cerebral hypoxia is, however, not a ubiquitous feature of MS, as a study on 

cortical microvascular oxygenation found that although on average there was an increased 

number of hypoxic regions in MS patients, there were some patients with little to no 

reduction in oxygenation (Yang & Dunn, 2015).  

There is therefore no general consensus on the cause of hypoxia in multiple sclerosis, or 

whether this is due to a compromised vasculature, and if this is a cause or effect of MS. The 

temporality of this process is a subject for future work, but it is clear that microvascular 

damage in MS would be likely to further exacerbate the disease and its symptoms, and may 

serve as a useful target for MS therapies. 

 

1.1.8 Treatment of MS 
 

There are many challenges facing the development of an effective treatment for SPMS. 

Defining progression and understanding the disease mechanisms which lead to disability 

are major barriers to designing clinical trials and identifying therapeutic targets. Recent 

work has suggested that progressive forms of multiple sclerosis are part of a spectrum of 

overlapping phenotypes, therefore treatment may be required to target a various number 

of aspects to be effective. 

Many of the drugs successfully used to treat the earlier relapsing remitting phase of MS 

have been investigated in progressive MS. Many immunomodulating therapies effective in 

RRMS (e.g. cyclophosphamide, β-interferon, fingolimod, natalizumab, glatiramer acetate) 

have been found to be ineffective in SPMS (Bornstein et al, 1991; Freedman et al, 2011; 
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Kapoor et al, 2010; Noseworthy, 1991; Rovaris et al, 2006; Smith & Cohen, 2016). 

Treatments aimed at neuroprotection (lamotrigine (Kapoor et al, 2010), 

tetrahydrocannabinol (Zajicek et al, 2013)) have also been ineffective. Ocrelizumab, a drug 

targeting CD20 markers on B lymphocytes, has however been approved for early 

progressive MS (Montalban et al, 2017). Mitoxantrone, a chemotherapy agent, has also 

been approved for use in SPMS with ongoing inflammation (Hartung et al, 2002) however 

with significant potential side effects, which have to be considered especially in younger 

patients.  

One drug, simvastatin, has shown promise in slowing the progression of inactive disease. As 

part of a group of drugs widely used to treat hypercholesterolemia, simvastatin has an 

excellent safety profile ideal for long-term treatment. A phase II randomised controlled trial 

(MS-STAT) investigated high-dose simvastatin treatment in SPMS due to statin’s reported 

impact on inflammation, yet found no effect of the drug on the immune markers tested 

(Chataway et al, 2014). Despite this, simvastatin treatment resulted in a ~40% reduction in 

the annualised rate of brain atrophy over two years of treatment (Chataway et al, 2014). 

This would suggest another mechanism is responsible for simvastatin’s beneficial effect in 

these patients, which could be explained by statin’s purported pleiotropic effects of 

improving vascular function and reducing oxidative damage (Wang et al, 2008). Although 

these results are promising, more research is necessary to elucidate the microvascular 

impact of MS and how treatment pathways could be directed towards microvascular 

protection and maintenance. 

 

1.2 Eye and Brain Homology 
 

The majority of research focussing on the impact of vasculature in MS has concentrated on 

cerebral vasculature. However, the cerebral vasculature is difficult to visualise and measure 
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in detail due to physical boundaries which obscure imaging (i.e. the skull). Non-invasive 

MRI based techniques to investigate cerebral blood flow, such as ASL, are available but are 

time intensive and their spatial resolution makes it difficult to pinpoint areas of vascular 

disturbance (Petcharunpaisan et al, 2010). Due to the anatomical and physiological 

similarities of retinal and cerebral microvasculature, the retina could be used as a non-

invasive surrogate for studying cerebral blood vessels in MS. As the retina is an extension of 

the diencephalon during embryonic development, the brain and retina share a similar 

pattern of specialised vascularisation. The result is two separate vascular networks, but 

with very close anatomical correlations and similar regulatory mechanisms (Risau, 1997; 

Hughes et al, 2000). 

Importantly, although the cerebral and retinal vasculature are virtually identical in 

structure and function, the retinal nerves are unmyelinated to allow for light to reach the 

photoreceptors unimpeded. This lack of myelination indicates that fundamental processes 

of MS pathogenesis would not take place in the retina as in the brain and therefore retinal 

pathology cannot directly reflect that of the brain. Demyelination outside of the retina, 

however, may still have downstream consequences to the retinal ganglion cells especially 

when damage is occurring within the visual pathway. Nevertheless, there are some 

examples of ongoing MS pathology in the retina in the absence of local myelin and 

seemingly unrelated to axonal damage, such as that found in the increased rate of retinal 

vasculitis in MS patients (Ortiz-Perez et al, 2013). 

 

1.2.1 Autoregulation and the Neurovascular Unit 
 

Circulation outside of the CNS is largely under autonomic control where blood flow is 

altered according to changes in arterial blood pressure. In contrast, blood flow in the brain 

is maintained at a constant level by altering vascular resistance, a process known as 
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autoregulation (Lassen, 1959). The retina is similarly autoregulated, ensuring that the 

dense vascular beds of the retina remain largely unchanged by increases in systemic blood 

pressure (Luo et al, 2015).  

Cerebral and retinal vascular networks consist of tight barrier circulations in order to 

maintain the strict homeostasis of their vulnerable tissues. This barrier protects the 

neuronal tissue from exogenous toxins, allows blood composition to be buffered via the 

endothelium and restricts transport of material and cells across the endothelium. Vascular 

endothelial cells are a core component of both the blood-brain barrier and blood-retinal 

barrier. As they are unfenestrated and form tight junctions between cells, they limit 

transcellular and paracellular transport thus protecting the brain and retina, but they also 

form an interactive interface to allow for selective transport of essential nutrients into the 

brain and waste products into the blood.  

The supporting cells of both the retinal and cerebral circulations, pericytes, provide 

structural support and help to establish the blood-retina and blood-brain barriers. Pericytes 

are the capillary analogue of vascular smooth muscle cells, and their contractile properties 

contribute to autoregulation in the brain and the retina (Herman & Damore, 1985). Unlike 

retinal pericytes, cerebral pericyte’s phagocytic ability acts as a second line of defence 

(Rucker et al, 2000; Thomas, 1999). Pericytes mechanically regulate vessel wall integrity, 

therefore pericytic loss is known to lead to vessel permeability and tissue damage in both 

the brain and the eye (Trost et al, 2016). Retinal pericytes also cover more of the retinal 

network than their cerebral counterparts (Cogan & Kuwabara, 1984; Frank et al, 1990). 

Endothelial cells and pericytes are also essential elements within the multicellular system 

known as the neurovascular unit (NVU) (Figure 1.2) (Stamatovic et al, 2008). Within the 

brain, the neurovascular unit consists of the blood vessels themselves in conjunction with 

neurons, astrocytes, pericytes and microglia (Hawkins & Davis, 2005; McConnell et al, 
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2017). The retina has a very similar structure consisting of the blood vessels in conjunction 

with retinal ganglion cells, microglia, astrocytes, Müller cells and pericytes (Metea & 

Newman, 2007). An important function of the NVU is in performing neurovascular 

coupling,, to protect the delicate cerebral tissue from changes in systemic blood pressure 

and to ensure adequate perfusion to neural tissue according to local neuronal demand 

(Muoio et al, 2014). 

 

Figure 1.2: Schematic diagram of the neurovascular unit in the brain. Created with 
Biorender.com. 

 

The cerebral vasculature is therefore composed of a number of different components 

which are common to both the brain and the eye, suggesting the retina could serve as a 

proxy for the brain in imaging. Techniques are available for imaging the cerebral 

vasculature, however they are limited in their resolution. Specialist MRI techniques such as 

blood oxygen level dependent (BOLD) imaging and ASL imaging have been developed for 

visualisation of perfusion and haemodynamic functions in the brain, however the spatial 

resolution of these techniques, based on acquisition time and spacing is low (up to 1mm), 

prohibits visualisation of small vessels or individual capillaries (Detre & Wang, 2002) . As 
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the majority of the retina is transparent to allow light to reach the photoreceptors, the 

vascular layers of the eye can be more readily visualised non-invasively, and multiple 

modalities have been developed in order to investigate both structure and function to 

micrometre resolution in the retina. Due to its accessibility and similarity to the brain, we 

could therefore use the retinal vasculature to explore how multiple sclerosis affects both 

tissues. In order to estimate the impact of microvascular changes in SPMS using the retina, 

we must first understand normal retinal microvascular structure and function. 

 

1.3 Retinal Anatomy 

The human eye is composed of three concentric layers; the external layer, made up of the 

sclera and cornea, the middle vascular layer consisting of the choroid and the greater part 

of the ciliary body and iris and the innermost layer which is composed of the retina and the 

neuro-epithelia of the ciliary body and iris (Junqueira et al., 1998). The retina is the light 

sensitive layer at the back of the eye which converts light energy to electrical signals, and it 

consists of; the external limiting membrane (ELM), the photoreceptor layer (PRL), the outer 

nuclear layer (ONL), the outer plexiform layer, the inner nuclear layer (INL), the inner 

plexiform layer (IPL), the ganglion cell layer (GCL) and the retinal nerve fibre layer (RNFL), 

consisting of the ganglion cell axons (Figure 1.3). The final structure at the interface of the 

retina and vitreous body is the internal limiting membrane (ILM) which is maintained by the 

Müller cells (Kolb et al, 2005). 
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(Richardson et al, 2017) 

Figure 1.3: Cross-sectional histology of the human retina (B) approximately aligned with 
retinal layers imaged with optical coherence tomography (OCT)(A). NFL: Nerve Fibre Layer, 
GCL: Ganglion Cell Layer, IPL: Inner plexiform Layer, INL: Inner Nuclear Layer, OPL: Outer 
Photoreceptor Layer, ONL: Outer Nuclear Layer, IS: Inner Segment, OS: Outer Segment, PR: 
Photoreceptors, RPE: Retinal Pigment Epithelium. Adapted from Richardson et al (2017). 
(Richardson et al, 2017) 
 

The photoreceptor layer contains the rods and cones, the photosensitive cells of the retina. 

Light entering the eye, on its path to the photoreceptors, must first travel the thickness of 

the retina, before striking and activating the photoreceptors leading to visual 

phototransduction, where light is converted to electrical energy. Bipolar cells found in the 

inner nuclear layer are responsible for vertical transmission of information from the 

photoreceptors to the neuropile of the inner plexiform layer, where their axon terminals 

connect with amacrine cells which integrate and modulate the information for the ganglion 

cells, and connect with the dendrites of ganglion cells themselves. The ganglion cell layer is 
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the innermost cellular layer of the retina and is comprised of retinal ganglion cells (RGCs) 

whose axons track along the retinal surface to form the retinal nerve fibre layer (RNFL) and 

exit the eye via the optic nerve. The optic nerve is visible through ophthalmoscopy as the 

optic nerve head, otherwise known as the optic disc. The optic nerve is unusual as its axons 

are initially unmyelinated, and only become myelinated as they exit the eye through the 

lamina cribrosa. Horizontal cells in the outer plexiform layer act as laterally interconnecting 

neurons as their dendrites connect the pedicles of cones and their axon terminals connect 

with the spherules of rods. The supporting cells of the retina are found throughout the 

neural retina and consist of a variety of neuroglia including astrocytes, microglia and Müller 

cells (Kolb et al, 2005). The retina is finally enclosed at the nerve fibre layer by the inner 

limiting membrane which separates it from the vitreous humour of the eye anteriorly. 

(Junqueira et al., 1998) 

 
1.3.1 Retinal Blood Supply 

The retinal circulation must provide a system which supplies nourishment and removes 

waste effectively without compromising vision. This requirement is satisfied by two 

discrete and independently formed vascular systems; the retinal and choroidal blood 

vessels. Functionally there is little overlap between these systems. The sources of blood to 

the retinal and choroidal systems are the central retinal artery, posterior ciliary artery and 

its muscular branches (Hayreh, 1962). The central retinal artery branches prior to emerging 

from the optic nerve into superior and inferior arteries (Figure 1.4). As they branch out 

towards the temporal retina the arteries respect the horizontal midline and therefore 

supply the superior and inferior hemispheres independently. 
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Figure 1.4: Example of a 50-degree colour fundus photograph of a healthy right eye. The 
optic nerve (blue dashed circle) and blood vessels radiating outwards from it are visible. 
Blood vessels branching toward the macula (yellow dashed circle) are also visible. Adapted 
from Ophthalmic Atlas Images by EyeRounds.org, The University of Iowa. 
 

Large vessels entering and exiting the retina are embedded in the RNFL and GCL to support 

inner retinal function as the superficial vascular plexus. As the vascular tree descends to 

smaller vessels and ultimately capillaries these give rise to a laminar meshwork. Included in 

this are the intermediate and deep capillary plexuses, formed of a layer of capillaries above 

and below the INL, respectively (Weinhaus et al, 1995) (Figure 1.5). The number of layers 

which form the laminar mesh work depend on location, as in the periphery it merges to 

form only one layer and in the centre of the retina it comprises of three layers (Campbell et 

al, 2017). These spatial differences correspond to disparities in both tissue oxygen demand 

and retinal thickness in these regions. 
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Figure 1.5: Diagram of the retinal vascular layers, including the superficial, intermediate 
and deep vascular plexi. The choroidal plexus is found beneath the RPE. Created with 
Biorender.com 
 

Retinal capillaries are formed of a layer of endothelial cells encapsulated by a basement 

membrane in which pericytes are embedded. Retinal capillaries are an important element 

of the blood-retinal barrier (BRB), the tightly controlled boundary between the 

intravascular and extravascular environment in the retina (Martin et al, 2000). Pericytes are 

essential for contractile function, endothelial barrier integrity and endothelial cell 

proliferation (Martin et al, 2000). Beyond the lamina cribrosa there is no autonomic control 

of the retinal vasculature, therefore retinal capillaries are dependent on pericytes and 

smooth muscle cells for local autoregulation of blood flow. There is an approximate 1:1 

ratio of pericytes to endothelial cells allowing for specific neurovascular coupling (Frank et 
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al, 1990). The basement membrane between pericytes and endothelial cells is also very 

thin, allowing for increased communication between the two. 

The retinal venous system is interdigitated with the arterial vasculature and venous blood 

leaves the retina via the central retinal vein. The outer retina has no blood vessels and is 

provided with oxygen, nutrients and waste disposal functions by the choroidal circulation. 

 

1.4 The Retina in Multiple Sclerosis 

The retina is frequently affected by multiple sclerosis. Optic neuritis, inflammation of the 

optic nerve, is the presenting feature in 15-20% of MS patients (Arnold, 2005) and can 

cause long term damage to both the structure and function of the retina. Atrophy of the 

RNFL and GCL as measured with optical coherence tomography (OCT) has been consistently 

demonstrated as an indication of neurodegeneration in multiple sclerosis. The application 

of OCT in detecting, monitoring and understanding neurodegeneration has been 

established as a useful structural biomarker in the disease (Costello & Burton, 2018; 

Gordon-Lipkin et al, 2007; Petzold et al, 2010).  OCT measurements of ganglion cell and 

inner plexiform layer (GCIPL) atrophy have been shown to correlate to brain atrophy from 

MRI derived measurements of white matter, grey matter and thalamic volume (Gordon-

Lipkin et al, 2007; Saidha et al, 2015). RNFL thinning is also known to be present in each 

type of multiple sclerosis, regardless of history of optic neuritis (Petzold et al, 2010; 

Zamzam et al, 2015), demonstrating that retinal structural changes can occur in MS even in 

the absence of optic nerve damage. Although retinal thinning is strongly linked to clinical 

deterioration, retinal changes as a direct response to MS treatment are not consistently 

shown. A retrospective study indicated that the rate of GCIPL thinning was noticeably 

reduced following the use of certain MS treatments, i.e. aggressive natalizumab therapy, 

although this was not the case when compared to treatment with the conventional first 
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line therapy of glatiramer acetate and interferon (Button et al, 2017). Nevertheless, inner 

retinal changes can provide a direct reflection of cerebral consequences of the disease. 

Retinal damage subsequent to inflammation of the optic nerve is unsurprising as the 

unmyelinated fibres of the optic nerve extend across the retina to form the RNFL. However, 

recent studies have shown it is not only the neuronal layers which are damaged in multiple 

sclerosis. A post mortem study suggested that retinal atrophy and inflammation in multiple 

sclerosis extends further into the retina, with INL atrophy seen in 40% of MS patients 

(Green et al, 2010). In this study, severity of retinal atrophy was negatively correlated with 

post-mortem brain weight and a trend was found towards an association between severe 

retinal atrophy and longer disease duration, suggesting global damage to the CNS and 

retina occurring over time (Green et al, 2010).  The extent of retinal atrophy in this group 

also demonstrates degeneration in unmyelinated populations, implying damage is not due 

to demyelination alone and suggests that the disease could have effects throughout the 

CNS, not just at the site of pathological lesions (Green et al, 2010). The prevalence of retinal 

periphlebitis in MS patients also challenges this assumption of demyelination before 

degeneration. Retinal periphlebitis, a form of vasculitis, occurs in 10-35% of patients with 

MS and is associated with severity of disease (Ortiz-Perez et al, 2013). Retinal sheathing, a 

presenting feature of retinal periphlebitis, has been noted as a significant finding in the 

retinal periphery of optic neuritis patients and is associated with patients who are more 

likely to subsequently develop MS (Lightman et al, 1987). As the axons which form the 

RNFL are unmyelinated, retinal periphlebitis is a controversial issue as it suggests that there 

is an inflammatory process occurring in MS which precedes or is not linked to 

demyelination. Microglial activation, an indication of inflammation, has been directly 

associated with retinal cell death in experimental autoimmune encephalitis (EAE) 

(Horstmann et al, 2013), the foremost animal model of MS, and has been shown to precede 

the onset of clinical symptoms (Fairless et al, 2012). Additionally, studies in EAE have 
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suggested that although optic neuritis is the main trigger for RGC death it also occurs 

independently of histopathological changes in the optic nerve (Hobom et al, 2004), 

supporting the idea of a mixed model of pathogenesis. 

Previous research has detected subtle but significant effects of MS on the retinal 

microvasculature. A study using the retinal function imager (RFI), which uses rapid full field 

stroboscopic illumination to image red blood cells in the retina, found increased rigidity in 

the retinal vessels of RRMS patients (Kochkorov et al, 2009). There was no significant 

difference between optic neuritis (ON) positive (+) and ON negative (-) patients, suggesting 

that major inflammatory events in the eye had no impact on this change. Perfusion of the 

retina, calculated as the retinal blood flow divided by the corresponding tissue volume, was 

also shown to be reduced in MS patients compared to controls (Liu et al, 2019), and both 

blood flow velocity and volume as measured with the RFI were reduced in the perifoveal 

region in MS patients (Jiang et al, 2016). However, both of these studies investigated 

patients with relapsing remitting MS or with clinically isolated syndrome so do not inform 

us of what the situation is in secondary progressive MS. This data suggests there are 

multiple sites of damage in the retina, and therefore possibly throughout the CNS, as a 

result of multiple sclerosis which are not limited in cause to demyelination. As purported 

effects in the retinal vasculature are subtle and subclinical, high resolution techniques must 

be employed to investigate both structure and function of blood vessels in these patients.  

 

1.5 Optical Coherence Tomography 
 

Optical coherence tomography (OCT) is a non-invasive imaging technology which allows us 

to distinguish individual retinal layers. OCT can be used to quantify retinal thickness as 

accurately as histologically derived data (Blumenthal et al, 2009), allowing us to investigate 

the retina in vivo in a similar manner. Although not strictly a form of vascular imaging, OCT 
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is used regularly in multiple sclerosis management and has become increasingly prominent 

in the diagnosis and monitoring of MS symptoms. 

OCT is a form of low coherence interferometry, in which an initial light beam is split to a 

reference arm and sample arm. A strong interference occurs when both reflected beams 

recombine with an equal path length within the coherence length of the light source. The 

pattern of interference allows us to create a reflectivity profile, and the resulting intensity 

information is used to construct the OCT images. Spectral domain OCT (SD-OCT) uses 

frequency-based signal detection to enhance axial resolution and scanning speed (Drexler 

et al 2001) (Figure 1.6). Using SD-OCT we can obtain high resolution 3D volumetric scans of 

the retina quickly and non-invasively. 

 
Figure 1.6: Schematic of SD-OCT. FFT: Fast Fourier Transform. Adapted from Dubis (2012). 
(Dubis, 2012) 

OCT has been extensively used to study the inner retinal layers in multiple sclerosis. The 

lateral resolution of most commercial SD-OCT devices is 4-7µm and a retinal ganglion cell is 

around 5-20µm (Dacey, 1993; Hebel & Hollander, 1983), therefore SD-OCT allows us to 

image at a scale which reaches the cellular level in individual retinal layers. This kind of 
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resolution is not possible using even high-resolution T1 weighted MRI images used to 

measure brain atrophy, where 1mm3 is the smallest voxel achieved (Rocca et al, 2017). 

Additionally, reproducibility of SD-OCT scans is excellent (Syc et al, 2010), and standardised 

quality control criteria have been implemented to ensure the integrity of OCT derived data 

in MS (Schippling et al, 2015).  

Although it also has to be considered that the retina and its activity is not a direct reflection 

of the CNS, there is some evidence through OCT that it provides a convenient surrogate. 

RNFL thickness has been associated with brain atrophy in MS (Gordon-Lipkin et al, 2007) 

and GCIPL loss have been shown in a longitudinal study to mirror the rate of whole brain 

atrophy over time (Saidha et al, 2015). RNFL thickness measured by OCT can even be used 

to identify patients most at risk of disability progression (Martinez-Lapiscina et al, 2016). 

Although not included in the 2017 revision of the McDonald Criteria, the international 

diagnostic definition of MS, the authors highlighted research into this field as a high priority 

(Thompson et al, 2017), demonstrating the potential of OCT to transform MS diagnosis and 

management. 

The use of OCT has also been crucial in identifying previously undefined pathological 

processes in the MS retina. Microcystic macular oedema (MMO), a structural abnormality 

in the inner nuclear layer which can be seen with high resolution OCT, has a higher 

prevalence in MS patients. The presence of MMO is suggested to be an indicator of 

disability and disease progression (Gelfand et al, 2012; Saidha et al, 2012). MMO is defined 

as lacunar areas of hyporeflectivity with a cystic appearance (Brar et al, 2010) and although 

described as “oedema”, this may be a misnomer as there is much speculation as to the 

aetiology of MMO. There are three main causative mechanisms which have been proposed; 

“black holes” caused by transsynaptic degeneration (Gills & Wadsworth, 1966), disturbance 

of fluid homeostasis as the responsible cells die or become dysfunctional (Saidha et al, 
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2012), or the result of combined loss of ganglion cells and increased vitreal traction on the 

macula (Lujan & Horton, 2013). 

OCT allows us to visualise the individual tissue layers and retinal abnormalities such as 

MMO non-invasively and at high resolution. The knowledge gained from OCT allows us to 

learn more about the cellular environment in which the vasculature operates, which we 

can then compare to structural and functional measures of the vasculature itself. 

 

1.6 OCT Angiography 
 

Different methods have been developed to detect and measure retinal blood vessels and 

perfusion in both invasive and non-invasive manners with varied levels of resolution. The 

gold standard technique for visualising retinal blood vessels in clinical ophthalmology is 

fluorescein angiography, which allows for real time investigation of vascular integrity. This 

technique is however invasive and unable to resolve individual capillary layers using 

standard protocols. Non-invasive techniques such as laser doppler flowmetry (LDF) and 

laser speckle flowgraphy (LSFG) can be used to measure retinal blood flow and perfusion, 

but as yet are too variable to use clinically (Avila et al, 1998; Sugiyama et al, 2010). Colour 

doppler imaging (CDI), although non-invasive and used clinically for measurement of 

retrobulbar blood flow, does not have the required resolution for retinal microcirculation 

(Dimitrova & Kato, 2010). 

OCT angiography (OCTA) can be used to non-invasively generate volumetric images of 

retinal vasculature to the capillary level. OCTA forms angiographic images by comparing the 

signal between repeated OCT scans in order to construct a volumetric map of blood flow 

within the retina (Figure 1.7). OCTA is non-invasive, repeatable and able to resolve 

individual capillaries in separate vascular layers of the retina, making it a powerful tool for 
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both research and clinical practice, albeit with the potential for artefacts. It is increasingly 

being used in the investigation of disease and discovery of new endpoints (Bhanushali et al, 

2016; Wang et al, 2019), as well as in developing a greater understanding on normal retinal 

vascular anatomy in vivo (Campbell et al, 2017). The volumetric maps are segmented into 

individual vascular layers, most commonly the superficial vascular plexus and deep vascular 

plexus in the retina. From these images vessel density (the number of pixels covered by 

vessels) and flow index (the vessel density compared to a normative database) can be 

calculated.  
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Figure 1.7: OCTA Process Diagram. OCTA images are generated by collecting multiple OCT 
scans in the same location (A), calculating the difference between these scans (B) and 
thresholding the result (C) to remove noise. This single image represents points of 
movement, and therefore blood flow, in this location. This process is repeated at multiple 
locations across a specific retinal region which allows us to generate “maps” of perfusion 
across the region. The perfusion maps in this diagram (E) demonstrate segmentation 
covering a 3x3mm region of the superficial (red), deep (blue) and choroidal (green) plexi. 
Scale on IR image: 1mm   
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OCTA studies have nearly all shown a reduction in retinal vessel density in MS patients 

compared to healthy control subjects in the macula (Feucht et al, 2019; Jiang et al, 2020; 

Lanzillo et al, 2017; Murphy et al, 2019), the optic nerve (peripapillary region) (Spain et al, 

2018; Wang et al, 2014) or both (Ulusoy et al, 2020; Yilmaz et al, 2019), despite variation 

between OCTA devices used. However, the regions most affected by vessel rarefaction and 

to what extent neurodegeneration plays a role in this change is under debate. It is not 

consistently shown whether optic neuritis itself has a direct effect on the retinal 

microvasculature, with some studies reporting a reduction in vessel density in ON positive 

eyes and some not. It is also unclear as to whether vessel damage is constrained to the 

purported source of inflammatory damage, the optic nerve, or extends as far as the 

parafovea. There is also some debate as to whether this reduction in vessel density, or 

‘capillary dropout’, precedes axonal and ganglion cell loss or is a result of it.  

One of the largest cohort studies of vessel density in MS found a significant reduction in 

superficial plexus density in the macula of MS eyes while the deep vascular plexus 

remained unaffected (Murphy et al, 2019). Further, ON+ eyes showed a significant 

reduction in density compared to ON- eyes. When ON- eyes were separated and compared 

to control eyes, the difference was smaller but still significant. Although this was a large 

cohort it represented patients in a relatively early stage of MS, it does not represent results 

from progressive patients. Several smaller studies have also been conducted investigating 

density at different locations in the retina and at different stages of MS. Parafoveal vessel 

density is reduced across MS eyes (Feucht et al, 2019; Lanzillo et al, 2017; Ulusoy et al, 

2020; Yilmaz et al, 2019) and can be correlated with clinical results in both the retina 

(Murphy et al, 2019) and choroid (Feucht et al, 2019). This reduction in parafoveal vessel 

density has also been correlated with inner retinal layer thickness in ON+ patients, 

indicating a close association between vessel rarefaction and cell death (Feucht et al, 2019). 

One study however has shown no significant reduction in parafoveal flow index in MS 
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patients, but a significant reduction in peripapillary flow index, although they do not report 

on vessel densities (Wang et al, 2014). This mounting evidence of parafoveal vessel damage 

in MS, even in early MS cohorts, suggests microvascular damage is occurring not only at the 

optic nerve head, where degeneration occurs early in MS, but further downstream also. 

The studies discussed here largely either do not discriminate by subtype or use only 

patients from the early phases of MS (Table 1.1), therefore there is a gap in knowledge 

surrounding the retinal vascular architecture and function in the secondary progressive 

phase and whether the vasculature changes with progression between different MS 

disease subtypes. Regardless, these results suggest that vessel rarefaction and capillary 

dropout is a common feature among all stages of multiple sclerosis, and should be 

investigated further. If these vascular changes are widely prevalent in the MS retina, even 

at a subtle subclinical level, they will have profound effects on the function of retinal blood 

vessels and their capacity to deliver adequate oxygen and nutrients. The activity of blood 

vessels and the cells within cannot be measured using OCT or OCTA, therefore other 

techniques are required.  

Authors CIS RRMS SPMS Did not 
distinguish 

Wang et al, 2014 - - - X 

Lanzillo et al, 2017 X X -  

Spain et al, 2018 X X X X 

Yilmaz et al, 2019 - X -  

Murphy et al, 2019 X X -  

Feucht et al, 2019 X X -  

Ulusoy et al, 2020 - X -  

 

Table 1.1: MS subtypes investigated in OCTA studies 
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1.7 Adaptive Optics Enhanced Retinal Imaging 
 

Adaptive optics (AO) is a technique originating from astronomy whereby image quality is 

improved to theoretically diffraction-limited levels by compensating optical aberrations. 

Correcting for these optical imperfections has allowed non-invasive in vivo visualisation of a 

number of retinal cell types. There are three main components to an ophthalmic AO 

imaging system: a wavefront sensor for measuring the eye’s aberrations, a corrective 

element which is typically a deformable mirror and an imaging device. (Figure 1.8) 

 

Figure 1.8: Set up of a standard adaptive optics ophthalmoscope, based on Gill et al (2019). 
(Gill et al, 2019) 

Adaptive optics has been combined with standard fundus imaging (Liang et al, 1997), OCT 

(Hermann et al, 2004)and scanning laser ophthalmoscopy (SLO) (Roorda et al, 2002) to 

enhance resolution of retinal imaging. SLO, which utilises horizontal and vertical scanning 

mirrors to scan a specific region and create raster images of the back of the eye, can be 
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coupled with AO (as AOSLO) to produce near diffraction-limited images of the retina. 

Confocal AOSLO has been used with great effect in ophthalmology to image photoreceptor 

outer segments in degenerative retinal conditions (Gill et al, 2019). However, highly 

scattering structures, such as blood cells and blood vessel walls, are challenging to image 

using confocal AOSLO as the vasculature is deeply embedded into the highly backscattering 

RNFL. To overcome this obstacle, several groups have looked at the optical signals present 

in the non-confocal signal (Chui et al, 2012; Scoles et al, 2013). The most used varieties of 

this non-confocal imaging are offset pinhole, dark field and split detection; all originating 

from histological light microscopy. Non-confocal imaging in the retina was first utilised by 

laterally offsetting the aperture in front of the detector, known as “offset aperture”, 

allowing for detection of light which is not directly captured by the system pupil. Split 

detection is a progression from this, where light bouncing from either side of the structures 

imaged is collected using two detectors, as in Figure 1.9, therefore allowing greater 

detection of structures which do not strongly reflect light towards a confocal pinhole, such 

as red blood cells and blood vessel walls. 
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Figure 1.9: Schematic of the different components of blood cells which can be imaged using 
AOSLO confocal and split detection modes. Blood cells move in single file in capillaries and 
have diverse appearances using the two techniques. The confocal channel detects light 
through a small pinhole, where only light which reflects directly back, such as light 
reflecting off cell components, can be detected. Importantly, red blood cells (RBC) contain 
no nucleus or other intracellular material capable of reflection in this manner, therefore 
cells detected in the confocal channel are likely white blood cells (WBC) or RBCs at an angle 
which allows their cell membrane to be detected. Split detection, on the other hand, 
detects light which scatters either side of the confocal channel, meaning it can detect cell 
membranes of blood cells and blood vessel structure. The arrows refer to the direction of 
light scatter. The blue arrows refer to light multiply scattered from cells and the black 
arrows indicate light which is reflected directly back towards the detectors. Scale: 50µm. 
 

Using scattered light imaging, such as split detection or offset pinhole imaging, combined 

with adaptive optics, the smallest capillaries and the blood cells within can be visualised in 

real time non-invasively (Figure 1.10). The information obtained using AOSLO could be used 

to calculate blood flow and perfusion in the retina more accurately than previously possible 

in both health and disease. Imaging techniques coupled with AO have been used to detect 

sub-clinical abnormalities in diabetic retinopathy (DR) (Burns et al, 2014) and hypertension 

(Koch et al, 2014) demonstrating the ability of this technique to identify changes never 

seen before with other imaging techniques, and the potential for AOSLO to do so again in 

MS. 
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Figure 1.10: Examples of images of the superficial retinal vasculature of a healthy control 
subject collected using AOSLO split detection. The confocal channel (A) allows us to see 
material which reflects directly into the system pupil. The split (B) and average (C) images 
in which vascular structure is now visible are calculated from the direct and reflect 
channels. Scale: 50µm 
 

 

1.8 Retinal Oximetry 

An essential function of the microvasculature is oxygenation of tissues. Investigating retinal 

oxygenation in SPMS in combination with the information gained from both structural and 

functional imaging in the retina will allow us to decipher the interaction between tissue 

perfusion and metabolic need. Several methods have been used to investigate retinal 

oxygen saturation, however most are highly invasive or suffer from poor resolution. Direct 

methods of retinal oxygen saturation measurement, such as oxygen sensitive 

microelectrodes, are accurate but invasive. MRI based methods, such as BOLD contrast 

imaging, do not have the resolution required to image the retinal microvasculature. An 

estimation of retinal oxygenation can be made non-invasively using retinal oximetry. 

Oximeters such as the Oxymap Retinal Oximeter T1 (Oxymap, Reykjavik, Iceland) use 

spectrophotometric measurements to determine oxygen saturation in the retina. The 

Oxymap captures two images of the retina simultaneously using 570nm and 600nm light, 

which oxy- and deoxyhaemoglobin absorb differently, and determines oxygen saturation by 

comparing the light absorbance, or optical density, of the blood in the retinal vessels 

(Figure 1.11). As the ratio of optical densities (optical density ratio – ODR) between the 
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570- and 600nm wavelengths demonstrates a linear relationship to oxygen saturation, we 

can use it as an approximation of oxygen saturation within blood vessels.  

Saturation values from the Oxymap can be separated into arterial and venular saturation, 

and one can calculate the difference between them (the arteriovenous ratio) to determine 

the approximate rate of oxygen uptake at the capillary level. For example, if both arterial 

and venular saturation is reduced in a disease group compared to controls, it is clear that 

not enough oxygen is being delivered to the capillary beds. However, if arterial saturation is 

normal and only venular saturation is increased compared to controls, it suggests that 

oxygen transfer or uptake is insufficient.  
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Figure 1.11: Oximetry images from a control patient taken with the Oxymap T1. The 
difference in light absorbance between images captured at 570nm and 600nm are used to 
calculate the oxygen saturation of vessels. The colour map demonstrates percentage 
oxygen saturation from 0% (Purple) – 100% (Red). 

 

Insufficient oxygenation of tissues, hypoxia, has been noted in both histopathological 

studies and imaging studies of MS in vivo. Reduced oxygen saturation levels of the CNS in 

MS patients have been noted using near-infrared spectroscopy (NIRS), although hypoxic 

regions were not found in every patient (Yang & Dunn, 2015). Retinal oxygen saturation has 

also previously been shown to be altered in multiple sclerosis using the Oxymap. An 

increase in venular saturation was detected in MS patients (n = 8) compared to control 
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patients, demonstrating poor oxygen uptake of the retina, however the authors did not 

distinguish between RRMS and SPMS patients so any relation of this result to 

neurodegeneration could not be established (Einarsdottir et al, 2018). Although the sample 

size is small, this reduction in oxygen transfer at the capillary level could be explained by 

either a primary microvascular issue, or a lack of metabolic demand from atrophied tissue.  

There are some limitations to using the Oxymap, such as inability to accurately measure 

small vessels, propensity for image artefacts and variability of results due to age, race and 

axial length. The Oxymap can only be used for vessels over six pixels (approximately 

>56µm) in diameter due to measurement variability in narrower vessels. Saturation value 

accuracy is image quality dependent, making results susceptible to artefacts caused by 

optical scattering, such as cataracts or vitreous infiltrates. These findings suggest the need 

for age correction when interpreting cross-section cohorts, but would have less effect on 

longitudinal studies (Hardarson 2015). The angle of gaze can have a significant impact in 

saturation results, therefore standardisation of image collection is essential in maintaining 

repeatability (Palsson et al, 2012). As the technique relies on differential light absorbance, a 

major contributor to light absorbance in the eye, melanin (Guo et al, 2008), will have a 

significant effect on results. The varied concentration of melanin pigments in eyes of 

different racial groups (Hu et al, 2008) mean retinal oximetry measurements vary between 

them (Mohan et al, 2016). Variability between healthy individuals can also be affected by 

high myopia (Zheng et al, 2015) and differences in ocular perfusion pressure (Geirsdottir et 

al, 2012). Accounting for these factors in the standardisation of imaging and careful 

selection of study cohorts allows for repeatable measurement of oxygen saturation in the 

retina. 

Despite its limitations, the Oxymap is a non-invasive, user-friendly technique which 

produces repeatable measurements of retinal oxygen saturation. By measuring retinal 
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oxygen saturation in combination with retinal volume metrics we can begin to determine 

the relationship between them in multiple sclerosis. For example, it is possible that 

retrograde degeneration of the inner retina in SPMS reduces metabolic demand leading to 

reduced oxygen extraction from vessels, which could be investigated using the Oxymap. 

 

1.9 Summary 
 

The collective knowledge which could be gained using these non-invasive techniques in 

both structure (OCT, OCTA, AOSLO) and function (AOSLO, Oxymap) could provide new 

insight into the potential role of the retinal vasculature in the pathogenesis of multiple 

sclerosis. The combination and comparison of these non-invasive retinal imaging 

techniques is used in the following thesis to investigate the retinal microvasculature in 

SPMS. 
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General Materials and Methods 
2.1 Imaging Methods 
 

2.1.1 Patient preparation 
 

Informed consent was collected from all patients participating in these studies and the 

studies adhered to the tenets of the Declaration of Helsinki. Ethical approval for all studies 

was obtained from the appropriate bodies. Where appropriate, the eyes of patients and 

participants were dilated with tropicamide eye drops. 

 

2.1.2 OCT Collection and Analysis 
 

Spectral domain optical coherence tomography (SDOCT) images of the macular region were 

acquired using the Heidelberg Spectralis system (Heidelberg Engineering, Germany). SDOCT 

scans were positioned with the centre aligned to the fovea and were acquired with 

automatic real-time averaging (ART) set initially at 30 and reduced if image collection time 

was protracted. The resulting OCT volumes were exported as AVI files, converted to 8-bit 

TIF stacks and cropped using ImageJ (National Institutes of Health [NIH], Bethesda, 

Maryland, USA) (Schneider et al, 2012) in preparation for segmentation.  

Retinal layers in OCT images were segmented using the OCTExplorer Iowa Reference 

Algorithm (Version 4.0.0, Retinal Image Analysis Lab, Iowa Institute for Biomedical 

Engineering, Iowa City, IA), which is an automated retinal layer segmentation software 

designed to objectively define the boundaries of layers (Abràmoff et al, 2010; Garvin et al, 

2009). The Iowa Reference Algorithm performs segmentation of 10 retinal layers and the 

choroid by analysing pixel intensities in three dimensions across the OCT image stack to 

determine the boundaries of adjacent retinal layers. The segmentation was corrected 

manually for the inner retinal layers (RNFL, GCL, IPL, INL) if required. Retinal thickness was 



57 
 

calculated as the mean difference of adjacent boundaries across a defined region. For this 

thesis, the most important section was the inner retinal layers, which were defined as the 

distance between the inner limiting membrane (ILM) and inner border of the inner nuclear 

layer (INL) (Figure 2.1).  

The segmentation grid centre was adjusted per eye to lie directly over the foveal centre. 

The GCL-IPL ring output was utilised to segment the inner retinal layers in an annulus shape 

surrounding but excluding the fovea, as it has been shown to be a reliable method of 

measuring GCL-IPL layer thickness in healthy eyes (Mwanza et al, 2011). 

 

 

Figure 2.1: OCT Segmentation using the IOWA Reference Algorithm. Above: OCT 
segmentation defining the ILM (red) and the inner border of the INL (green) on a control 
participant, demonstrating OCTExplorer’s segmenting capabilities (A). Below: OCT 
Segmentation Masks. ‘B’ demonstrates a projection of the OCT images as a representative 
image of a right eye. The thickness of layers may be averaged over the whole region (B) or 
collected from a perifoveal annulus specifically used for measuring the GCL-IPL layer (C).  
ILM: Inner limiting membrane, RNFL: retinal nerve fibre layer, GCL: ganglion cell layer, IPL: 
inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer. Thickness 
between ILM-RNFL and INL-OPL is presented in B-C.  Scale: 1mm 
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2.1.3 OCT Angiography Collection and Analysis 
 

OCTA images were collected from a subset of patients and healthy control subjects 

covering either a 3x3mm and/or a 6x6mm space, centred on the fovea, using the AngioVue 

system (Optovue Inc., Fremont, California, USA). Images were exported as a TIF and the 

resulting images of the superficial vasculature were cropped and binarized by Auto 

Threshold using ImageJ (National Institutes of Health [NIH], Bethesda, Maryland, USA) 

(Schneider et al, 2012) to allow for calculation of vessel density and fractal dimension. 

Images were assessed for quality before analysis, and images which contained significant 

movement artefacts were excluded from analysis. The superficial vascular layer, defined by 

boundaries pre-set on the AngioVue software as the ILM to the outer border of the IPL, was 

specifically selected for analysis as superficial layers comprised the most complete high-

quality image set from this cohort, and because superficial layers are not impacted by 

projection artefacts which can often affect the deeper vascular layers using this technique 

(Spaide et al, 2015).  

Vessel density was estimated by calculating the percentage of black pixels within the 

binarised image. Fractal dimension calculation was performed using the box counting 

method of ImageJ’s in-built Fractal Box Count tool, inspired by fractal dimension analysis of 

OCTA images in diabetic retinopathy (Zahid et al, 2016). We intended to replicate this 

analysis by using the same fractal analysis tool, Fractalyse (ThéMA, Besançon Cedex, 

France), however analysis had to be transferred to ImageJ as the original tool was no longer 

being updated. Images were cropped, binarized and fractal dimension was calculated using 

the following ImageJ macro: 
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function action(input, output, filename) { 

        open(input + filename); 

        makeRectangle(24, 24, 250, 250); 

        run("Crop"); 

        run("8-bit");      

        run("Invert"); 

        run("Make Binary"); 

        run("Fractal Box Count...", "box=1,2,4,8,16,32,64,128"); 

        saveAs("Tiff", output + filename); 

        close(); 

} 

 

 

2.1.4 AOSLO 
 

AOSLO imaging was performed using two different custom-built devices; the AOSLO 

specialised for photoreceptor imaging (Section 2.1.5) and the more recently acquired 

AOSLO specialised for vascular imaging (Section 2.1.6).  

When using both devices, study participants were able to rest seated in front of the AOSLO 

for a minimum of approximately three minutes prior to imaging while the device was being 

adjusted for the individual. This resting period controls for potential variation in retinal 

blood flow caused by changes in blood pressure from standing to sitting (Singleton et al, 

2003). Participants were advised in a similar manner for both devices to remain relaxed 

while on the device and take breaks as frequently as they desired. 

 

 



60 
 

2.1.5 AOSLO Specialised for Photoreceptor Imaging 
 

A custom-built AOSLO was used to perform the preliminary study on the retinal 

microvasculature in MS (Figure 2.2, Table 2.1). The AOSLO specialised for photoreceptor 

imaging was built in 2013 by Alfredo Dubra from the Medical College of Wisconsin to a 

design by Dubra and Yusufu Sulai. It was modified to contain non-confocal capabilities in 

March 2014 by Adam Dubis and Drew Scoles. 

 

Figure 2.2: Optical Layout of the AOSLO Specialised For Photoreceptor Imaging within the 
Moorfields Eye Hospital Clinical Research Facility. TZ: transimpedance amplifier, PMT: 
photomultiplier tube, SH-WS: Shack-Hartmann wavefront sensor, LD: laser diode, SLD: 
superluminescent diode, P: plane optically conjugate with eye pupil, F: band pass filter. 
(Edited from figure by Sulai and Dubra, 2011) 
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AOSLO Components Component Details 
Deformable Mirror DM97, ALPAO SAS (Biviers, Grenoble, France) 
Wavefront Sensor Custom 

Rolera-XR Camera, QI Imaging (Surrey, British Columbia, 
Canada) 
Lenset Array, Adaptive Optics Associates (Cambridge MA, 
USA) 

Frame Rate 16Hz 
Light sources 850nm laser diode – Qphotonics (Ann Arbor, Michigan, USA) 

796nm SLD – Inphenix Inc. (Livermore, California, USA) 
(680nm not activated while we were imaging) 

Detectors PMTs H7422-40, H7422-50 – Hamamatsu Corporation 
(Bridgewater, New Jersey, USA) 

Table 2.1: Components of the AOSLO Specialised For Photoreceptor Imaging  
 

The AOSLO specialised for photoreceptor imaging contains three light sources; two for 

imaging (796nm and 680nm) and one for wavefront sensing (850nm) (Dubra & Sulai, 2011). 

It also has split detection capabilities, allowing for detailed visualisation of microvascular 

structures within the retina. 

 

2.1.6 AOSLO Specialised for Vascular Imaging 

 

In order to improve our vascular imaging quantitative abilities a new imaging system was 

required. In November 2018 a custom built AOSLO with adaptation for better vascular 

imaging was installed (Figure 2.3, Table 2.2), henceforth described as the BMC AOSLO. The 

modifications designed to facilitate vascular imaging were as follows. In the previous 

AOSLO configuration (Figure 2.2) neither the masks nor scanners could be dynamically 

altered, which while being acceptable for imaging photoreceptor outer segments is not 

ideal for blood flow imaging. The BMC AOSLO (built by Boston Micromachines Corporation 

(BMC), Cambridge, MA) was designed specifically to incorporate blood flow imaging 

capabilities, with readily adaptable pinholes, an 850nm imaging source, the ability to stop 
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the slow scanner on demand and an additional large field of view for navigation (2.5 x 2.5 

degrees). 

 

 

Figure 2.3: Optical Layout of BMC AOSLO. APD: Avalanche photodiode, SH-WS: Shack-
Hartmann wavefront sensor, LD: laser diode, SLD: superluminescent diode, P: plane 
optically conjugate with eye pupil, DM: deformable mirror, BS: beam splitter. 
 

 

AOSLO Components Component Details 
Deformable Mirror Manufacturer: AlpAO 

DM97-15 
Pupil diameter: 13.5mm 

Wavefront Sensor Shack Hartmann with CCD camera and custom lenslet array 
Light sources Two 850nm SLD sources – Imaging, wavefront sensing and 

calibration 
790nm source – Imaging 
635nm source - Alignment 

Detectors Four avalanche photodiodes (APD) 

Table 2.2: Summary of BMC AOSLO components 
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The BMC AOSLO consists of four afocal telescopes formed by pairs of off-axis spherical 

mirrors in a non-planar arrangement. The two spectrally separated imaging beams are 

scanned onto the retina using two scanners; a fast resonance scanner to move horizontally 

and a slow, tip-tilt scanner to move vertically. In this system, the second spectral imaging 

beam (850nm) was used for both wavefront sensing and AOSLO imaging. As before, a 

Shack-Hartmann wavefront sensor is used for wavefront phase measurement and a 

deformable mirror is used for phase control. With its use of mechanical stages, the device 

also allows for real-time user interaction with the masks of the device from the imaging 

interface, allowing dynamic control of the type of imaging performed, e.g. offset pinhole or 

split detection. The use of an annulus mask anterior to the offset aperture mask also allows 

us to collect confocal images while maintaining offset pinhole image quality. This allows us 

to use these confocal images as reference frames during image registration, which are 

preferred references due to their high contrast. Inline desinusoiding can also be performed 

using this device, negating the need for desinusoiding post-collection. 

The ability to dynamically interact with the tip-tilt mirror also allowed us to perform XT (X 

time) imaging, where the slow mirror is paused at a specified point in the image, allowing 

for imaging collection only from the fast scanner. XT imaging can be used to directly 

measure blood cell velocity in arterioles and venules, which is described in detail later in 

this thesis (Chapter 4, Section 4.2.6). 

 

2.1.7 Vessel Thickness Estimation 
 

The smallest retinal capillaries may be imaged using AOSLO split detection and their width 

could be used as a biomarker of microvascular pathology. Therefore, an objective 

measurement of capillary thickness was established and tested using split detection images 

previously collected. Manual measurements have been used previously with adaptive 
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optics to measure vessel width (Burns et al, 2014) although this is prone to variation caused 

by measurement error and image quality. Small (<10µm diameter) vessel images collected 

by AOSLO split detection display a characteristic intensity profile across the vessel (Figure 

3.4) with peaks at either edge of the vessel. As the observed vessel changes may also be 

small, it is even more crucial that this change is detected repeatably and reliably. A semi-

automated method was tested and found to be a repeatable and more reliable method of 

measurement than manual estimation of vessel size.  

 

2.1.8 Retinal Oximetry 
 

Retinal oximetry was performed using the Oxymap T1 (Oxymap ehf., Reykjavik, Iceland), a 

dual wavelength, non-invasive spectrophotometric oximeter. The oximeter consists of a 

standard fundus camera with two separate digital cameras allowing for simultaneous 

retinal imaging using two different wavelengths; 570nm and 600nm. Oximetry results from 

both eyes were analysed using the specialised analysis program for Oxymap T1, the 

Oxymap analyser (Version 2.4.2). Following vessel selection, results were exported as a CSV 

file containing the pixel location, width and oxygen saturation of vessel segments. The 

results were then subsequently analysed in Matlab using the technique described in 

Section 5.2.4. 

 

2.2 Retinal Vessel Classification 
 

Where used in this thesis, the term “retinal vasculature” refers to all vessels within the 

retina, and “retinal microvasculature” specifically refers to the interconnected laminar 

network of capillaries within the retina. 
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2.3 Statistical Analysis and Figure Preparation 
 

Statistical analyses were performed using GraphPad Prism (version 7.0, GraphPad Software 

Inc.). Values were considered statistically significant if p < 0.05. Figures were prepared 

using ImageJ, GraphPad Prism, Adobe Photoshop (v2020), Tableau (v2018.2, Tableau 

Software), Biorender (v2020), Inkscape (v1.0.1) and Microsoft PowerPoint (v2016). Where 

included, error bars on bar charts indicate standard deviation of the mean. In box and 

whisker plots, the whiskers indicate the minimum to maximum values. 
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Preliminary Study on the Retinal Microvasculature in Multiple 
Sclerosis 
3.1 Introduction 
 

Little is understood about retinal microvascular pathology in SPMS. With the advent of new 

technologies allowing for in vivo imaging of the microvasculature, we can delve deeper into 

potential retinal microvascular dysfunction in SPMS. In this chapter we investigate both 

structure and function of the microvasculature in control subjects and MS patients of 

different stages of the disease to evaluate the utility of microvascular imaging techniques in 

MS and to understand more about how the retinal microvasculature changes throughout 

this disease. 

Ophthalmic consequences of MS are common in patients and ubiquitous in post-mortem 

studies of MS (Toussaint et al, 1983). The inner retina and the brain are intrinsically linked, 

as axons of retinal ganglion cells lie on the inner surface of the retina where they form the 

retinal nerve fibre layer. These nerve fibres then converge to form the optic nerve that 

projects into the brain. With the advent of OCT, it has become possible to visualise the 

individual layers of the retina, allowing us to quantify neural loss in the eye and relate it to 

clinical parameters in MS. Atrophy of the RNFL and GCL, as measured with OCT, has been 

consistently demonstrated as an indication of neurodegeneration in multiple sclerosis with 

OCT measurements of ganglion cell - inner plexiform layer (GCIPL) atrophy correlating with 

brain atrophy from MRI derived measurements of white matter, grey matter and thalamic 

volume (Gordon-Lipkin et al, 2007; Saidha et al, 2015). OCT measurements of the inner 

retina have been established as reliable biomarkers in the disease in detecting, monitoring 

and understanding neurodegeneration (Costello & Burton, 2018; Gordon-Lipkin et al, 2007; 

Petzold et al, 2010).   
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Although retinal neurodegeneration is a common feature of multiple sclerosis, the 

aetiology of retinal neurodegeneration in MS has not been well defined. The optic nerve 

can be directly damaged by optic neuritis, but injury to afferent fibres can also cause 

transsynaptic degeneration downstream. Retrograde axonal degeneration causes 

pathological changes in the cell body proximal to the point of injury along an axon, such as 

degeneration of ganglion cells due to an optic nerve injury, whereas anterograde or 

“Wallerian” degeneration results from a “dying-forward process”, where the axon 

separates from the cell body, causing degeneration distal to the injury. The reported rate of 

neural degeneration in the retina throughout the disease is also inconsistent, with reports 

that the progressive phase of the disease amplifies the process (Sotirchos et al, 2020) and 

causes damage extending as far as the inner nuclear layer (Green et al, 2010). All of these 

factors challenge the traditional view of neurodegeneration in MS, as purely a result of past 

inflammatory events and the remaining low-level inflammation of the secondary 

progressive phase. One potential explanation for this long-standing damage is 

microvascular impairment, either as a cause of neurodegeneration or a result of reduced 

metabolic demand. In order to understand the aetiology of retinal degeneration and 

potential link to microvascular damage, direct visualisation of retinal layers is required and 

OCT serves as a valuable tool to visualise the cross-sectional structure in which the 

vasculature sits. 

The retinal microvasculature in MS has been investigated with both conventional OCT and 

OCTA, showing changes at all stages of the vascular tree. Using conventional OCT, Bhaduri 

et al demonstrated that MS eyes had a lower blood vessel diameter and count around the 

optic nerve (Bhaduri et al, 2016), demonstrating not only a reduction in the number of 

vessels but also a rarefaction of the remaining vasculature. Vessel density around the optic 

nerve and in the parafoveal region has also been investigated using OCTA. Wang et al, 

using OCTA, showed lower optic nerve head blood flow in patients with a history of ON 
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compared to other MS patients and controls, suggesting the reduced flow was related to 

ganglion cell loss and drop in metabolic demand. Parafoveal blood flow was not found to 

be significantly different between control and MS patients across all subtypes (Wang et al, 

2014) suggesting reduced flow is only due to degeneration at the optic nerve site, although 

other studies have shown a reduction in vessel flow in the parafoveal region in MS (Feucht 

et al, 2019; Lanzillo et al, 2019), suggesting greater complexity. Although these studies 

demonstrate changes at all stages of the vascular tree in MS, there is little information 

available specific to disease subtypes, particularly for SPMS. The studies discussed here 

either do not discriminate by subtype or use only RRMS patients (see Table 1.1), therefore 

there is a gap in the knowledge surrounding the retinal vascular architecture and function 

in SPMS and whether the vasculature changes with progression between different MS 

disease subtypes. 

OCTA provides us with a tool to rapidly map blood flow at a capillary level, however it 

cannot resolve vessel structures which are static, such as vessel walls. One form of 

ophthalmic imaging which allows us to do both, and has not yet been used to investigate 

the retinal microvasculature in MS, is adaptive optics ophthalmoscopy. AO, as an add-on to 

other imaging techniques, allows us to visualise the retina in vivo at a magnification 

previously unattainable using non-invasive technologies. Although it is a technically 

demanding and time-intensive technique, it can be used to construct more detailed images 

of the retinal microvasculature than OCTA (Mo et al, 2016). AO, specifically coupled to 

scanning laser ophthalmoscopy, can integrate a number of image modes simultaneously 

(e.g. confocal and non-confocal [split detection, dark field, offset aperture]) meaning as a 

technology it lends itself well to the study of the microvasculature. The microvasculature 

contains both directly reflective components, such as leucocytes, and highly scattering 

components, such as blood vessel walls, which can be visualised at physiologically relevant 

speeds in real time using AOSLO.  AO equipped devices have previously been used to reveal 



69 
 

subclinical abnormalities in the retinal vasculature in vascular disorders such as diabetic 

retinopathy, at a stage where vascular abnormalities were thought to be undetectable 

(Burns et al, 2014). Microvascular abnormalities such as hairpin loops, ghost vessels and 

microaneurysms have been identified and described with AO imaging, and their 

appearance in diabetic retinopathy has been monitored over time (Chui et al, 2016). A 

study to systemically investigate changes to blood vessels using AO has not yet been 

performed in multiple sclerosis and could detect subclinical alterations in both blood 

vessels and the retinal environment surrounding vessels. Using a highly sensitive technique 

such as AOSLO we could learn more about the impact of multiple sclerosis in the retina 

before it becomes clinically detectable.  

This chapter describes a study investigating the retinal microvasculature in control subjects 

and in patients with MS at different stages of disease using numerous ophthalmic imaging 

techniques in order to ascertain if a significant change in the microvasculature can be 

detected in MS and if so, which are the most appropriate techniques and endpoints to use 

in future studies to detect and monitor these changes. 

 

3.1.1 Aims of Study 
 

The aim of this study was to compare the retinal microvasculature in patients with 

relapsing remitting and secondary progressive multiple sclerosis to healthy control patients 

using OCT, OCTA and adaptive optics. A secondary aim was to develop new methods of 

vascular measurement using adaptive optics technology. 
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3.2 Materials and Methods 
 

3.2.1 Declaration of Collaborator Roles Within Chapter 
 

The data in this chapter were collected by Dr Adam Dubis, Sarah Houston, Dr Angelos 

Kalitzeos, Vincent Rocco and Monica Clemo. The data were analysed by Sarah Houston, 

apart from the abnormality grading which was performed by Sarah Houston, Vasileios 

Theofylaktopoulos and Dr Meriam Islam. Prof Richard Nicholas and Dr Ashwini Nandoskar 

identified MS patients to be recruited for the study. All videos included in this chapter were 

prepared by Sarah Houston. 

 

3.2.2 Cohort Development 
 

Patients with multiple sclerosis and healthy control participants were recruited as part of 

the ACAD (Advanced OCT and Adaptive Optics Imaging in Retinal Disease) study. The 

primary objective of the ACAD study was to understand the level of agreement between 

different types of OCT devices across a variety of retinal diseases, however a secondary 

objective of the study was to use adaptive optics to image the microvasculature in eyes 

with retinal and choroidal disease. The study was approved by the North Thames Clinical 

Research Network Ethical Review Board (15/LO/0440) and was registered with 

ClinicalTrials.gov (NCT02828215).  

Written informed consent was collected from participants and the study adhered to the 

tenets of the Declaration of Helsinki. Healthy control patients were recruited from staff and 

students at UCL Institute of Ophthalmology and had no reported history of ophthalmic 

disease or trauma. MS patients were identified and evaluated at neurology clinics at 

Imperial College Healthcare NHS Foundation Trust, and were included on the basis they 

had no other history of ophthalmic disease or trauma other than MS-related optic neuritis. 
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Recent measurements of disability, such as the Enhanced Disability Status Scale (EDSS), 

were collected by the patient’s neurologists and included in their referral to us for this trial. 

All patients underwent retinal imaging using OCT, OCTA and AOSLO at the Clinical Research 

Facility of NIHR Moorfields Biomedical Research Centre as part of this trial. 

 

3.2.3 OCT Collection 
 

Spectral domain optical coherence tomography (SDOCT) images were acquired using the 

Heidelberg Retina Angiograph Spectralis system (Heidelberg Engineering, Germany). SDOCT 

scans were acquired with ART set at approximately 29 (Average: 26, Range: 9-30). The 

scanned area covered the central 20° (1024 x 496 pixels) and consisted of 49 horizontal B-

scans.  

Retinal layers were segmented as discussed previously using the Iowa Reference Algorithm 

(Garvin et al, 2009) (Section 2.1.2). The inner retina and the inner nuclear layer were 

considered separately, due to the potentially divergent impact of MS on their thickness. 

Inner retinal thickness (IRT) was defined as the mean distance between the ILM and the 

inner border of the INL and INL thickness was defined as the mean distance between the 

top border of the INL and the bottom border of the INL over the 20-degree measurement 

region.  

 

3.2.4 OCT Angiography Collection 
 

OCTA images were collected from a subset of patients and healthy control subjects as 

previously described (Section 2.1.3) of either a 3x3mm and/or a 6x6mm space centred on 

the fovea, using the AngioVue system (Optovue Inc., Fremont, California, USA). There was 

some disparity in imaging protocol as a result of changes to the scope of the ACAD study, 
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individual variation between the ability of study participants and device issues leading to 

loss of data. 

 

3.2.5 OCTA Analysis 
 

The retinal vasculature can be seen as a fractal structure, where a repeating pattern is 

displayed at every scale. Fractal dimension (FD) analysis can be used in OCTA to gain a 

quantitative measurement of overall retinal microvascular structure. Fractal dimension was 

calculated using the standard box counting method using ImageJ Fractal Box Count tool ( 

Figure 3.1). 

 

 

Figure 3.1: Examples of OCTAs in both control and MS patients (A-D), and a diagram 
demonstrating the process of fractal analysis in OCTA images (E-H). OCTA images are 
converted from their grayscale format (E) to binary images (F), on which fractal analysis 
using the box counting method (G) is performed. The fractal dimension (FD) is calculated by 
plotting the number of boxes used in the box counting method to the box size in pixels on a 
log:log scale and calculating its slope (H). 
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3.2.6 AOSLO Imaging Procedure 
 

Healthy volunteers and MS patients were imaged using a custom-built AOSLO (Section 

2.1.5). Prior to imaging, participant’s pupils were dilated and cycloplegia induced with one 

drop of 1% tropicamide. The participants were aligned and stabilised with the use of a 

disposable dental impression on a bite bar. Spherical error corrected for by adjusting the 

deformable mirror and sequences of 150-300 images were recorded using both 1- and 1.5-

degree fields of view. Sequence settings varied throughout the course of the trial as it 

became apparent the video length needed to be longer to gather long consecutive 

sequences of blood flow following registration. During imaging, patients were asked to 

fixate on a plus sign shaped fixation target which was projected into their field of view 

using a digital light projector. The target was moved at one-degree increments in order to 

collect overlapping images and build a continuous montage of the area imaged.  

 

3.2.7 Image Processing 
 

There are a number of factors which can result in distortion of AOSLO images, including the 

resonance scanner’s sinusoidal velocity pattern, mirror buckling and involuntary eye 

movements. In order to account for these large distortions, the images must be corrected 

by stabilisation and registration. The sinusoidal motion of the resonance scanner results in 

image warping which must be corrected for before the image may be registered. The 

average degree of warping may be measured using a Ronchi grating, which is an optical 

target made of etched glass. It was used in this case as a calibrated grid to measure 

sinusoidal warping caused by the resonance and tip/tilt scanners. Directly following an 

imaging session, a short series of images (10 frames) of a Ronchi grating were collected and 

the distortion of these images was calculated by resampling the images over a grid of 

equally spaced pixels. The resulting “fringe period” was accounted for during image 
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processing. The fringe period refers to the distance (in pixels) between white bars of the 

grating, therefore providing an index of the sampling frequency. To increase signal to noise 

ratio, the image distortion due to eye motion was removed and then a number of 

registered frames were averaged as previously described.  

A reference frame was chosen manually and was used as a template to register all 

subsequent frames. Some frames are discarded in this process due to severe distortion, 

sudden drop in intensity or discarded if they did not overlap with the reference frame. All 

frames with the normalised cross correlation above a designated threshold when 

compared against a manually selected reference frame were retained and motion 

stabilised via registration. The goal of this process was to create the stabilised videos of 

blood flow for further analysis of object tracking and capillary measurement.  

 

3.2.8 Vessel Thickness Estimation 
 

The smallest retinal capillaries may be imaged using AOSLO split detection and their width 

could be used as a biomarker of microvascular pathology. For this reason, an objective 

measurement of capillary thickness was developed and validated using split detection 

images previously collected. 

AOSLO split detection videos of retinal vasculature from both MS patients and healthy 

controls were processed and 28 segments were collected to trial this thickness 

measurement algorithm. ImageJ was used to double the size of the image using bicubic 

interpolation to make it easier to place markers accurately.  Segments were selected based 

on their morphology (Figure 3.2) to ensure they were as close as possible in appearance to 

capillaries. Vessels larger than capillaries (Figure 3.2, blue box) have a distinctively different 

intensity profile which would not be accurately measured using this technique and so were 

excluded based on their appearance. 
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Figure 3.2: Examples of vessel segments included in thickness measurement as imaged 
using AOSLO split detection. Vessel segments such as those in the red boxes were included. 
The vessel segment in the blue box would have been excluded based on its morphology as 
a clear vessel wall structure is visible. 
 

The ImageJ line width tool was adjusted to 100 lines wide (using an in-built ImageJ 

function), and ImageJ used to manually draw a line perpendicular to the vessel and the Line 

Profile function was used to measure average pixel intensity along the line (Figure 3.3). 

Speckle noise in split detection imaging causes the pixel intensity to vary widely from line 

to line, and averaging over a number of lines reduced the effect of this noise. A series of 

measurements were made to estimate how wide the line should be for calculation. One 

hundred lines was used as it allowed for increased signal to noise ratio whilst not making 

the line too wide to possibly cross over other vessels.  
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Figure 3.3: Intensity profiles of semi-automated capillary measurements. An intensity 
profile was extracted from an average of 100 cross section lines and filtered. The slope 
profile was determined by calculating the slope at each point along the intensity profile and 
the vessel edges were extracted from these data. The largest peaks on either side of the 
largest trough were considered the left and right edges of the vessel. 
 

The resulting intensity plot was then read into MATLAB® (R2013b; The Mathworks Inc., 

Natick, MA, USA), a high-level language and data processing software. A smoothing filter 

was applied using the moving average method along each pixel. The slope of each point 

along the profile was then calculated and plotted and a function was used to find the peaks 

and minimum values of the plot. The two largest peaks on either side of the largest trough 

were automatically detected and taken as the vessel edges. The measurement process is 

described in brief in Figure 3.4. 
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Figure 3.4: Semi-automated measurement vessel thickness measurement pathway 
 

 

Vessel segments were chosen based on their morphology and image quality. Vessel 

segments which had a relatively uniform background were also selected as the background 

could have a significant impact on the baseline of the intensity profile. Vessel segments 

also could not be proximal to- or cross with other vessels as it would be impossible to 

measure a uniform background either side of the vessel and to ensure only the vessel 

selected was measured. Segments were measured twice both manually using the ImageJ 

line drawing tool and using the semi-automated tool in order to compare their 

repeatability. 

 

3.2.9 Microvascular Morphological Grading 
 

In order to investigate the presence and spread of microvascular abnormalities in the inner 

retina, split detection videos were manually graded and given scores based on the 

presence of certain structures previously described as microvascular anomalies, namely 

erythrocyte aggregates, hairpin loops and inner retinal cysts. 

Grading was performed by two masked trained graders and graders were trained on a 

subset of images which were not present in the final test set. Videos were masked by an 

independent observer and eight videos of each patient were graded. The regions chosen 

for grading were located 1-4 degrees temporal and 1-4 degrees superior to fixation (1 video 

per degree, 1-degree field of view) (Figure 3.5), as most of the sample had these videos 

available. Raw videos were visually graded frame by frame to ensure the whole region the 
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patient fixated in was visible. Sixteen MS patients (10 RRMS, 6 SPMS) and seven controls 

were graded based on image quality and retinal locations imaged. 

 

Figure 3.5: Locations of videos graded (black boxes) in an example infrared image of a right 
eye. Regions 1-4 degrees temporal to fixation (blue boxes) and regions 1-4 degrees superior 
to fixation (red boxes) were imaged. Each box corresponds approximately to a 1x1 degree 
region. Scale: 1mm. 

 

Graders first graded the images on quality (Figure 3.6) and images of insufficient quality 

(i.e. “Ungradable”) were excluded from analysis. Good quality videos were defined by clear 

vessel margins, clear erythrocytes in vessels and minimal eye movements. Medium quality 

videos were still graded, but may have had additional movement artefacts or reduction in 

clear vessel margins. Ungradable videos were those in which vessel margins and 

erythrocytes were not in focus or visible and were therefore excluded from further grading. 
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Figure 3.6: Examples of images used to train graders on quality metric. Good quality (A) and 
medium quality (B) images were used in the analysis. Ungradable images (C) were 
excluded. Scale: 50µm 

 

Initial videos of all locations were reviewed manually to determine if there were any 

abnormalities which could be graded. Hairpin loops, purported to be formed by 

recanalization of a vessel wall (McLeod et al, 1993) were included. Inner retinal cysts were 

also identified in image review and included in analysis. Microaneurysms were also 

originally considered as part of the analysis, however due to our image quality and narrow 

axial slice it was difficult to determine if it was a true microaneurysm (i.e. swelling of vessel 

walls) or normal vessel branching seen at an angle which appears as a microaneurysm.  

Raw split detection images of the retinal vasculature were graded by two masked graders 

on the presence or absence of erythrocyte aggregates (Figure 3.7), hairpin loops (Figure 

3.8) and inner retinal cysts (Figure 3.9).  
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Figure 3.7: Erythrocyte aggregate example. The black asterisk indicates the leading edge of 
the aggregate. A, B (+0.06s) and C (0.13s) are sequential frames captured using AOSLO split 
detection with a 1-degree field of view. Scale: 50µm. An additional example is shown in 
Video 1 (https://youtu.be/9OHg2_JSkb4). 

 

Figure 3.8: Examples of hairpin loops captured by AOSLO split detection, indicated by white 
arrows. Scale: 50µm. The hairpin loop in image C can be viewed in Video 2 
(https://youtu.be/62DZP56mbNA). 
 

Inner retinal cysts were further classified according to their size. Cysts were divided into 

small discrete cysts, medium sized (>40 pixels) cysts and large patches of 3 or more large 

cysts (Figure 3.9). 

 



81 
 

 

Figure 3.9: Examples of cyst morphology as imaged by AOSLO split detection. Cysts of less 
than 40 pixels (A, black arrows) were defined as small discrete cysts. Cysts of 40 pixels and 
above (B, black arrows) were defined as large cysts. An area of 3 or more large contiguous 
cysts (C) was defined as a patch of cysts. Scale: 50µm 
 

 

3.2.10 Erythrocyte Aggregate Speed 
 

Erythrocyte aggregates (ECAs) or “rouleaux” are stacks of erythrocytes which form due to 

the unique discoid shape of the cells and they are easily identifiable in capillaries due to 

single cell flow (Baskurt & Meiselman, 2013). For this experiment, stabilised videos were 

used to measure aggregate speed. The speed of erythrocyte aggregates in MS and control 

patients were measured over 3 frames using the Manual Tracking Plugin (ImageJ) (Figure 

3.10). ECAs from MS patients and controls were selected to be measured by quality criteria; 

if the image quality was high, if a leading edge was easily identified and if the vessel 

segment which the ECA moved through did not contain any large angles. In order to ensure 

video segments used for ECA tracking were continuous and had not “lost” frames in the 

registration process, a video with frame numbers labelled on each slice was co-registered 

with the AOSLO video and used to check for continuity. Three consecutive frames were 

measured in order to obtain an average of two consecutive velocities. 

 



82 
 

 

Figure 3.10: Example of measurement of an erythrocyte aggregate using the ImageJ 
Manual Tracking Plugin as imaged by AOSLO split detection. The marker was placed on the 
leading edge of the aggregate over 3 consecutive frames. The blue line indicates the 
distance the aggregate travelled in 3 consecutive frames (A, B, C) with 60ms intervals. 
Scale: 50µm 
 

 

3.2.11 Vessel Stiffness Measurement 
 

As an erythrocyte aggregate moves through a capillary, a noticeable change in vessel 

thickness occurs as the vessel wall stretches to accommodate to larger block of cells (Figure 

3.11). It was hypothesised that vessel stiffness as a result of multiple sclerosis could be 

measured by how compliant the vessel is to these aggregates moving through. 
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Figure 3.11: Example of how capillary thickness changes in the presence of an erythrocyte 
aggregate (A) compared to at rest (B) as imaged using AOSLO split detection. Scale: 20µm. 
 

The compliance of small vessels was measured as the ratio between vessel thickness in the 

presence of the aggregate and vessel thickness at rest (Equation 3.1), which will be 

described as the EC ratio.  

Equation 3.1.                                        

 

 

 

 

 

 

 

 

 

 

 

 

                 EC Ratio   =   
Vessel thickness during ECA

Vessel thickness at rest
   



84 
 

3.3 Results 
 

3.3.1 Patient Demographics 
 

There were more females in the MS patient group (69%) compared to the control group 

(43%) (Table 3.1). There was no significant difference in age (t-test, p = 0.16) between 

control and patient groups.  

 Controls (n = 7) MS (n = 16) 
Mean Age in Years (Range) 40 (26-53)  47 (31-66) 

Sex (% Female) 43% 69% 
EDSS Range  RRMS 1-6 

SPMS 6-6.5 
Type of MS  RRMS n = 10 

SPMS n = 6 

Table 3.1: Patient demographics of the ACAD cohort 
 

The number of patients and participants used in each individual portion of the trial is 

highlighted in Figure 3.12. 

 

Figure 3.12: Clustered bar chart of number of participants used in individual studies. RR: 
relapsing-remitting, SP: secondary progressive. 
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3.3.2 Optical Coherence Tomography 
 

Firstly, OCT measurements of retinal thickness were measured as retinal thinning is a 

widely reported finding in MS. Inner retinal thickness (IRT) values and INL thickness values 

were normally distributed, as assessed by Shapiro-Wilk test (P>0.05 for both). Right eyes 

only were assessed for each patient and control subject. 

IRT was significantly thinner in SPMS and RRMS than control, as has been reported 

previously in studies of larger sample sizes, suggesting this sample is reflective of a 

standard MS population (Figure 3.13) (One-way ANOVA, p = 0.002). Tukey’s multiple 

comparison test showed significant difference between control group and RRMS (p = 0.01) 

and control and SPMS groups (p = 0.003).  There was no significant difference in inner 

nuclear layer thickness between the three groups as determined by one-way ANOVA (p = 

0.697) (Figure 3.13). Similar results were achieved when comparing groups by EDSS. IRT 

was significantly thinner in high EDSS and low EDSS patients than control patients (One-way 

ANOVA, p = 0.002) and Tukey’s multiple comparison test showed significant difference 

between controls and low EDSS (p = 0.02) and controls and high EDSS (p = 0.002). There 

was also no significant difference in INL thickness between the three EDSS ranked groups as 

determined by one-way ANOVA (p = 0.61) (Figure 3.13, second panel). We have found 

atrophy in inner retinal layers in MS which worsens with disease progression; however, the 

inner nuclear layer remains at a similar thickness throughout. 
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Figure 3.13: Retinal thickness measurements by OCT in each patient group and by EDSS 
score. Groups were compared using one-way ANOVA and Tukey’s multiple comparisons 
test. *P<0.05; **P<0.005. 
 

 

3.3.3 Optical Coherence Tomography Angiography 
 

OCTA was performed on thirteen participants using the AngioVue device. Other 

participants were excluded from OCTA analysis due to loss of data (n=1), poor image 

quality (n=4), change in study protocol (n=5) or inability to access machine (n=1). There 

were no subjective differences in microvascular structure in either the 3mm or 6mm scans 

(Figure 3.14). Due to low sample size we cannot say with any certainty but it appears that 

gross vascular structure is unchanged in MS (Table 3.2, Table 3.3) as measured with both 

vessel density and fractal dimension (Figure 3.15).  
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Figure 3.14: Examples of OCTA images used in this analysis. Images A and B are from two 
different controls, and C and D are from the same MS patient. Scale: 1mm. 
 

  Fractal Dimension Vessel Density 
 N Mean SD Mean SD 

Control 3 1.734 0.033 0.780 0.026 
RRMS 5 1.672 0.059 0.821 0.037 
SPMS 2 1.701 0.059 0.806 0.029 

Table 3.2: OCTA results from the superficial retinal vasculature over a 6x6mm area 
 

  Fractal Dimension Vessel Density 
 N Mean SD Mean SD 

Control 4 1.744 0.071 0.742 0.007 
RRMS 5 1.746 0.029 0.773 0.033 
SPMS 4 1.754 0.024 0.747 0.027 

Table 3.3: OCTA results from the superficial retinal vasculature over a 3x3mm area 
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Figure 3.15: Bar charts showing OCTA density and fractal dimension results from control 
and MS patients over a 3x3mm region and a 6x6mm region. There was no clear difference 
in vessel density or fractal dimension between groups. 

 
 

 

3.3.4 Abnormality Grading of AOSLO images 
 

As it was considered categorical data, the results of adaptive optics grading were analysed 

using non-parametric techniques frequently used for analysing this class of data. For 

microvascular grading, graders had a fair agreement on hairpin loops (K = 0.368 (95% CI= 

0.198, 0.538)) and good agreement for IRC (K = 0.627 (95% CI = 0.537, 0.717)) as assessed 

using Cohen’s κ. Examples of abnormalities on which graders agreed and disagreed are 

included in Figure 3.16. Abnormality data, as they are categorical and not continuous, were 

analysed using non-parametric techniques. 
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Figure 3.16: Examples of good and poor agreement between graders in abnormality 
grading. For intraretinal cysts, grading had good agreement in cases where the cyst was 
large and clearly defined (A), but regions of the retina containing small divots (C) where the 
edges are not clearly defined could be misinterpreted as cysts. For hairpin loops, graders 
agreed well on large loops where the path of blood flow could be easily traced (B). There 
was disagreement in cases where vessels did appear to loop, but actually had a small 
feeder vessel (D, red arrow) which meant it could not be defined as a hairpin loop. Scale: 
50µm. 
 

One expert grader was selected for abnormality assessment and one eye only for each 

patient and control is shown here. Erythrocyte aggregates, as they were not strictly 

vascular abnormalities, were not considered as part of the abnormality analysis and the 

locations were used to determine high quality aggregates for velocity measurement. 

The Kruskal-Wallis H Test showed that there was a significant difference in number of 

regions positive for abnormalities between the three groups (p = 0.047). Dunn’s multiple 
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comparison tests showed there was a significant difference in abnormalities between 

controls and SPMS (p = 0.042) but not controls and RRMS (p = 0.542) (Figure 3.17). 

 

Figure 3.17: Bar charts indicating the number of regions which were graded positive for the 
presence of abnormalities in each of the three groups. The error bars indicate mean and 
standard deviation. A Kruskal Wallis test and a Dunn’s multiple comparisons test was 
performed. * : P<0.05. 
 

Following intraretinal cyst classification, it was found that large patches of cysts were only 

found in MS patients. There was no significant difference in the number of small or 

medium sized cysts in control and MS patients as assessed by Kruskal-Wallis H Test (p = 

0.372) (Figure 3.18).  
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Figure 3.18: Clustered bar chart with scatter plots overlaid indicating the frequency of 
regions containing cysts in patient groups (number of regions graded positive for cysts 
divided by number of regions graded). There were no large patches of cysts identified in 
the control group. 
 

Microvascular defects are often a cause or a result of tissue damage in the retina, therefore 

we sought to investigate if there was any correlation between the retinal thickness metrics 

and the results of abnormality grading. The location of cysts was compared to their cross-

sectional OCT in order to identify which retinal layer they belong. However, even in 

locations containing large patches of cysts on AOSLO the cysts could not be identified on 

the OCT image (Figure 3.19). 
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Figure 3.19: Analysis of retinal region in the presence of large patches of inner retinal cysts. 
The region indicated using the white box in the infrared image (A) was imaged using AOSLO 
(B) and demonstrates a large region of inner retinal cysts. However, when examining this 
specific region using OCT (D) no clear abnormalities are seen. However, there is patchy 
thickening seen in the region in on the retinal thickness map (C). 
 

A one-way ANOVA showed no significant difference between inner retinal thickness 

between abnormality groups in MS patients (p = 0.09), however in post-hoc testing there 

was a significant linear relationship (R2 = 0.20, p = 0.03) between abnormality score 

grouping and mean inner retinal thickness (Figure 3.20). 
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Figure 3.20: Bar chart showing relationship between abnormality score grouping (4-6, 7-9, 
10-12) and mean inner retinal thickness in MS patients. A one-way ANOVA showed no 
significant difference between the groups, but a linear relationship between inner retinal 
thickness and abnormality score (p = 0.03) was found in post-hoc testing. 
 

We sought to investigate if thickness could predict abnormality. Using two-way ANOVA we 

found that there was no significant interaction between abnormality score and patient 

group on OCT thickness (p = 0.23). There was no significant effect of abnormality status on 

OCT thickness (p = 0.97), but there was a significant effect of patient group (p = 0.02). 

Tukey’s multiple comparisons tests revealed no significant interactions between individual 

groups (Figure 3.21). 
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Figure 3.21: Clustered bar chart showing relationship between abnormality score grouping 
(1-6 or 7-12) and mean inner retinal thickness in MS and control patients. 
 

 

Presence of large patches of cysts was compared to inner retinal thickness and inner 

nuclear layer thickness both in the perifoveal ring (A) and in the superior segment of the 

ring (B), as all the large patches of cysts were found in regions superior to fixation (Figure 

3.22). 
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Figure 3.22: Bar charts of inner retinal thickness in the GCL-IPL ring (A) and the superior 
region of the ring alone (B) in control, RRMS, SPMS and eyes of patients containing Type III 
cysts. Groups were compared using one-way ANOVA and Tukey’s multiple comparisons 
tests. There was a significant difference in IRT between groups when comparing both the 
whole GCL-IPL ring (C) and the cyst-specific superior region (D). There was no significant 
difference in inner nuclear layer thickness between groups for either regions (E, F).            
** : P<0.005, *** : P<0.0005. Scale bar: 1mm. 
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Inner retinal thickness was measured in regions of cystic activity to determine whether 

there was a correlation between thickness and presence of cysts. A significant difference 

was found in inner retinal thickness in the GCL-IPL ring between groups (control, RRMS, 

SPMS, MS eyes with large patches of cysts) for both the whole GCL-IPL ring and superior 

regional thickness alone (p < 0.0001, p < 0.0001 respectively) using one-way ANOVA. 

Tukey’s multiple comparisons tests showed a significant difference in inner retinal 

thickness between the control group and RRMS (p = 0.004), SPMS (p = 0.0003) and MS with 

large patches of cysts (p = 0.0004). There were also significant differences within the 

superior region between control and RRMS (p = 0.009), SPMS (p = 0.0005) and MS with 

large patches of cysts (p = 0.0009). There were no significant differences between other 

groups, including between MS groups for both ring thickness and regional thickness. A post 

hoc test for linear trend between left to right columns showed a significant trend for inner 

retinal thickness in both the whole ring region (p < 0.0001) and in the superior region (p < 

0.0001) (Figure 3.22). 

We wanted to discern whether the INL or overlying areas were most affected by the 

presence of microcysts. The presence of large patches of cyst both regionally and within 

the whole GCL-IPL ring is associated with atrophy of the RNFL-GCL-IPL layers. On the 

contrary, we found that INL thickness is variable in the later stages of disease and is thicker 

or at least maintained in the presence of cysts (Figure 3.22). There was no significant 

difference between groups for INL thickness in both the whole ring region (p = 0.74) and 

the superior segment (p = 0.59) as measured with one-way ANOVA. Overall, we did not see 

a significant difference in inner retinal thickness in patients with a higher rate of 

abnormalities, however there is a negative association between the frequency of 

abnormalities and thickness. 
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Other reported abnormalities were also seen infrequently in MS patients and so were not 

included in the abnormality grading. In one patient, a waxy membrane was seen (Figure 

3.23). 

 

Figure 3.23: Example of a waxy membrane structure seen in an SPMS patient in both the 
confocal (A) and split detection channel (B) using AOSLO. Scale: 100µm 
 

 

3.3.5 Dynamic Changes in the Retinal Microvasculature 
 

3.3.5.1 Capillary Thickness Measurements 
 

Twenty-eight vessel segments were collected from AOSLO split detection registered image 

sequences. Thickness ratios were collected from erythrocyte aggregates from control (n = 

10), RRMS (n = 9) and SPMS (n = 10) patients. EC ratio values were not normally distributed, 

as assessed by Shapiro-Wilk test (p=0.01). The results of both manual and semi-automated 

measurements (Table 3.5) were plotted on Bland-Altman charts to measure repeatability of 

the techniques (Figure 3.24).  
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Figure 3.24: Bland Altman plots showing agreement between repeated measures of manual 
and semi-automated techniques. 
 

For both manual and semi-automated methods, the bias between repeated measures was 

minimal at 0.01µm (SD 0.53µm) and 0.08µm (SD 0.23µm), respectively. The 95% 

confidence intervals were larger for the manual method at -1.03µm to 1.05µm, whereas for 

the semi-automated method they were -0.38µm to 0.53µm. It has to be considered, 

however, that this implies the manual method would only incur an error of up to 2µm, 

which depending on the study question may not be a concern. The semi-automated 

method was preferable for us for the measurement of EC ratio (Section 3.2.11), as small 

changes in diameter needed to be detected. 

There was some error in the semi-automated measurements, likely due to variation in the 

placement of the line. Automated measurements despite this error were much more 

repeatable. Examples of good and poor agreement between the techniques are given in 

Figure 3.25. 
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Figure 3.25: Examples of good and poor agreement between manual and automated 
methods of capillary measurement. There are minimal differences between vessel 
segments which performed well on automated measurements (A, B) and those which did 
not (C, D). Vessels segments for which manual and semi-automated measurements agreed 
perfectly (E and I, F and J) do not appear qualitatively different to those which agreed 
poorly in intensity profile (G, H) or slope of intensity (K, L). This difference is therefore likely 
to due to measurement error. Scale: 15µm. 
 

The mean capillary thickness found in this study (Table 3.4) was similar to that seen in 

other studies (5.1 +/- 1.4µm using AO-OCT (Wang et al, 2011), 4.15 +/- 0.69µm using 

histology in the macaque retina (Weinhaus et al, 1995)). 

 

Capillary Thickness (µm) 
 Mean Standard Deviation 

Manual 5.60 0.99 
Semi-automated 6.29 0.96 

Table 3.4: Results of both manual and semi-automated thickness measurements. 
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3.3.5.2 Erythrocyte Aggregate Velocity 
 

ECA velocity was originally measured over three frames and two velocity values averaged, 

however there was no significant difference in values collected in the first frame than in the 

second in a random sample of measurements (n = 20, paired t-test p = 0.695), therefore 

two frame sequences were used to increase sample size. ECA velocity was collected from 

aggregates in seven controls (n = 17 aggregates), including two additional control patients 

who were collected for this study (n = 2) who were not age matched, as there is no current 

literature suggesting that age has an impact on ECA velocity. Videos from eight RRMS 

patients (n = 24 aggregates) and four SPMS patients (n = 14 aggregates) were also used in 

this study. 

ECA velocity values were normally distributed as assessed by the Shapiro-Wilk test (p>0.5). 

ECA velocity was significantly reduced in the MS group compared to controls (t-test, p = 

0.048). There was a significant difference in velocity in the three groups separated as 

determined by one-way ANOVA (p = 0.039). Tukey’s multiple comparisons test showed a 

significant difference between the RRMS and control group (p = 0.044) (Figure 3.26, Table 

3.5).  

 

Figure 3.26: Bar charts with overlaid scatter plots comparing ECA velocity between patient 
groups. The error bars indicate mean and standard deviation. Groups were compared using 
t-test, one-way ANOVA and Tukey’s multiple comparisons tests. * : P<0.05. 
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ECA Velocity (mm/s) 
 Mean Standard Deviation 

Control 0.817  0.292 
MS 0.639 0.236 

RRMS 0.646 0.244 
SPMS 0.625 0.230 

 

Table 3.5: Erythrocyte velocity results 
 

3.3.5.3 EC Ratio 
 

Thickness ratios were collected from erythrocyte aggregates from control (n = 10), RRMS (n 

= 9) and SPMS (n = 10) patients. EC ratio values were not normally distributed, as assessed 

by Shapiro-Wilk test (p=0.01). There was no significant difference between vessel sizes 

between MS and control registered images (Mann Whitney test, p = 0.66) suggesting that 

the sample was uniform and vessel size is likely to not have impacted the result. There was 

no significant difference in ratio between MS and control groups (Mann-Whitney test, 

p=0.08). When the MS group was divided into RRMS and SPMS and compared to controls, a 

Kruskal-Wallis test found no significant difference between groups (p=0.232). A trend was 

seen towards patients with SPMS having capillaries with poorer compliance than control 

participants, however a large amount of variability was seen in the RRMS population. 

(Figure 3.27) 

 

Figure 3.27: Bar charts with overlaid scatter plots comparing EC ratio between both the 
whole multiple sclerosis cohort and between control and RRMS and SPMS groups. There 
was no significant difference between the groups as measured with Mann Whitney test 
(Control vs MS) and Kruskal-Wallis test (Control vs RRMS and SPMS).  
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3.4 Summary 
 

In this chapter we have used OCT, OCTA and adaptive optics to investigate retinal 

structure, vessel compliance and aggregate speed in MS patients and healthy controls. A 

method for measuring retinal capillary diameter was also developed and validated. We 

have shown a higher rate of tissue and microvascular retinal abnormalities in patients with 

multiple sclerosis compared to healthy controls. 

 

3.4.1 Retinal Lamination 
 

Neural layers of the eye are frequently impacted by multiple sclerosis; especially as optic 

neuritis is often the presenting feature. Our results demonstrate that measurements of 

inner retinal thickness collected in this study were consistent with patterns published 

previously, where patients further in their disease course (with SPMS, or with higher EDSS) 

show significantly reduced inner retinal thickness compared to earlier in the disease 

(Behbehani et al, 2017). 

However, the retina may be undergoing additional changes besides thinning alone. Gliosis 

and perivascular inflammation may also lead to increased thickness of retinal layers (Green 

et al, 2010). This in turn may lead to incorrect interpretation of inner retinal layers as being 

of normal thickness despite extensive cellular loss. Costello et al have argued that inner 

retinal thickness should not be viewed in isolation as a pure estimate of anterior visual 

pathway health (Costello & Burton, 2018). Inflammation and gliosis may also alter the 

backscattering of low-coherence infrared light in OCT (Green et al, 2010) causing loss of 

lamination, making segmentation based on intensity alone unreliable. 

History of optic neuritis is a confounding factor in measuring the inner retinal volume in 

these patients as it will have a profound and direct impact on retinal axons. Unfortunately, 
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the full ophthalmic history of these patients was unavailable therefore we are unable to 

consider this in our analysis. For subsequent studies we decided to collect more 

information on their disease course, such as visual acuity, a detailed history of optic neuritis 

and a detailed history of their multiple sclerosis (length of disease, time since transition to 

progressive phase, treatment history) in order to stratify patients more effectively. As this 

was only a methodological refinement study, these factors were not essential to this work, 

but they should be more carefully obtained in future work. 

 

3.4.2 Retinal Vascular Assessment by OCT and OCTA 
 

We were unable to confirm if central retinal OCTA measurements are impacted in multiple 

sclerosis due to small sample size, but qualitative assessment of the images suggests there 

is no obvious change in retinal architecture. Our study agrees with previous research which 

had found parafoveal vessel density to be unaffected in MS (Wang et al, 2014), however 

other studies have noted a significant reduction of vessel density in this region especially 

when differences in retinal thickness are taken into account (Feucht et al, 2019). 

The optic nerve has been highlighted as a location where significant changes in vessel 

density occurs in MS (Bhaduri et al, 2016; Wang et al, 2014). We have not investigated 

optic nerve head flow in the current dataset due to the constraints of the study protocol, 

but look to compare patients with a history of optic neuritis to those without and correlate 

OCTA metrics to inner retinal thicknesses in future work.  

We did not see a significant difference in fractal dimension of OCTA images of MS and 

control patients in this cohort, however there are potential issues surrounding the use of 

fractal analysis in the retina. Although it has been shown to differentiate between diabetic 

retinopathy and control eyes (Zahid et al, 2016), the use of fractal analysis of the retina is 

still in its infancy, and it is as yet unclear what factors could impact the result. For example, 
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OCTA is prone to imaging artefacts, which are confounded by disease processes in MS and 

therefore could have a profound impact on fractal analysis (Iftikhar et al, 2019). 

As history of optic neuritis was not available in this cohort and due to the small cohort 

sizes, multivariate analyses to improve the sensitivity of OCTA metrics could not be 

performed. Combining structural OCT parameters and OCTA measurements has been 

shown to be effective in distinguishing ON+ from ON- eyes previously (Feucht et al, 2019; 

Spain et al, 2018). Reduced retinal perfusion has also been demonstrated in ON+ eyes 

following full visual recovery compared to fellow eyes measured using OCTA (Higashiyama 

et al, 2017). However, fellow eyes of ON+ patients still present with neural degeneration 

despite being asymptomatic (Fisher et al, 2006), therefore investigation of retinal vessel 

architecture into fellow eyes and ON- patients is essential. We decided from this to 

investigate both ON+ and ON- eyes in future studies to allow for a more complete picture 

of retinal vessel architecture in MS. 

 

3.4.3 Abnormality Grading 
 

The use of AO-coupled techniques in research and clinical centres has expanded as 

technical advances, expertise and understanding of its potential has grown (Miller et al, 

1996). Techniques for imaging the retinal microvasculature with AOSLO have continually 

improved (Chui et al, 2012; Gu et al, 2018). As imaging of the smallest retinal capillaries has 

become possible using non-confocal methods of adaptive optics imaging (Chui et al, 2012), 

its value in gaining a deeper understanding of retinal vascular disease has been noted. Sub-

clinical abnormalities in diabetic retinopathy (Burns et al, 2014) and hypertension (Koch et 

al, 2014) have been identified in the microvasculature using AO imaging. 

Abnormalities identified in these previous studies of microvascular disease, hairpin loops 

and inner retinal cysts, were found in this study to be more frequent in MS patients than 
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controls. Regions containing microcysts were found at a significantly higher rate in SPMS 

patients. This is the first report of retinal microcyst imaging in MS using split detection 

AOSLO. Microcysts have been noted using other AOSLO designs in choroideremia (Morgan 

et al, 2014), diabetic retinopathy (Karst et al, 2018) and using AO-OCT in glaucoma (Wells-

Gray et al, 2018). One reported abnormality in multiple sclerosis, which could explain the 

cystic changes seen, is microcystic macular oedema (MMO). MMO is a noted retinal 

abnormality in multiple sclerosis (Gelfand et al, 2012) visible with OCT and mainly found 

within the inner nuclear layer in the perifoveal ring region. There is much speculation as to 

the aetiology of MMO. There are three main causative mechanisms which have been 

proposed; “black holes” caused by transsynaptic loss of cells, disturbance of fluid 

homeostasis as the responsible cells die or become dysfunctional, and the result of 

combined loss of ganglion cells and increased vitreous traction on the macula.  

None of the large patches of cysts were visible on OCT. Despite there being a higher 

number of regions positive for microcysts in relapsing remitting and secondary progressive 

patients, the inner nuclear layer thickness in these patients was not significantly different 

to controls. When investigating the specific regions in which the large microcysts are 

present we also do not see any changes in inner nuclear layer thickness compared to 

surrounding regions, which suggests the cysts are not the result of fluid leakage into the 

intracellular space but perhaps an evacuated space where cells have degenerated. This is 

supported by evidence that the overlying inner retinal layers in the region where the cysts 

were found was significantly thinner. A greater sample size and longitudinal study would be 

required to determine the exact aetiology of these cysts, and to be able to correlate them 

to metrics of disease. The inability to detect cysts on OCT may have been due to the 

distance between slices used in our OCT technique, which may not have traversed the 

thickness of cysts. Using 49 slices over an area of 6x6mm, the space between slices was 

125µm, larger than a typical contiguous patch of three large cysts. This could be rectified in 
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further studies by performing more densely packed OCT scans with smaller distances 

between slices, allowing us to detect small spaces between layers and not overlook 

potential cystic space. 

There were some abnormalities seen in the ACAD cohort which were not included in the 

grading scheme as they appeared too infrequently or were difficult to characterise 

accurately. Potential microaneurysms were seen as small bulges either in a vessel segment 

(focal bulge) or at vessel junctions (saccular/fusiform microaneurysms) (Dubow et al, 2014). 

However, due to the en face nature of AOSLO it was difficult to exclude the possibility that 

these were in fact vessels projecting at an angle towards the imaging beam then diving into 

the underlying retinal tissue, appearing as a microaneurysm. This could have been 

investigated using our device by adjusting focus to image above and below the potential 

microaneurysm. This phenomenon could also have been investigated by using AOSLO 

fluorescein angiography, which has been used before to identify and classify 

microaneurysms (Dubow et al, 2014), however this was unavailable to us.  

A “waxy membrane” was also seen in one MS patient, similar to that reported before using 

confocal AOSLO (Scoles et al, 2014), with a strong specular reflection, scalloped edges and 

large circular gaps within the structure. It was proposed this could be an epiretinal 

membrane, which have been associated with uveitic complications of multiple sclerosis 

(Kaya et al, 2014), but can also be an incidental finding (Stevenson et al, 2016) especially in 

patients within the age range of SPMS. However, it appeared only in one patient, and could 

not be directly related to microvascular insult it was not included in the final grading 

scheme. 

This study is also limited by the small region covered by graded videos (Figure 3.6). Retinal 

periphlebitis, vasculitis of the peripheral retinal vasculature, is an ophthalmic consequence 

of multiple sclerosis associated with disease severity (Ortiz-Perez et al, 2013). Although all 
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patients with uveitis were excluded from the study, by covering only a small region of the 

retina with AOSLO and OCTA, it is likely that we would miss peripheral abnormalities which 

may be more prevalent in our population. 

We have, however, also noted some ‘abnormalities’ in control patients which have not 

been reported in control groups of AO studies previously. Both hairpin loops and inner 

retinal cysts were identified in control patients with no history of ophthalmic disease at a 

lower frequency than MS patients. Hairpin loops have been identified in a paediatric 

control population previously using fluorescein angiography, where the authors suggested 

that in this circumstance they were not pathological and that they may be a long-standing 

remnant from the embryonic retinal vascular bed (Penman et al, 1994). Unlike hairpin 

loops, there are no published reports to date on the prevalence of microcysts in healthy 

populations, although the lifecycle of one retinal cyst in a control participant imaged using 

AO has been described, albeit focussing mainly on the negligible effect of that cyst on the 

underlying photoreceptor mosaic (Meadway et al, 2020). Both hairpin loops and small 

inner retinal cysts could be seen as elements of normal variation in the healthy retina, 

which in the presence of conditions such as diabetic retinopathy may become more 

frequent and severe (Chui et al, 2016). Understanding what can be defined as normal and 

abnormal is essential to the further analysis of AOSLO vascular images and a prospective 

study of control patients should be performed to define normal values for these vascular 

anomalies. As the largest type of inner retinal cysts were only present in multiple sclerosis, 

we can suggest that these are pathological but we would require more samples of both MS 

and control patients to confirm this. 

It is also unclear how dynamic these retinal abnormalities are. Using AOSLO, hairpin loops 

in DR have been shown to evolve and resolve as shown by Chui et al (Chui et al, 2016). 

Microcysts in their study, like our sample, were also not visible on SD-OCT and in one 
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patient appeared within a six-week period, suggesting that is a suitable time frame to see 

dynamic change in these anomalies. On the contrary, similar large patches of cysts have 

been shown using confocal AOSLO in dominant optic atrophy and remained unchanged in 

the patient 13 months after initial imaging (Scoles et al, 2014). Studying the lifecycle of 

these cysts would allow us to further discriminate between them and may hold clues to 

their aetiology. Longitudinal monitoring of both microcysts and hairpin loops would allow 

us to investigate if they are a dynamic process. If cysts are seen to resolve on AOSLO we 

can then examine the OCTs collected of that individual and may be able to determine if 

they are a consequence of cell death or simply a benign space. 

Overall, it has been determined that abnormalities are found at a higher rate in the SPMS 

retina and their presence is related to inner retinal thinning. However, by investigating 

abnormalities which are static during imaging we are not utilising AOSLO to its full 

potential. As images are collected in short bursts, we can observe blood cells which are 

constantly moving and the effect these cells have on blood vessels. 

 

3.4.4 Dynamic Measurements – ECA tracking 
 

We showed reduced ECA speed in MS patients, which can be explained by a number of 

inflammatory and haemorheological pathologies previously reported in MS. There are, 

however, a number of issues with measuring erythrocyte aggregates as a surrogate for 

blood flow which have to be considered. 

Aggregate speed has previously been measured indirectly using the shadows of aggregates 

while focusing on the underlying photoreceptor layer, either as “plasma gaps” (Martin et al, 

2005) or “dark tail” flow (Arichika et al, 2013). Using scattered light AOSLO imaging, we can 

image these aggregates directly, unimpeded by optical aberration caused by relying on 
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shadows of the aggregates. The range of speed of erythrocyte aggregates measured in our 

sample is similar to that reported previously for aggregate measurements (Table 3.6) and 

of single cell erythrocytes of 0.5mm/s to 2.5 mm/s (Bedggood & Metha, 2012; Tam et al, 

2011). We were unable to align speed measurements to patient’s cardiac cycle, which 

confounds our results as it has been reported that erythrocyte speed in capillaries can 

change as much as 1mm/s during diastole (Gu et al, 2018; Tam et al, 2011). 

 

Study Type of flow Result 
Arichika et al 2013 Dark tail 1.49 ± 0.36 mm/s 
Martin and Roorda 2005 Leucocyte flow  1.37 mm/s 
Uji et al 2012 Leucocyte flow or plasma gaps  1.34 ± 0.42 mm/s 

ACAD Direct aggregate 
measurement 

0.82 ± 0.29 mm/s 

Table 3.6: Published measurements of erythrocyte aggregate velocity using AOSLO 
 

The slowing of aggregates seen in our cohort could be explained by a number of 

inflammatory and haemorheological pathologies previously reported in MS. The binding of 

leucocytes to CNS endothelial cells and subsequent migration through the blood-brain 

barrier is an essential step in the pathogenesis of brain inflammation in MS (Prat et al, 

2002). This step is mediated by adhesion molecules on the surface of the endothelium, 

allowing for immune cell adhesion and entry. The shed form of these adhesion molecules 

are found at a higher concentration in the plasma of MS patients (Elovaara et al, 2000), 

suggesting the CNS endothelium as a whole may be more susceptible to this cell sticking 

process. This may produce the friction required to slow leucocytes down, resulting in a 

blockage which causes an upstream increase in erythrocyte aggregation and a decrease in 

velocity. 

Oxidative stress, a major component in the pathogenesis of MS, can have a direct effect on 

the erythrocyte membrane through lipid peroxidation leading to poor erythrocyte 

deformability (Ljubisavljevic et al, 2014; Polidoro et al, 1984). Poor erythrocyte 
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deformability can cause a number of issues within the microvasculature, exemplified by 

sickle cell retinopathy, a condition where aggregation of abnormal haemoglobin causes loss 

of erythrocyte deformability leading to stagnant blood flow in the pre-capillary arterioles, 

thrombosis and finally ischaemia (Elsayed et al, 2019). Aggregation is important as a 

haemorheological factor in microcirculatory problems as well as its direct impact on blood 

viscosity. However, reports on the levels of total blood viscosity and erythrocyte 

deformability in MS, as measured with classic filtration analysis, are contradictory (Brunetti 

et al, 1981; Pollock et al, 1982; Simpson et al, 1987). 

There are some discrepancies in the understanding of the nature of erythrocyte 

aggregates. Some have determined that aggregates are formed by a white blood cell due to 

their larger size blocking the path of red blood cells downstream (Arichika et al, 2013). It 

has not been clearly stated whether there is a spectrum of erythrocyte aggregation – 

whether in disease aggregates appear slower or more frequently than in health. Although 

we did not systematically investigate this, we did not see any significantly higher number of 

aggregates in our MS patients. Further studies in erythrocyte aggregates should look at 

classic haemorheological diseases, such as sickle cell retinopathy which is likely to have 

increased aggregation even during an inactive phase of the disease, to determine if 

increased aggregation can be detected using AOSLO and if it could be correlated to disease 

parameters. 

Similar to measuring ECA velocity, “dark tail velocity” has been measured using AOSLO 

(Arichika et al, 2013; Arichika et al, 2014a; Arichika et al, 2014b). The “dark tail” refers to 

the shadow that an erythrocyte aggregate causes on the underlying photoreceptors when 

both are in focus using confocal reflectance. With the imaging protocol used we are unable 

to visualise this dark tail as the set axial slice on the confocal channel (~60µM) was too 

narrow to capture both layers at once in most patients. A more useful metric would be that 
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of single cell velocity which has been investigated by other groups using AOSLO (Gu et al, 

2018; Guevara-Torres et al, 2016; Zhong et al, 2008). Whilst we did investigate the 

possibility of tracking erythrocytes, we are unable to track individual erythrocytes with the 

AOSLO used as the frame rate (16Hz) would lead to an expected measurement error of 

approximately 47% for an object at 1.5 mm/s (Tam & Roorda, 2011). The similar 

appearance of adjacent erythrocytes also makes identification and matching of cells 

between frames nearly impossible. This caused us to move towards alternative AOSLO 

designs to allow for further investigation into the retinal microvasculature, such as systems 

which use a dual beam method to allow for substantially faster capture rate and therefore 

lower error with an elegant design adjustment (de Castro et al, 2016). Many of the 

reported measurements of aggregate velocity have also been made in the vessels 

surrounding the foveal avascular zone, which is understandable due to its singular 

lamination and clear capillary structure. However, this is likely not representative of the 

whole retina. 

ECA speed may be confounded by a number of factors, such as geometric shape of vessel, 

distance of vessel segment from its branches and likely variation of ECA speed across the 

cardiac cycle. The variation seen in erythrocyte aggregate velocity could be due to a 

number of factors. Firstly, as mentioned we have not accounted for pulsatile flow in our 

measurements. Secondly, despite categorising capillaries as single file flow vessels, there 

can also be variation in this also, where some vessels are much more prone to aggregation 

than others suggesting they may be slightly larger than the average capillary despite 

demonstrating single file flow. Thirdly, aggregation velocity likely reflects the average 

velocity on the capillary in which it is found, and individual capillary velocity is known to be 

variable in small regions of healthy subjects (Bedggood & Metha, 2012; de Castro et al, 

2016). Finally, blood cells can form aggregates of different lengths, according to the 

number of red blood cells stacked together, and the aggregate lengths could influence 
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these speeds. The leading edge in our case was always measured for velocity but 

unfortunately the lagging edge of the aggregate was not always possible to measure 

because of our small field of view (1 x 1 degree). The length of the aggregate was also seen 

to vary during measurement, which is understandable if they are formed by a continuous 

“backing up” of erythrocytes behind a slowed rolling leucocyte. Due to its limitations, 

tracking of erythrocyte aggregates was no longer pursued and a non-invasive method of 

measuring erythrocyte velocity in a range of vessel sizes was sought.  

 

3.4.5 Dynamic Measurements – EC ratio 
 

We did not see any significant difference in patients regarding vessel stiffness as measured 

by the EC ratio, however the smallest vessels may not be appropriate for us to test as the 

structure of the retinal capillary wall does not contain material such as elastin which could 

be damaged in MS leading to stiffening (Hogan & Feeney, 1963). Basement membrane 

thickening may cause reduced compliance in these vessels, which although not shown in 

MS to date, has been demonstrated in cerebral microvessels in Alzheimer’s disease 

(Mancardi et al, 1980) and it could be investigated in future using high resolution AOSLO. 

Previous research in MS focussed on stiffness of larger vessels (Kochkorov et al, 2009) 

which are perhaps more likely to show changes in compliance due to the difference in 

components of vessel walls as you move down the vascular tree (Hogan & Feeney, 1963). 

Vascular compliance is usually measured by calculating the relationship between ocular 

compliance, pulse pressure and intraocular pressure (Villamarin et al, 2012), requiring 

relatively invasive procedures. In future, the pulsatility of larger vessels could be measured 

with AOSLO as an index of vessel stiffness. 
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3.4.6 Other Limitations 
 

Axial length measurements were unavailable for this study, therefore a set axial length was 

used to scale images. This could have affected both cyst measurements and ECA velocity, 

however MS is not known to be related to alterations in axial length so it is unlikely to 

cause a systematic error in results. The possible error incurred by axial lengths of 22 to 26 

mm was calculated as substantially lower than the possible measurement error on images, 

therefore this was considered to have a limited impact on the result. The difference 

between image scale for a 22mm eye (0.45µm/px) and a 26mm eye (0.53µm/px) when 

measuring an object of 20 pixels wide such as a cyst, would cause a difference in 

measurement of 1.63µm. This is within the range of possible measurement error for 

manual measurements such as cyst measurement, capillary measurement and selection of 

erythrocyte aggregates for velocity measurement.  
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3.4.8 Summary of Chapter 
 

In this preliminary study we have identified significant anatomical changes in the inner 

retina as well as functional changes to the retinal microvasculature in MS (Table 3.7). We 

have developed microvascular imaging protocols for use in MS and identified areas of 

interest for further investigation in the disease. 

 

Parameter 
Effect on disease subtype 

Figure Number 
RRMS SPMS 

IRT ↓ ↓↓ 
3.13 

INL Thickness ND ND 
OCTA Metrics ND ND 3.15 
Inner Retinal 
Abnormalities ND ↑ 3.17 

Type 3 Cysts Present 3.18 
ECA Velocity ↓ 3.26 
EC Ratio ND ND 3.27 

 

Table 3.7: Summary of Chapter 3 results. The number of arrows indicates the significance 
level of difference between the MS subgroup compared to age-matched control subjects. 
One arrow, P<0.05; two arrows, P<0.005. ND: No difference, IRT: Inner retinal thickness, 
INL: Inner nuclear layer, OCTA: Optical coherence tomography angiography, ECA: 
Erythrocyte aggregate, EC ratio: Erythrocyte aggregate ratio. 
 

 

 

 

 

 

 

 

 

 

 



115 
 

Development of Techniques used in AOSLO Microvascular 
Imaging 
4.1 Introduction 
 

The retina is one of the most metabolically active tissues in the body, and as such is very 

sensitive to changes in blood flow. The anatomy of the retinal microvasculature is well 

understood. The architecture of the retinal circulation is largely planar, with the 

vasculature being stratified into three main capillary layers; the superficial vascular plexus 

embedded in the RNFL and GCL, and the intermediate and the deep vascular plexi, which 

are found above and below the inner nuclear layer respectively. The inner retina is fed by 

the central retinal artery, branching to arterioles which deliver blood to capillaries rich with 

oxygen and nutrients, which are then exchanged at the capillary level for carbon dioxide 

and waste products. These waste products are then carried back by venules to the central 

retinal vein. Functional characterisation of the microvasculature, in velocity and flow of 

blood, is less well defined as functional measurements of retinal capillaries are limited to 

techniques which can only be performed using invasive dyes.  

Standard colour fundus photographs can resolve vessels ~75-150µm in diameter, however 

the critical activities of the vascular system take place at the capillary level (5-10µm 

diameter) and in the vessels adjacent to it. There is increasing evidence to suggest that in 

SPMS there is a subtle and long-standing insult to the microvasculature which would be 

best visualised at the capillary level. Capillary flow is reliant on flow through branches of 

the arteriolar tree, therefore measurement of velocity and flow through these vessels 

should give us an indication of the health of the capillary bed. Different methods have been 

developed to detect and measure retinal perfusion in both invasive and non-invasive 

manners with varied levels of resolution. Non-invasive techniques for measuring retinal 

blood flow either suffer from high rates of variability such as laser Doppler flowmetry and 

laser speckle flowgraphy (Avila et al, 1998; Sugiyama et al, 2010), or are constrained to 
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certain vessel sizes, as some are limited to small vessels, such as the retinal functional 

imager (Grinvald et al, 2007) or to large vessels, such as colour Doppler imaging (CDI) 

(Dimitrova & Kato, 2010) and Doppler OCT (Harris et al, 1998). 

The resolution of standard ophthalmic imaging is inhibited by two main factors; low 

contrast of the smallest vessels and scatter caused by optical aberrations of the eye. 

Contrast of individual vessels can be improved by providing intravenous or oral dye such as 

in fluorescein angiography (Yang et al, 1997), however this technique is invasive, there is a 

risk of allergic reaction and it can only provide “bulk” velocity measurement. Optical 

aberrations of the eye can be corrected using adaptive optics coupled techniques which, as 

previously shown, can resolve vessels at all levels of the vascular tree. Numerous 

techniques using AO-coupled technologies have been proposed for measurement of retinal 

microvascular velocity. Direct measurements of leucocyte velocity have been achieved by 

tracking the shadows of leucocytes (and likely, erythrocyte aggregates) (Martin et al, 2005; 

Martin & Roorda, 2009; Tam & Roorda, 2011) and the “dark tails” of erythrocyte 

aggregates (Arichika et al, 2013) on the underlying photoreceptor layer. These techniques 

measure aggregate velocity and, although useful in estimating capillary flow, are limited 

due to inherent variations in pulsatile flow and haemorheology.  

The use of AOSLO in imaging blood flow directly is often limited by the frame rate of 

devices, as imaging blood flow below a certain speed results in an inability to track 

individual moving cells and “aliasing” of these cells. An alternative strategy for measuring 

blood velocity which does not require an extremely fast frame rate, is to utilise the fast-

horizontal scanning capability of the AOSLO by “freezing” the vertical position of the beam, 

so the rapid resonance scanner can be used to image one specific line repeatedly (at a 

kilohertz rate), allowing for accurate measurement of cell velocity in that region. As the 

laser scans across the retina, it can also be stopped at a specific Y position, allowing for 
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repeated scanning at one specific plane. This results in an image which is part XY, 

representing structural imaging, and part XT, representing speed of cells. As blood cells 

move through this plane they appear as “streaks” which are seen at different angles to the 

scan line, depending on their speed. The measured angle can then be converted to velocity. 

Using this “XT” technique, AOSLO can be used for non-invasive visualisation of cell speed 

and calculation of flow across the complete hierarchy of the retinal vascular tree.  

Previously published reports on XT imaging use a manual method of measurement 

(Palochak et al, 2019; Zhong et al, 2012; Zhong et al, 2008; Zhong et al, 2011), which 

involves measuring the angle between the streak and the scan line in triplicate and 

averaging the result (Zhong et al, 2011). As blood velocity is pulsatile in nature, in order to 

measure blood velocity accurately it must be measured across the cardiac cycle and 

averaged over a number of cycles. This increasing number of measurements quickly 

become time consuming and impractical, therefore this technique would benefit from 

automation. 

As this process is relatively time consuming, some researchers have taken a reductionist 

approach in measuring the cardiac cycle, identifying the frames which appear to represent 

the peak and trough of the cycle and measuring them in isolation to calculate the average 

flow (Palochak et al, 2019). This technique, although efficient, may be prone to subjective 

error and disregards information which could be gleaned by studying the morphology of 

the whole cardiac cycle. An automated method of velocity measurement has been 

developed for XT-type images using the Radon transform (Joseph et al, 2019), although it 

was specialised for images acquired from anaesthetised mice which do not present the 

same challenges of acquisition as awake human subjects. Similar approaches, such as using 

the Fourier transform, could prove ideal in the automated measurement of streaks. 
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The Fourier Transform converts image information from the time domain to the frequency 

domain and the resulting Fourier spectrum can be analysed to extract information on both 

the frequency of components within an image and their orientation. As the Fourier 

Transform has been used previously for AOLSO image analysis (Cooper et al, 2013) it makes 

an ideal candidate for the automated analysis of streak orientation in XT images. The aim of 

this study was to evaluate the comparability of manual measurements of XT imaging to an 

open source Fourier transform based plugin (Directionality, v2.0, Fiji). 

In order to measure the microvasculature in detail we needed to utilise emerging 

techniques in AOSLO to investigate blood vessel structure and function at all levels of the 

vascular tree. In the previous study, we did not have the hardware or software in place to 

perform XT imaging or analyse it effectively. We subsequently obtained a new custom-built 

AOSLO device that gave us the capacity to develop vascular imaging and analysis 

techniques which would help answer the question posed. In this chapter we discuss the 

development and validation of tools to analyse XT imaging in a cohort of control patients 

for both the current study and future studies in retinal microvascular disease. 
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4.2 Materials and Methods 
 

4.2.1 Declaration of Collaborator Roles Within Chapter 
 

The ophthalmic data in this chapter were collected by Sarah Houston, Dr Adam Dubis and 

Vasileios Theofylaktopoulos. Ethical approval was applied for and received by the UCL 

Research Ethics Committee in April 2019 (Approval Number 11353/004). The XT pre-

processing analysis script was written by Dr Joan Nuñez Do Rio and adapted by Sarah 

Houston to make it more user-centric. All analysis for the pilot study undertaken at 

Moorfields Eye Hospital was completed by Sarah Houston. All videos included in this 

chapter were prepared by Sarah Houston. 

 

4.2.2 Subjects 

 

Seven healthy volunteer subjects were identified. This study adhered to the tenets of the 

Declaration of Helsinki. Each subject was dilated with 1% tropicamide. Control participants 

were recruited to this study on the basis of the following inclusion and exclusion criteria 

(Table 4.1). 

 

Inclusion Criteria 
Aged 18-80 years old 

Exclusion Criteria 
History of ophthalmic disease or trauma 
History of photosensitive epilepsy 
History of migraines 
Any form of statin treatment 

Table 4.1: Summary of inclusion and exclusion criteria for the Pilot Study of Non-Invasive 
Retinal Vascular Flow Imaging 
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4.2.3 BMC AOSLO Instrumentation 
 

In order to improve our vascular imaging quantitative abilities a new AOSLO system was 

installed (BMC AOSLO (Section 2.1.6)), with the capability to perform XT imaging. Healthy 

volunteer subjects were used in this study to develop and validate new techniques and 

protocols for this device. 

4.2.4 AOSLO Imaging Protocol 
 

4.2.4.1 Vessel Identification 
 

The participant’s right eye was used as default and only changed to left eye if requested by 

the subject. In this particular study it was not possible to use infrared images to distinguish 

arteries from veins, however when using a wide field of view (2x2 degrees) on large vessels 

using the AOSLO it is possible to identify them visually based on their reflectance as arteries 

appear lighter than veins because of the high concentration of oxyhaemoglobin in arterial 

blood, which is red in colour (Figure 4.1). Larger arteries could therefore be identified and 

traced downwards to measure velocity in a range of vessel sizes. 

 

Figure 4.1: Images demonstrating how arteries and veins appear on AOSLO confocal (A) and 
Offset Aperture 790nm (B) images in order to differentiate. The red star indicates an artery 
and the blue star indicates a vein. Scale bar: 200µm 
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4.2.4.2 Imaging Sequence  
 

To investigate vascular function at different levels of the vascular tree four locations along 

an individual arterial branch were identified which would subsequently be used for imaging 

(Figure 4.2). Each image contained 50% XY imaging and 50% XT imaging to ensure that the 

blood vessel measured was always in view and videos of 300-500 frames in length were 

collected. Measurements were limited to arteries and arterioles as the cardiac pulse is 

significantly dampened in venules and veins, resulting in less variation of speed and 

therefore a limited range of streak angles across a cardiac cycle, as demonstrated in other 

AOSLO investigations of retinal blood flow (Joseph et al, 2019). All images analysed in this 

experiment were collected using 790nm offset pinhole imaging by utilising the interactive 

stages on the BMC AOSLO device to move a 700µm aperture in front of the 790nm 

detector 300-500µm to the right. The pinhole position was optimised to remove directly 

reflecting structures, while allowing sufficient signal to visualise the multiple scattered 

structures. The size of displacement depended on the resulting image quality in individual 

participants but remained relatively consistent throughout imaging. This offset-pinhole 

scattered light imaging allowed for enhanced definition of vascular structures in the XY 

portion of the image and increased visibility of cell streaks within the XT portion of the 

image compared to confocal imaging (Video 3: https://youtu.be/BtXfGAtNsZM) used in the 

development of the XT technique (Zhong et al, 2008; Zhong et al, 2011). 
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Figure 4.2: Example of 30° infrared retinal image describing the XT imaging protocol. The 
yellow circle indicates an approximate 10-degree radius circle area where fixation could 
usually be directed. “A” indicate the typical appearance of arteries and “V” indicate the 
typical appearance of veins. S1/S2/S3/S4 indicate the typical vessel segments selected for 
XT imaging. Scale: 200µm 
 

 

4.2.5 Blood vessel diameter analysis 
 

Wall and lumen diameter measurements were performed using ImageJ. Using the line tool, 

three separate measurements were made of the whole diameter of vessel including the 

walls and of the lumen alone. These three measurements were then averaged, and the wall 

measurement was calculated by subtracting the average lumen measurement from the 
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average whole vessel diameter. The resulting wall thickness therefore represents both 

sides of the vessel wall. This was deemed appropriate for AOSLO measurements as vessel 

walls often appear asymmetrical in scattered light imaging (Figure 4.3). 

 

 

Figure 4.3: Example of arteriole with asymmetrical vessel walls likely due to the directional 
nature of off-pinhole imaging. Scale bar: 100µm 

 

 

4.2.6 Development of AOSLO XT Analysis 
 

4.2.6.1 Introduction 
 

AOSLO XT Imaging can be used to measure the velocity profile in real time in vessels as 

small as pre-capillary arterioles and venules as well as large arteries and veins of the retina. 

As the laser scans across the retina, it can also be stopped at a specific Y position, allowing 

for repeated scanning at that position. This results in an image which is part XY, 

representing structural imaging, and part XT, representing speed of cells. As blood cells 

move through this plane they appear as a streak. Cells will appear at different angles to the 
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scan line, depending on their speed. The measured angle can then be converted to velocity 

(Figure 4.4). 

Calculation of cell velocity is performed firstly by calculating speed of erythrocyte in the 

vessel lumen by the measured streak angle θ (0 < θ < π/2) against the scanning line. The 

horizontal vector of velocity (Vp) is then calculated by the equation given below (Figure 4.4, 

D), where f is the horizontal frame rate and k is magnification. Velocity along the axis of the 

vessel must then be calculated by taking into account the angle of the blood vessel to the 

scanning line, α. 

 

Figure 4.4: Schematic of XT imaging collection and analysis. In AOSLO imaging, a fast 
scanner moves the laser from left to right and a slow scanner moves it to the next line to 
repeat the process until a full XY image is formed (A). In XT analysis, the slow scanner is 
paused at a prespecified Y location and the fast scanner repeatedly scans the same location 
to create an image which is part XY and part XT (B). The XT portion of the image contains 
cell “streaks” whose slope angle to the scanning line (θ) can be used to calculate speed of 
cells in the scanning direction (Vp) (C, D). This must then be adjusted using the angle of the 
vessel to the scanning line (α) to calculate the velocity of cells along the vessel axis (Vax). f: 
horizontal scan frequency, k: system magnification. 
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The current published method of measurement of these streaks involves manually 

measuring the angle between the streak and the scan line in triplicate and averaging the 

result (Zhong et al, 2011). Due to large volumes of data required, semi and fully automated 

methods were investigated. 

 

4.2.6.2 Analysis Development 
 

As the Fourier transform can be used to calculate orientation of objects within an image, 

this could be a highly effective and efficient method of analysis for XT images. Although 

efficiency in measurement is important, accuracy of results is crucial. When all possible 

streak angles are plotted against the resulting velocity for a number of vessel angles, there 

is clear indication that measurement error is not equally distributed across the angles 

(Figure 4.5). For an 80-degree measurement, a measurement error of 5 degrees will result 

in a velocity difference of 1.47 mm/second. However, for a 20-degree measurement which 

reflects the faster components of a cardiac cycle, a measurement error of 5 degrees will 

cause a much more significant difference in velocity of up to 15.81mm/second. It is 

therefore important for both efficiency and accuracy of data collection that an automated 

method of measurement is sought. The aim of this experiment was to evaluate the 

comparability of manual measurements to an open source Fourier transform based plugin 

(Directionality, v2.0, Fiji). 
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Figure 4.5: XT Measurement Error. The relationship between velocity and angle of 
measurement (A) shows us that there is a narrow range of velocities that can be accurately 
measured using XT analysis and there is significant overlap of measurements based on the 
angle of vessel to the scanner, the angles investigated are represented in B. The results 
from A are magnified in C, and a distinct separation of slopes are seen at velocities 
<80mm/s. The risk of measurement error from 10-30 degrees (shaded area) is much 
greater than at 70-90 degrees (shaded area), as the slope is larger at narrow angles. 
 

4.2.6.3 Pre-processing of Videos for Directionality 
 

The structural component of the image (XY) contains other directional elements, such as 

the blood vessel walls or the retinal nerve fibre layer, which would be detected by the 

Directionality software and therefore needed to be removed. Straight lines either side of 

the vessel column representing elements in the line scanning which were not moving also 

need to be excluded from the image as they could cause inaccuracies in analysis. In order 

to account for this, images were processed through Matlab (R2017b) to crop out the 

structural component. This was performed by manually selecting the left and right side of 

the XT profile in each frame, based on where straight lines representing static objects 

began. Frames which contained blinks, indicated by a sudden drop in intensity, or eye 
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movements, indicated by image warping, were also removed from the image stack at this 

stage and replaced with black frames to maintain image order. 

Although the Directionality plugin is automated, using the plugin requires some pre-

processing of images. The time taken to pre-process images is an important consideration 

when comparing these two measurement techniques. The length taken to complete 

manual measurement of frames was measured using an external stopwatch, and pre-

processing of data was measured using the Run and Time functionality within Matlab. 

4.2.6.4 XT Measurement 
 

Retinal cell velocity was measured in videos of equal length (100 frames) of separate vessel 

segments. Angles were measured using both the reported manual technique (Zhong et al, 

2011) in triplicate using the Line Tool in ImageJ and using the Directionality plugin (Video 4: 

https://youtu.be/OwodyE87B-I). Direction (in degrees) was measured between -5 and -65 

degrees, or 5 and 65 degrees depending on direction of flow using 60 bins of measurement. 

This interval was selected based on expected angles of streaks, and to avoid measurement 

of purely horizontal and vertical artefacts within the images. Results from the Directionality 

plugin were also post-processed in Microsoft Excel to remove any outliers i.e. filtering angle 

from 5-65 degrees, filtering Amount >0.1. (Figure 4.6) 

 

Figure 4.6: Process of measuring velocity using Directionality plugin. 
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4.2.6.5 Measurement of cardiac cycles 
 

As there is some physiological variability in cell velocity from cycle to cycle, I created a 

MATLAB script to analyse the resulting cell velocity curves and produce an averaged result 

representative of the whole cycle. In the MATLAB script, the curves are read by the script 

and plotted as Frames versus Velocity. The user then identifies the first three acceptable 

velocity curves. The acceptability of the curves is based on their morphology, whether they 

appear similar to what is expected (Figure 4.7) and whether they appear similar to the 

other curves in the plotted cycles in both morphology and size. Curves must also be 

continuous in the critical regions of peaks and troughs, if more than one frame is missing in 

these regions that cycle should not be selected. Missing frames in other parts of the cycle, 

such as the descending wave, are acceptable if the other criteria for acceptability are still 

met. Once these curves are identified the user selects the peaks and troughs of each cycle. 

The peak and trough of each cycle are then averaged, then the difference between 

consecutive peaks and troughs are averaged together to create the Vax Average. The three 

peaks of each cycle are averaged to create the Average Peak Velocity.  
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Figure 4.7: Methods of XT derived cardiac cycle measurement and analysis. Examples of 
cycles which would not have met the inclusion criteria are highlighted in purple squares, 
and suitable peaks and troughs are featured in red and blue circles respectively. Equations 
describing methods of cycle analysis are included also. 
 

 

4.2.7 Grading of Result Quality 
 

The quality of results derived from Directionality measurements was determined by 

comparing them to results from averaged manual measurements. Directionality results 

were overlaid with manual measurements and results were graded based on these 

comparisons. Poor quality videos were identified based on number of angles identified by 

the software (less than 20 frames) and clear variation from manual measurement. Medium 

quality videos were identified based on number of significant outliers from the manual 

measurements (less than 5). Significant outliers were defined as velocity measurements 

which did not follow the morphology of the cardiac cycle and were approximately two 

standard deviations from the mean. High quality videos were classed according to good 

subjective overlay on manual measurements. 



130 
 

4.2.8 Cycle Averaging 
 

In order to ensure repeatability of velocity measurement, we also had to determine the 

number of cycles which should be measured to produce an “average” velocity 

measurement. There is variation in the number of cycles measured and averaged using 

different techniques, and there was noticeable variation in peak velocity in our results, 

therefore it was important for us to determine the number of repeated measures required 

to obtain a representative average velocity for the vessel segment. Twenty-eight videos 

from six control subjects (3-8 videos per subject) were analysed for this part of the study.  
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4.3 Results 
 

4.3.1 AOSLO Image Modality Selection 
 

Velocity results from split detection videos were comparable to that of confocal videos, and 

a higher number of frames were measurable (Figure 4.8), therefore split detection and 

other scattered light imaging were used henceforth to measure velocity. 

 

 

Figure 4.8: Comparison of velocity measurements made manually from simultaneous 
confocal and split videos of the same vessel segment. 
 

4.3.2 Cycle Averaging 
 

Next it was important to determine the number of repeated measures to average to obtain 

a representative velocity for the vessel segment. Figure 4.9 shows the change in velocity 

measured from 28 videos over 1, 3 , 5, 8, 10 and 15 cycles. There is no more than 20% 

change across any of the videos measured.  
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Figure 4.9: Before-after plot of the average velocity of individual videos. Twenty-eight 
videos from six control subjects (3-8 videos per subject) were measured over 3, 5, 8, 10 or 
15 cycles, depending on the length of continuous usable cycles, to determine the general 
magnitude of change as measurements were continuously averaged. 
 

Five videos were measured over 10 cycles to calculate the average percentage change from 

the first cycle to averages of three, five, eight and ten cycles. The percentage difference of 

the initial (first peak velocity) measurement from the average of repeated measurements 

(3, 5, 8 and 10) was calculated. Intrasession variability of retinal blood flow has not yet 

been reported using XT analysis, however intrasession variability of retinal arterioles as 

measured using the RFI has been reported as 8.4 ± 4.8% (Christian et al, 2010), therefore an 

expected variability for measurements of arterioles using the AOSLO could be estimated at 
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10%. The measurements were consistently below the expected variability of 10%, therefore 

an average of three measurements was used henceforth (Figure 4.10).  

 

Figure 4.10: Plot demonstrating percentage change from first cycle measurement for 
averages of 3, 5, 8 and 10 cycles for five videos. 
 

 

4.3.3 Development of Semi-Automated Streak Measurement 
 

4.3.3.1 Video Selection 
 

For development of semi-automated methods of angle measurement, 21 videos from 

separate locations in six control patients were used. Approximately 2-5 videos from each 

subject were used for this study (Table 4.2). 

Subject ID Subject 3 Subject 4 Subject 6 Subject 10 Subject 12 Subject 18 
Number of 
videos used 

4 2 4 3 3 5 

Table 4.2: Number of videos from each subject used for this study. 
 

4.3.3.2 Manual Measurement Error 
 

One video of 200 frames was measured twice for this preliminary analysis. One video, 

although limited in its variation in terms of vessel diameter and general image quality, can 

accurately represent a range of possible results due to the pulsatile nature of blood flow 
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and variation in image quality and location caused by eye movements. The velocities 

calculated from repeated manual measurements were compared using a Bland-Altman plot 

to determine their repeatability (Figure 4.11). The bias was -3.28mm/s (SD 15.11) and the 

95% limits of agreement were 32.9mm/s to 26.33mm/s. Similarly, manual measurements 

demonstrated a mean within-subject standard deviation of 2.01 to 5.36 degrees between 

three different measurements.  

 

Figure 4.11: Bland-Altman plot of repeatability of manual measurements. Bias = -3.28mm/s 
(SD 15.11), LOA -32.9mm/s to 26.33mm/s. 
 

4.3.3.3 Grading of Result Quality 
 

We wanted to compare the quality of results over a number of cardiac cycles from the 

manual method and Directionality tool, and determine if vessel diameter had an impact on 

quality (Figure 4.12). Narrow vessels at a wide angle to the scanning line produced worse 

results on Directionality than wide vessels at a narrow angle (Table 4.3). At wide angles 

there is less variation in cell streak in response to speed, therefore it is difficult to detect 

this change. Cell streaks at this vessel angle tend to be consistently wider in the velocity 

range relevant for retinal vessels, consequently they may be difficult to differentiate from 

90-degree angles, which are excluded as part of this analysis. Directionality is therefore not 

recommended for small vessels at wide angles (>40 degrees) to the scanning line. 
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Figure 4.12: Variation in quality of results from the semi automated measurement 
(Directionality) compared to velocity measured once manually (Manual) and velocity 
measured three times and averaged (Averaged Manual). 
 

Category 
Number of videos in 

category  
Diameter (Mean, µm) Diameter (Range, µm) 

High Quality 12/21 105.5 70.4-149.9 

Medium Quality 5/21 87.1 42.3-125.1 

Low Quality 4/21 38.9 27.0-70.8 

 

Table 4.3: Summary of quality assessment results for comparing semi-automated to manual 
measurement of velocity. 
 

 

4.3.3.4 Averaged Manual Measurements versus Directionality 
 

In order to compare results from Directionality to manual measurements, we had to 

examine results from each method in three different ways. Firstly, we had to compare the 

angle measurements from each method which form the raw data used to calculate 
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velocity. Next, we had to compare the resulting velocities due to the varied impact of 

measurement error on different angles, as shown in Figure 4.5. Finally, it was important to 

compare results from each method on the most commonly reported metric of retinal blood 

flow, average velocity, as this would be an endpoint of future studies of retinal blood flow. 

Comparability of angle measurements made using manual techniques and Directionality 

were assessed using a Bland-Altman plot (Figure 4.13). Six videos were excluded from Bland 

Altman analysis based on poor quality and the results from remaining individual frames (n = 

1141) were compared. Firstly, the angle (in degrees) measured using averaged manual 

methods was compared to results from Fourier analysis (Figure 4.13). The bias at 2.99 

degrees (SD 7.38) indicates there is a very small difference between manual and 

Directionality methods in measurement of velocity. The 95% limits of agreement are 

narrow at -11.48 degrees to 17.46 degrees. Results appear to be more comparable at the 

smaller angles (20-30 degrees) than at larger angles (40-80 degrees) when assessed using 

Bland-Altman. However, as seen previously (Figure 4.5), measurement error at larger 

angles has a less detrimental effect on the result. 

 

Figure 4.13: Bland-Altman plot of comparability of manual to semi-automated 
measurement (Directionality) of individual frames (angle, degrees). Bias = 2.99 degrees, 
LOA = -11.48 degrees to 17.46 degrees. 
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Next it was important to determine in these images the comparability of manual and 

automated methods on the overall velocity result, as the results may be confounded by a 

number of other metrics for this value, such as angle of vessel to scanning beam. The bias 

was -2.01mm/s (SD 5.43) indicating there is no significant difference between manual and 

Directionality methods in measurement of velocity (Figure 4.14). This bias is even less than 

that seen for comparability of repeated manual measurements (Figure 4.11). The 95% 

limits of agreement were narrow at -12.71mm/s to 8.56mm/s, demonstrating the potential 

error when using the automated method is limited. 

 

Figure 4.14: Bland-Altman plot of comparability of manual to semi-automated 
measurement (Directionality) of individual frames (velocity, mm/s). Bias = -2.01mm/s (SD 
7.38), LOA = -12.71mm/s to 8.56 mm/s. 
 

Although assessment of individual frames is critical to success of the technique, we also 

needed to determine the comparability of the most widely reported endpoint of retinal 

blood flow, the average velocity. Thirteen videos from seven subjects were also used to 

compare manual and Directionality velocity measurements of cycles. The difference 

between peak systolic velocity and lowest systolic velocity for three cycles were averaged 

for each video measured both manually and using Directionality, and compared using a 
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Bland-Altman plot (Figure 4.15). The bias was minimal at 0.275mm/s (SD 4.31) and limits of 

agreement were narrow at -8.18mm/s to 8.73mm/s. There also does not appear to be any 

systematic error in measurement, all average velocities appear to be equally susceptible to 

this small difference in results. 

 

Figure 4.15: Bland-Altman plot of repeatability of comparability of manual to semi-
automated measurement (Directionality) of cycles. Bias = 0.275 (SD 4.31), LOA = -8.18mm/s 
to 8.73mm/s. 
 

 

4.3.3.5 Measurement Time 
 

Both manual measurement and semi-automated pre-processing steps were timed in 

fourteen videos. It was significantly faster to complete pre-processing steps than the 

manual technique of velocity measurement as measured using a two-tailed Mann Whitney 

test (p<0.0001) (Table 4.4). 

 

Measurement Technique 
Time to Complete (seconds) 

Median IQ Range 
Manual 238 76 

Directionality 83 13 

Table 4.4: Summary of results comparing measurement time of manual method of analysis 
to Directionality analysis. 
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4.4 Summary 
 

This chapter has demonstrated the repeatability of an open-source, semi-automated 

method of velocity analysis (Directionality) to improve accuracy and efficiency of AOSLO XT 

measurements. We developed methods of pre-processing to increase accuracy of the 

plugin, compared the results from manual measurement to those generated by automated 

analysis and were able to identify vessels with specific features which perform poorly and 

should therefore be excluded. Although use of Directionality does require some pre-

processing, we have been able to demonstrate that it is still significantly faster 

(approximately 3x) to perform. There is also minimal training required and the process 

could be integrated directly with the pre-processing step. As the software is open source 

(https://github.com/fiji/Directionality/releases/tag/Directionality_-2.0.2), it can also be 

adapted for individual lab’s needs. Increased efficiency of analysis may make XT imaging a 

more attractive concept for other researchers and allow expansion of the field.  

There is an alternative strategy for measuring orientation of streaks within XT images. 

Automated analysis of velocity visualised using XT imaging has been presented in the 

mouse eye (Joseph et al, 2019) using the Radon transform. This method is open source 

(https://github.com/elifesciences-publications/single_cell_blood_flow) and could serve as 

a suitable alternative to Fourier transform analysis. Although this technique is promising for 

fully automated analysis of XT images, it was developed using anaesthetised mice, which 

would not present the same challenges as imaging awake humans, such as image warping 

from involuntary saccades or fixation fatigue. The analysis technique presented in this 

chapter requires some pre-processing but otherwise can be used in its published format to 

analyse human XT images with no additional filtering, making it more accessible for those 

with limited computational training. Additionally, as most AOSLOs are custom built and 

results can be variable on a lab to lab basis, it would also be important for individuals to 
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assess this process on their own datasets or devices before integrating it into their analysis 

pipeline.  

There is currently only one published study where XT imaging was used to investigate 

blood velocity in a diseased state. In order to investigate blood velocity and flow in diabetic 

retinopathy, Palochak et al measured the peak and trough of the cardiac cycle by 

subjectively selecting XT frames with the narrowest and widest angles (Palochak et al, 

2019), then using only these frames to measure and calculate mean velocity across the 

cycle. This limited analysis may have been due to the time-consuming nature of manual 

streak measurement, and although it is efficient, it would be prone to error in identifying 

correct peaks and troughs as the full cardiac cycle would not be represented. Furthermore, 

pathological features of the cardiac cycle cannot be identified and explored with such a 

reduced method. As the use and applicability of XT imaging expands, the reliability of 

metrics used in this technique must be considered. 

There are limitations to the method proposed here. This technique is also not fully 

automated and requires processing of images before use. Automation of this pre-

processing step is possible and could be integrated with the open-source Directionality 

program to create a fully automated pipeline for analysis of XT videos. Additionally, as the 

orientation of the scanning beam was static, we were limited to vessels which could be 

measured at an angle less than 50 degrees to the scanning beam. Ideally, the beam could 

be rotated to allow for measurement of the vessel at the narrowest angle, which would 

improve image quality especially for the smallest vessels where a narrow angle, and 

therefore a wide XT portion, is crucial for accurate measurement of velocity. Directionality 

cannot be reliably used for small vessels where the vessel in question is under 40 

micrometers because of the impact of persistent artefacts on these images. Removal of 

images with motion artefacts is straight forward, however all images will have some form 
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of small horizontal artefact due to the horizontal scanning element of imaging. Analysis of 

low-quality images is also not recommended using this technique as the program shows 

poor detection of these streaks. However, in these cases it may still be possible to detect 

cell streaks manually and as there is no significant bias between Directionality and manual 

measurements, they can be used in conjunction with each other. 

This technique may also be useful to study the haemorheology of retinal diseases, as XT 

imaging allows us to analyse flow across the retinal vessel. Detecting velocity not only in 

the centre of the lumen, as has been performed here, but also at vessel walls will allow us 

to visualize altered rheology in vivo across the whole vessel profile and assess its 

downstream effects. This kind of analysis is very time intensive to complete manually, 

therefore automated detection such as this is a boon. This technique could also be used on 

veins and venules, but they are not examined using this technique as the cardiac pulse is 

dampened significantly in these vessels and would therefore not present the same range of 

velocities as an arteriole. 

Validation of Directionality and post-processing analysis of velocity results from retinal 

vessels grants us the capacity to use this technique on a large number of images, collected 

as part of this thesis to investigate the retinal microvasculature at all levels of the vascular 

tree. Processing and analysis of adaptive optics images is a significant constraint in the 

translation of adaptive optics imaging to the clinical setting and its perception as a clinically 

useful technique, therefore automation of measurement such as this is essential to the 

growth of the field. 
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Retinal Vascular Structure and Function in SPMS 
5.1 Introduction 
 

Multiple sclerosis has traditionally been viewed as a chronic inflammatory disease, where 

cycles of neuroinflammation and neurodegeneration lead to accrual of disability. There is, 

however, increasing evidence to suggest that the microvasculature plays a significant role 

in the pathophysiology of multiple sclerosis, especially in progressive stages of the disease. 

The primary function of the microvascular system is adequate perfusion and sufficient 

transfer of nutrients and oxygen to tissues. In MS patients many studies have described the 

presence of hypoperfusion, failure to deliver sufficient blood volume, and hypoxia, failure 

to sufficiently oxygenate tissues, in the CNS using clinical, radiological and histological 

methods. Histological studies have shown that lesions tend to form in watershed regions of 

the brain, where tissue is supplied by the most distal branches of two arteries and are 

therefore most at risk of persistent hypoperfusion, suggesting an early role for the 

vasculature in lesion formation (Desai et al, 2016; Haider et al, 2016). Cerebral type-III MS 

lesions histologically resemble an hypoxic insult (Haider et al, 2016) and expression of 

vascular factors associated with hypoxia (HIF-1α, (Stadelmann et al, 2005)), have also been 

identified in sclerotic lesions. Reduced cerebral blood flow has been demonstrated in all 

subtypes of MS (Adhya et al, 2006; D'Haeseleer et al, 2013; Law et al, 2004; Rashid et al, 

2004), even in the absence of structural damage (Varga et al, 2009), suggesting 

hypoperfusion is not strictly a result of neurodegeneration and subsequent lack of 

metabolic demand. Cerebral circulation time is also increased in all types of MS (Monti et 

al, 2015), indicating that decreased blood velocity is an early component of the disease. 

Haemoglobin saturation levels are also shown to be reduced in MS patients using near 

infrared spectroscopy (Yang & Dunn, 2015), suggesting the impact of insufficient blood 

delivery could be compounded by a reduction in oxygen carrying capacity of the blood. This 
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is supported by evidence from haematology; haemoglobin levels are significantly reduced 

in MS patients (Hon et al, 2011) and the presence of anaemia doubles the risk of 

developing MS (Koudriavtseva et al, 2015) and increases the risk of relapse (Tettey et al, 

2016). Although hypoxia and hypoperfusion are increasingly being recognised as important 

factors in the progression of MS, there is still controversy regarding their role in the 

process. 

The anterior visual pathway, consisting of the RGCs, RNFL and optic nerve, is now widely 

understood to reflect the overall degenerative status of the brain in MS. As the retina 

demonstrates a strong link with the brain in its neurodegenerative processes and as they 

share similar microvascular traits, it is likely that any vasculopathy in the brain will also be 

reflected in the retina. Homology between the cerebral and retinal microvasculature in 

both structure and function, as well as the accessibility of the retinal microvasculature, 

suggests the retina would be an ideal location to observe the cerebral vasculature in health 

and in disease. Indeed, retinal microvascular abnormalities have been noted in MS patients 

at all stages of the disease. OCTA measurements of retinal perfusion, as mentioned 

previously, have demonstrated altered retinal perfusion in multiple sclerosis in both early 

and late stages of the disease (Feucht et al, 2019; Wang et al, 2014), and studies using the 

retinal function imager have found both structural and functional abnormalities in MS, in 

reduced retinal perfusion (Liu et al, 2019) and velocity (Jiang et al, 2016). There are, 

however, no studies investigating retinal vessels in SPMS specifically, as studies either only 

investigate the earlier RRMS stage or do not differentiate by subtype. There is also limited 

information available on vessel wall structure in SPMS, which could be extremely 

informative on the disease process. Investigation of both structure and function of retinal 

vessels in SPMS is essential to understanding the wider vascular impact of MS. This could 

be achieved with AOSLO which can investigate both structure of retinal vessels, in 

measuring wall and lumen thickness, and function of vessels, in measuring blood velocity. 
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Wall to lumen ratio can be used to examine the impact of SPMS on the microvasculature in 

more detail. The walls of blood vessels co-vary with vessel size, where vessels with larger 

lumen require larger walls to maintain vessel tone. This measurement is typically expressed 

as wall to lumen ratio (WLR) and has been used extensively with a number of retinal 

imaging techniques to gather insights on retinal and systemic disease in the 

microvasculature. As the retina contains a range of more than a log unit of lumen 

diameters it is possible to fit a relation between vessel diameter and wall thickness. This 

relationship is consistent between normal eyes, therefore it can be a useful tool to 

compare healthy to diseased eyes (Hillard et al, 2016). There is currently a paucity of 

clinically available techniques for measuring WLR across a range of vessel sizes in vivo. 

Scanning laser doppler flowmetry (SDLF) can be used to measure wall thickness (Michelson 

et al, 2007), but it is limited to larger vessels where changes are likely to occur later in a 

primarily microvascular disease. AOSLO can instead be used to image a wide range of 

vessel sizes, from the main branches at the optic nerve down to the capillary level. WLR as 

measured using AO-based techniques has been associated with a number of conditions, 

such as hypertension (Hillard et al, 2016), diabetic retinopathy (DR) (Burns et al, 2014), and 

has even been used to detect structural changes in subclinical DR (Zaleska-Zmijewska et al, 

2017). 

Measurements of cell velocity in retinal blood vessels can be made using a number of 

different techniques, yet these are also limited in the range of vessel sizes they detect. 

AOSLO XT imaging allows visualisation of cell speed and calculation of flow across all stages 

of the retinal vascular tree. XT imaging, as a part structural, part functional imaging 

modality (Section 4.2.6) allows us to integrate information about vessel size and cell speed 

in order to calculate vessel flow (Zhong et al, 2008). The relationships between diameter, 

velocity and flow have been investigated in DR using XT imaging, and it was found that 

different forms of DR displayed different relationships between these factors (Palochak et 
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al, 2019). Techniques previously used to study the retinal microvasculature in MS have 

been limited in scope to either small, low flow vessels or large, high flow vessels and this 

may restrict observations on interactions across the whole vascular tree in MS. 

Another essential function of the microvasculature is in oxygenation of tissues. Facilitation 

of oxygen transfer is an essential role of blood vessels, and can be altered independently of 

changes to vessel structure or flow. As previously described, retinal oximetry has been used 

to demonstrate significant reduction in oxygen transfer in a heterogenous group of MS 

eyes compared to controls, which was purported to be linked to inner retinal atrophy and 

subsequent reduction in metabolic need (Einarsdottir et al, 2018), however structural 

measurements of the retina in this case were not compared to saturation levels. There are 

no published findings focussing on retinal oxygenation in SPMS. Whether microvascular 

dysfunction is a result of atrophy, alterations in perfusion or insufficient oxygen transfer is 

yet to be determined in MS and could be investigated in detail in the retina. 

Previously, we have examined the microvasculature in both RRMS and SPMS patients at a 

superficial level to develop methodologies and hypotheses regarding the microvascular 

state in SPMS. As there was no significant difference in overall microvascular structure in 

MS patients, a closer look at vascular structure was required. In Chapter 3, we also found a 

significant reduction in velocity of erythrocyte aggregates in MS patients, which would 

indicate a slowing of flow upstream from capillaries. Measurements of aggregate velocity 

are however impacted by a number of external factors which could not be controlled for 

using our techniques, therefore an alternative method of blood velocity measurement was 

sought in XT imaging, which we can use to further explore the functional microvascular 

changes seen in Chapter 3.  

We have investigated the overall structure of the microvascular tree, the function of small 

capillaries and the cellular environment in which they sit. We were initially unable to look 
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at retinal blood velocity in a range of vessel sizes using the techniques available to us at the 

time. The potentially subtle alterations of the retinal microvasculature in SPMS require a 

multifaceted approach to investigate their aetiology, and to identify specific biomarkers 

which could be utilised by clinical trials in future. The sensitivity of AOSLO to changes in 

both structure and function at all levels of the vascular tree makes it is a powerful tool in 

detecting vascular disorder in the retina. In this chapter we examine both vascular 

structure, using wall and lumen metrics, and function, in velocity, flow and oxygen 

saturation in SPMS. We also look at the wider impact of vascular function and retinal 

structure in SPMS. 
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5.2 Materials and Methods 
 

5.2.1 Declaration of Collaborator Roles Within Chapter 
 

The ophthalmic data in this chapter were collected by Sarah Houston, Dr Adam Dubis, 

Vasileios Theofylaktopoulos and Sevim Ongun. Recruitment and data collection for the 

MSOpt trial at the Institute of Neurology was carried out by Dr Rosanna Cortese, Dr Alessia 

Bianchi, Hannah Wood and Leilani Cabreros. Application for the MSOpt study was 

completed by the MSOpt Study Team including Sarah Houston and Adam Dubis. 

Application for the pilot study, recruitment and data collection was performed by Sarah 

Houston in this trial. Data analysis for both the pilot study and baseline results of the 

MSOpt retinal imaging results was completed by Sarah Houston. All videos included in this 

chapter were prepared by Sarah Houston. 

 

5.2.2 Cohort Development 
 

5.2.2.1 Control Patients 
 

A pilot study of retinal vascular imaging was performed in order to investigate normal 

variation in retinal vascular measurements, such as metrics of vessel diameter, blood 

velocity and flow and oxygen saturation. It was also performed to compare results from the 

MSOPT study to those of young and age-matched controls, and develop the analysis 

techniques used in this thesis. 

Ethical approval was applied for and received by the UCL Research Ethics Committee in 

April 2019 (Approval Number 11353/004). Twenty-four volunteer participants were 

recruited to the study. All participants provided written informed consent and the study 

adhered to tenets of the Declaration of the Helsinki. Control participants were recruited to 
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this study on the basis of the following inclusion and exclusion criteria (Table 5.1). During 

this study, AOSLO imaging and retinal oximetry were performed. 

Inclusion Criteria 
Aged 18-80 years old 

Exclusion Criteria 
History of ophthalmic disease or trauma 
History of photosensitive epilepsy 
History of migraines 
Any form of statin treatment 

Table 5.1: Summary of inclusion and exclusion criteria for the Pilot Study of Non-Invasive 
Retinal Vascular Flow Imaging 
 

 

5.2.2.2 SPMS Patients 
 

Ten SPMS patients were recruited as part of the MSOpt study, a randomised controlled trial 

of simvastatin in the treatment of SPMS. Their baseline results prior to treatment are 

presented in this thesis. In this chapter we used control subjects (recruited via the study 

detailed in Section 5.2.2.1) and SPMS patients from the MSOpt study prior to treatment to 

develop post-acquisition methodologies, compare differences between controls and 

patients, and enable us to establish baseline parameters of the retinal vasculature in SPMS. 

The study was approved by the Brighton and Sussex Research Ethics Committee 

(17/LO/2088) and was registered with ClinicalTrials.gov (NCT03896217). 

The ten patients in this study recruited as part of the larger MSOpt study were selected on 

the basis of the following inclusion and exclusion criteria (Table 5.2), which has been 

summarised for relevance to this chapter. Further detailed information on the recruitment 

criteria for the MSOpt study is available in the Appendix. 
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Relevant Inclusion Criteria 
Confirmed diagnosis of multiple sclerosis according to revised Mc Donald criteria and 
have entered the secondary progressive stage. Steady progression rather than relapse 
must be the major cause of increasing disability in the preceding 2 years.  
EDSS 4.0 – 6.5 (inclusive). 
Male and Females aged 18 to 65 
Willing and able to comply with the trial protocol (e.g. can tolerate MRI and fulfils the 
requirements for MRI, e.g. not fitted with pacemakers or permanent hearing aids) ability 
to understand and complete questionnaires 
Willing and able to provide written informed consent 

Relevant Exclusion Criteria 
The use of immunosuppressants (e.g. azathioprine, methotrexate, cyclosporin) or 
disease modifying treatments (avonex, rebif, betaferon, glatiramer, dimethyl fumerate, 
fingolimod) within the previous 6 months 
If the patient reports any ophthalmic conditions such as glaucoma, ocular trauma or 
degenerative eye disease 

Table 5.2: Relevant inclusion and exclusion criteria for the MSOpt trial. The full list of 
inclusion and exclusion criteria is included in the Appendix. 
 

5.2.2.2.1 MSOPT Trial Protocol 
 

The baseline visit of the MSOPT study occurred over two days. Day One consisted of 

screening for the trial, including safety blood tests and an MRI to determine suitability for 

the trial. They also had disease specific functional tests performed by a qualified 

neurologist. They were provided with the study drug at the end of Day One but were 

informed not to take the drug until the end of Day Two. Day Two of the MSOPT trial 

occurred at Moorfields Eye Hospital, where baseline retinal imaging was performed (Figure 

5.1). 
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Figure 5.1: Flow diagram of the general patient pathway through the baseline visit to MEH 
of the MSOPT trial 
 

 

5.2.3 AOSLO Imaging Protocol 
 

To facilitate time management and due to the high degree of interocular symmetry, one 

eye from each patient was selected as a study eye for AOSLO imaging. In the control 

cohort, the participant’s right eye was used as default and only changed to left eye if 

requested by the subject. In the SPMS group, if a patient had no history of optic neuritis in 

either eye, then the right eye was used as default. If a patient did have a history of optic 

neuritis, the non-diseased eye or the “better” eye as determined by visual acuity and 

general assessment of performance on OCT, was used. This was to ensure that the patient 

had the best possible visual fixation for AOSLO imaging. All subjects were dilated using one 

drop of 0.5% tropicamide.  

In SPMS patients, arteries suitable for imaging were identified using the infrared image 

provided alongside the macular volume scan collected earlier, using the different 

reflectance of vessels as a guide (Figure 4.2). In the control cohort, OCT images were 

unavailable so arteries and veins were identified using the same method as in the previous 

chapter based on their reflectivity on AOSLO (Figure 4.1), as large arteries (in the 

peripapillary region) are distinctly lighter in colour than large veins. 

OCT/OCTA Visual 
Assessment Dilation

AOSLORetinal 
Oximetry

Ocular 
Biometry
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Two arteries, a pair on either side of the equator, were identified for XT imaging. AOSLO XT 

imaging was performed in a minimum of four locations in two separate arteries. Before 

imaging, four locations each along a branch of two individual arteries were identified which 

would subsequently be imaged. In MS patients, the infrared image was marked to show the 

estimated location of measured vessels. The field of view used varied from 1-2 degrees 

depending on image quality and the participant’s fixation stability. In both MS and control 

subjects the location of the fixation target was also saved at each video capture for future 

reference. 

 

5.2.3.1 Analysis of Blood Vessel Diameter 
 

Wall and lumen diameter measurements were performed in triplicate using the ImageJ line 

tool. Wall cross sectional area (WCSA), wall thickness (WT) and wall to lumen ratio (WLR) 

were calculated according to the following equations used previously in AOLSO study of the 

microvasculature (Hillard et al, 2016). Inner Diameter (ID) denotes lumen thickness and 

Outer Diameter (OD) denotes whole vessel thickness. 

WCSA = (π (OD2 – ID2)) / 4 
 

Equation 5.1. 

WT = (OD-ID) / 2 
 

Equation 5.2. 

WLR = (OD-ID) / ID Equation 5.3. 
 

 

5.2.3.2 Analysis of XT Imaging 
 

XT images used to calculate cell velocity and flow in control and SPMS patients were 

analysed using Directionality processes where possible. When videos did not meet the 

quality criteria for Directionality measurement, or the results from semi-automated 

measurement did not reach quality standards, manual measurement of velocity (as 

previously described) was performed. 
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For analysis of XT imaging, I utilised the MATLAB script developed for cycle measurement 

of XT results (Section 4.2.6.5). For this study, I also calculated additional measurements of 

flow dynamics to develop our understanding of retinal microvascular function in MS. As 

previously described, the user selects the peak and trough of three “acceptable” cycles, 

which are then averaged and the difference between consecutive peaks and troughs are 

averaged together to create the Vax Average. The resistive index (RI) was also calculated 

from the resulting peak and trough results. The RI is a measurement of pulsatile flow that 

reflects the resistance of microvascular beds downstream to blood flow (Nichols et al, 

2011). It is calculated by dividing the difference between the lowest diastolic velocity and 

the peak systolic velocity by the peak systolic velocity. 

Resistive Index = 
Average Peak Systolic Velocity – Average Diastolic Velocity

Average Peak Systolic Velocity
           Equation 5.4.       

From calculating velocity and vessel diameter, it was also possible to calculate flow in the 
vessel. 

Vessel flow (Q) was calculated based on the following equation reported by Zhong et al 

(2011), where Dv is the average lumen diameter and Vax is the average velocity (Equation 

5.5). Velocity measurements were corrected for retinal magnification based on axial length 

(IOLMaster 500/700 – Zeiss, Jena, Germany) for SPMS patients but not controls as it was 

unavailable. 

                                                        Q =  
Vax · π · D௩మ

4
                                   Equation 5.5. 

 

 

5.2.3.3 Statistical Analysis 
 

Linear regressions were performed in Prism (v7, GraphPad) and post-hoc analysis was used 

to investigate differences between elevation of lines if the slopes were equal. Prism 

calculates the difference in elevation based on Analysis of Covariance (ANCOVA) (Zar, 
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2010), where the intercepts of lines are compared after “sharing” the slope parameter 

between the lines to make them equal. The difference in intercept, and therefore 

elevation, between lines demonstrates whether two lines are identical or not. 

 

5.2.4 Retinal Oximetry 
 

5.2.4.1 Retinal Oximetry Collection 
 

Retinal oximetry was performed using the Oxymap T1, a dual wavelength, non-invasive 

spectrophotometric oximeter. The oximeter consists of a standard fundus camera with two 

separate digital cameras. Images of the retina are collected simultaneously using two 

different wavelengths, 570nm and 600nm. One image in each eye was collected at 50° FOV, 

centred on the optic disc and focussed on the retinal vessels. 

 

5.2.4.2 Retinal Oximetry Analysis 
 

Oximetry results from both eyes were analysed using the specialised analysis program for 

Oxymap T1, the Oxymap analyser. Images which did not meet the quality standards (i.e. 

optic nerve not in central third of image, vessels not clearly visible) were excluded. 

Oxygen saturation was measured in all major retinal vessels found within two concentric 

circles placed at 1.5- and 3-disc diameters from the optic disc (Figure 5.2, A), for two 

reasons. Firstly, this method of measurement had been performed in previous studies 

using the Oxymap (Eliasdottir et al, 2017; Nakano et al, 2016; Nitta et al, 2017) and the 

location of measurement allows us to ensure consistency as the vessels in this region were 

of greatest clarity. Vessels whose diameter was below eight pixels were excluded due to 

reported errors in results using vessels of this calibre (Geirsdottir et al, 2012). Individual 
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vessel values from each eye were averaged to determine the mean arteriolar saturation 

and mean venular saturation.  

Complete results from each eye detailing saturation values and locations were analysed in 

Matlab (R2013a) to determine arteriolar and venular saturation, as detailed in a study by 

Paul et al (2013). Briefly, saturation values are read into Matlab and plotted in a histogram 

format (Figure 5.2, B and C).  

 

Figure 5.2: Oxymap Analysis Process. Vessel segments are extracted from the Oxymap 
image using two concentric rings centred over the optic disc, 1.5 and 3 disc diameters in 
size. The resulting segments are read into Matlab (B) and plotted as a histogram (C) to 
determine the venular and arterial saturation peaks (first and second peaks, respectively) 
(D). 
 

The X location of the first peak (at a lower saturation) is collected as venular saturation and 

the second peak (at a higher saturation) is taken as arterial saturation. Data were also 

analysed based on vessel diameter, as different vessel diameters are known to produce 
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different saturation curves (Paul et al, 2013). The arteriovenous difference was calculated 

as the difference between arteriolar and venous saturation.  
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5.3 Results 
 

5.3.1 Normality Calculation 
 

Vessel diameter values and blood velocity measurements were not normally distributed as 

measured by the Shapiro-Wilk test (p<0.0001, p<0.0001 respectively), as they were skewed 

towards smaller vessels. Flow measurements were normally distributed as measured by 

Shapiro-Wilk test (p = 0.84). 

 

5.3.2 Structural Metrics of Retinal Blood Vessels 
 

5.3.2.1 Subjects 
 

Ten SPMS patients and twelve sex- and age-matched controls were used in this section. 

One eye from each patient was used in the analysis (Table 5.3). 

 Controls (n = 12) SPMS (n = 10) 
Age in Years (Range) 52.3 (38-64)  53.5 (36-64) 

Sex (% Female) 60% 58.3% 
 

Table 5.3: Summary of patient demographics. 
 

 

5.3.2.2 Structural Metrics Results 
 

Using AOSLO, vessel walls were clearly visible in all of our SPMS and control subjects 

(Figure 5.3). 
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Figure 5.3: AOSLO images of retinal arteries to demonstrate the clarity of vessel walls using 
this technique, from both a control participant (A, Vessel Diameter: 122.7µm, WLR: 0.39) 
and SPMS patient (B, Vessel Diameter: 116.7µm, WLR: 0.41). Scale: 100µm 
 

As predicted, we found a significant correlation between mean lumen diameter and mean 

wall thickness in arterioles, where wall thickness increased with increasing lumen diameter 

(Figure 5.4). To establish whether there was a difference between SPMS and control 

subjects, linear regression coefficients (r) were calculated giving values of 0.36 for SPMS 

patients and 0.58 for controls, and when compared revealed a significant difference 

between slopes (p = 0.017). This indicated that the relationship between lumen and wall 

diameter is affected by SPMS. In the MS patients the difference appeared to be due to the 

vessel wall being thickened for a given lumen diameter compared to control participants.  
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Figure 5.4: Relationship between wall diameter and lumen diameter in arterioles of SPMS 
patients and age-matched controls. Linear regression coefficients (r) were 0.36 for SPMS 
patients and 0.58 for controls. There was a significant difference between slopes (p = 
0.017). 
 

When vessels were grouped by diameter, WLR was significantly larger in vessels 50-99µm 

(p = 0.0001) in SPMS patients, as measured with Mann-Whitney tests, indicating 

vasoconstriction and lumen narrowing of these vessels (Figure 5.5). There was no 

significant difference between SPMS patients and controls in WLR in vessels <50µm (p = 

0.13) and between 100-150µm (p = 0.61). 
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Figure 5.5: Box and whisker plots with overlaid scatter plots of vessel diameter versus wall 
to lumen ratio (WLR) in three vessel size groups. There was a significant difference 
between SPMS patients and controls in WLR in vessels 50-99µm diameter (p = 0.0001) as 
measured with Mann-Whitney tests. There was no significant difference in WLR in vessels 
less than 50µm (p = 0.13) and from 100-150µm (p = 0.61) in diameter. ***P<0.0005.  
 

This increase in WLR could be caused by generalised vasoconstriction or by a genuine 

increase of parietal thickness in retinal vessels. This can be further explored by examining 

the relationship between the inner diameter (lumen) and outer diameter (whole vessel 

thickness) (Figure 5.6). The close relationship between inner and outer diameters was 

confirmed using linear regression coefficients (r) (0.98 for SPMS patients, 0.96 for controls). 

There was no significant difference between slopes for SPMS and controls (p = 0.61), but 

there was a significant difference in elevations between slopes (p = 0.04) indicating the 

relationship between inner and outer diameter is maintained but SPMS vessels tend to 

have smaller lumen diameters than control vessels across all vessel sizes. 
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Figure 5.6: Relationship between outer diameter and inner diameter (i.e. lumen diameter) 
in arterioles of SPMS patients and age-matched controls. Linear regression coefficients (r) 
were 0.98 for SPMS patients and 0.96 for controls. There was no significant difference 
between slopes (p = 0.61), but there was a significant difference in elevations between 
slopes (p = 0.04) 
 

In order to further interrogate the results, vessels were grouped according to vessel size 

(Figure 5.7, Table 5.4). The results indicated that this elevation between slopes seen 

previously was mainly due to differences in vessels 50-99µm in diameter (Mann-Whitney 

test, p < 0.0001). Interestingly, this trend was reversed when comparing vessels between 

100-150µm in diameter but this may be due to imbalance in sample sizes (Control n = 33, 

SPMS n = 13 segments). 
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Figure 5.7: Box and whisker plots with overlaid scatter plots of outer diameter to inner 
diameter in arterioles of control participants and SPMS patients. There was a significant 
difference between SPMS patients and controls in inner diameter in vessels 50-99µm 
diameter (p < 0.0001) and in vessels 100-150µm diameter (p = 0.01) as measured with 
Mann-Whitney tests. There was no significant difference in inner diameter in vessels less 
than 50µm outer diameter (p = 0.27). *P<0.05; ***P<0.0005. 
 

 

 

Table 5.4: Summary of inner diameter results grouped by vessel sizes. 
 

 

In order to further examine the relationship between vessel thickness and wall thickness, 

WCSA was compared to vessel diameter on a log-log scale (Figure 5.8). This metric 

represents the full area covered by the vessel wall, and the relationship between WCSA and 

outer diameter has been used previously as a method to elucidate the type of vessel 

remodelling occurring in retinal vascular disease (Hillard et al, 2016). Comparing the 

relationship between WCSA to outer diameter in SPMS and control vessel segments (Figure 

5.8) revealed identical slopes (r = 0.92, r = 0.95, respectively) but a significant difference in 

Outer 
Diameter 

(µm) 

Number of Segments Median Inner Diameter (µm) 
(IQ Range) Mann-Whitney 

test (p) Control (n = 12) SPMS (n = 10) Control  SPMS  

<50 22 26  29.23 (9.08) 25.86 (9.88) 0.27 
50-99 67 63  56.77 (18.92)  49.02 (12.1) <0.0001 

100-150 33 13  86.86 (23.39)  103 (23.66) 0.01 
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elevation between slopes (p = 0.03), indicating for a given outer diameter a vessel segment 

from an SPMS patient would have a higher WCSA than a control subject, demonstrating 

thicker walls. 

 

Figure 5.8: Relationship between vessel diameter and wall cross-sectional area (WCSA) in 
arterioles of SPMS patients and age-matched controls. Linear regression coefficients (r) 
were 0.92 for SPMS patients and 0.95 for controls. There was no significant difference 
between slopes (p = 0.80), but there was a significant difference in elevations between 
slopes (p = 0.03) 
 

To establish if this elevation between slopes was more prominent in certain vessel sizes, as 

with the relationship between ID and OD, WCSA was compared according to vessel size. 

There was no significant difference between any of the groups of vessel sizes (Mann-

Whitney test, Figure 5.9), indicating although WCSA was subtly increased in SPMS patients 

there is a large amount of overlap between the groups. 
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Figure 5.9: Box and whisker plots with overlaid scatter plots of outer diameter to log WCSA 
in arterioles of control participants and SPMS patients. There was no significant difference 
in WCSA of arterioles of any diameter grouping between SPMS patients and control 
participants (Mann-Whitney tests, p = 0.67, p = 0.26, p = 0.09 for vessels of outer diameter 
<50µm, 50-99µm and 100-150µm respectively) 
 

 

It could be argued that the difference in vessel diameters seen in our SPMS cohort may be 

due to the location of imaging, as this was dependent on the AOSLO user’s selection of 

vessel segments.  However, when we plot locations for all vessel segments analysed for 

both SPMS and control patients (Figure 5.10), there is clear overlap. 
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Figure 5.10: Scatter plot of vessel locations used in vessel diameter measurements. Each 
imaging location is either from a right eye, or has been converted to mirror its original 
location. The colour of dots relates to the patient group (SPMS or control) and the size of 
dots relates to the diameter of the vessel measured at that location. Vessel segments (n = 
15) from three patients have been excluded as the fixation target was not aligned correctly 
during their imaging session. This plot demonstrates a distinct overlap between the 
locations of vessel segments measured in SPMS and control patients. 
 

 

5.3.3 Velocity and Flow 
 

5.3.3.1 Subjects 
 

One SPMS patient and one control participant were excluded from velocity and flow 

measurements due to inability to measure complete cardiac cycles caused by missing 

frames or poor image quality, therefore nine SPMS patients and eleven sex- and age-

matched controls were used in this section. One eye from each patient was used in the 

analysis.  
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5.3.3.2 Velocity 
 

As anticipated, we found a significant correlation between mean velocity and diameter in 

arterioles, where velocity increased with increasing diameter (Figure 5.11). To determine if 

there was a difference between control and SPMS subjects, linear regression coefficients (r) 

were calculated giving values of 0.48 for SPMS patients and 0.12 for controls. When 

compared, the groups demonstrated no significant difference between slopes (p = 0.95), 

but there was a significant difference in elevations between slopes (p = 0.0005), which 

indicates for a vessel of a given lumen diameter, velocity is significantly slower in SPMS 

patients.  

 

Figure 5.11: Relationship between Vax Average and Lumen Diameter in the arterioles of 
SPMS patients and controls. Linear regression coefficients (r) were 0.48 for SPMS patients 
and 0.12 for controls. There was no significant difference between slopes (p = 0.84). There 
was a significant difference in elevations between slopes (p = 0.0005). 
 

This difference in elevation was then further explored to determine if this effect was 

confined to certain vessel groups. When vessels were grouped to different lumen 

diameters, velocity was significantly reduced in vessels <30µm (p = 0.02) and 30-59µm (p = 

0.002) in SPMS patients, as measured with Mann-Whitney tests (Figure 5.12, Table 5.5). 

Whilst there was a trend towards a reduced velocity in vessels of 60-90µm from SPMS, 
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there was no significant difference between control and SPMS vessels. The sample size of 

the latter data set, however, had fewer measured blood vessels from SPMS patients (Table 

5.5). 

 

 

Figure 5.12: Box and whisker plots with overlaid scatter plots of lumen diameter versus Vax 
Average in three vessel size groups. There was a significant difference between SPMS 
patients and controls in Vax Average in vessels <30µm (p = 0.02) and 30-59µm (p = 0.002) 
as measured with Mann-Whitney tests. There was no significant difference in Vax average 
in vessels with a lumen diameter of 60-90µm. *P<0.05; **P<0.005. 
 

 

Table 5.5: Summary of velocity data grouped by vessel sizes 
 

 

 

 

 

 

Lumen 
Diameter 

(µm) 

Number of Segments Median Vax Average (IQ 
Range) 

Mann-Whitney 
test (p) 

Control (n = 11) SPMS (n = 
9) 

Control  SPMS  

<30 9 17 29.65 (19.88) 14.59 (10.57) 0.02 
30-59 37 46 29.39 (13.04) 21.67 (10.18) 0.0002 
60-90 33 8 39.85 (55.26) 31.15 (6.86) 0.27 
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5.3.3.3 Measurements of Resistive Index 
 

We wanted to investigate if these changes were related to a change in resistive index of 

arterioles, however there was no significant correlation between resistive index and whole 

vessel diameter in either control or SPMS patients (r = 0.02, r = 0.07 for control and SPMS 

patients respectively) (Figure 5.13). When compared, there was also no significant 

difference between slopes (p = 0.67) or difference in elevation between slopes (p = 0.66) in 

MS and control patients indicating that SPMS does not impact on the resistance of 

arterioles at the vessel sizes measured. 

 

Figure 5.13: Relationship between whole diameter and resistive index in SPMS and control 
patients. Linear regression coefficients (r) were 0.007 for SPMS patients and 0.02 for 
controls. There was no significant difference between slopes (p = 0.67) or elevation 
between slopes (p = 0.66) in MS and control patients. 
 

 

 

 

 

 

 



168 
 

 

5.3.3.4 Flow 
 

We also examined what impact changes in vessel structure had on vessel flow in SPMS 

patients. Following calculation of blood flow, we observed that blood flow increased with 

lumen diameter for both controls and SPMS patients, as shown on a log-log scale (Figure 

5.14) (r = 0.82, r = 0.92 for control and SPMS patients, respectively). When compared, 

whilst there was no significant difference between slopes (p = 0.93), there was a significant 

difference in elevations between slopes (p = 0.0001), which indicated for a given lumen 

diameter there was significantly slower flow in arterioles of SPMS patients.  

Murray’s Law, which can be used to describe the optimal state of flow in blood vessels, 

states that the volumetric flow rate is proportional to the cube of the radius optimised for 

the minimum amount of work required to drive and maintain fluid (Nichols et al, 2011). The 

exponent for blood flow as a function of lumen diameter was approximate to a cubic 

relationship for both SPMS (Exponent: 3.7) and control groups (Exponent 3.85), indicating 

Murray’s Law applies here (Figure 5.14). 
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Figure 5.14: Log-log scale of Vax Average Blood flow vs Lumen Diameter comparing SPMS 
patients to controls. Linear regression coefficients (r) were 0.92 for SPMS patients and 0.82 
for controls. There was no significant difference between slopes (p = 0.93). There was a 
significant difference in elevations between slopes (p = 0.0001). 
 

 

We also investigated if this difference was more prominent in certain vessel sizes. When 

examining different groups of lumen diameters, flow was significantly decreased in SPMS 

patients in vessels with a lumen diameter of approximately 50 – 80µm (Figure 5.15, Table 

5.6). There was however no significant difference in flow in vessels with a lumen diameter 

approximately 30-50µm and 80-126µm. This suggests that flow changes may be affecting 

vessels differently depending on their size. However, at the largest vessel size (approx. 79-

126µm) this result could have been impacted by the wide variation of flow seen in SPMS 

vessels. 
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Figure 5.15: Box and whisker plots with overlaid scatter plots of lumen diameter (log10 µm) 
versus Vax Average flow (log10 ul/min) in three vessel size groups. There was a significant 
difference between SPMS patients and controls in vessels 1-3-<1.5 and 1.7-<1.9 (log 10 µm) 
as measured with t-test. There was no significant difference in flow in vessels with a lumen 
diameter 1.5-<1.7 and 1.9-2.1 (log 10 µm). *P<0.05; **P<0.005. 
 

Table 5.6: Summary of flow data grouped by vessel sizes 
 

 

5.3.4 Retinal Oximetry 
 

5.3.4.1 Samples 

One eye of each control participant was used in this analysis. The right eye of each control 

participant was used unless it was unavailable. The eyes of SPMS patients were considered 

independent if one or both eyes had a history of optic neuritis, therefore in some cases 

both eyes of an SPMS patient were included in the analysis. One SPMS eye was not 

Lumen 
Diameter 

(log 10 
µm) 

Lumen 
Diameter (µm) 

Number of 
Segments 

Mean Flow (log10 µm) 
(Standard Deviation) T-test 

(p) Control 
(n = 11) 

SPMS 
(n = 10) Control SPMS 

1.3-<1.5 20.0-<31.6 10 12 -0.07 (0.27) -0.27 (0.17) 0.04 
1.5-<1.7 31.6-50.0 23 28 0.35 (0.24) 0.26 (0.23) 0.19 
1.7-<1.9 50.1-79.3 35 15 0.83 (0.27) 0.59 (0.22) 0.004 
1.9-2.1 79.4-125.9 18 12 1.3 (0.24) 1.13 (0.54) 0.25 
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captured due to poor fixation and four control eyes were not captured as only one was 

dilated for the experiment at request of the subject. Following retinal oximetry, one control 

eye and two SPMS eyes were excluded due to poor image quality (Table 5.7). Vessel 

diameters, AV difference, arterial and venular saturation were all normally distributed as 

measured by Shapiro-Wilk test (p = 0.07, p = 0.08, p = 0.20, p = 0.09 respectively). 

 

 N eyes N patients 
Control 11 11 
SPMS 14 10 

ON - 8 8 
ON +  6 5 

Table 5.7: Summary of eyes used in retinal oximetry analysis. 
 

 

5.3.4.2 Saturation Measurements 

There was no significant difference in arterial or venular saturation between control and 

SPMS groups (unpaired t-test, p = 0.96, p = 0.76), and control and patients grouped by ON 

status (One-way ANOVA, p = 0.50, p = 0.91 respectively). There was no significant 

difference in AV difference between control and SPMS patients (unpaired t-test, p = 0.78) 

or control and ON+ or ON- eyes (One-way ANOVA, p = 0.90 respectively). These results 

suggest that there is no difference between SPMS groups, or SPMS and the control group, 

in the amount of oxygen being delivered to tissues (arterial saturation), the amount of 

oxygen returning from tissues (venular saturation) or the relative amount of oxygen being 

absorbed from tissues (AV difference). 

 

 

 



172 
 

5.3.4.3 Average Diameter 

There was a significant difference in average vessel diameter between control and SPMS 

patients (unpaired t-test, p = 0.02) (Table 5.8) but when the SPMS group was divided 

according to history of optic neuritis, there was no significant different in diameter 

between control and ON+ or ON- eyes (one-way ANOVA, p = 0.07) (Table 5.9). This 

indicated the vessels included in retinal oximetry analysis, between 1.5 and 3 disc 

diameters around the optic nerve head, are thinner in SPMS patients than controls and this 

difference does not appear to be related to history of optic neuritis, however the small 

sample sizes included in this analysis may not provide sufficient power to detect a change 

between these groups (Figure 5.16). 

 

 
Parameter 

Control (n = 
11) 

SPMS (n = 14) 
P value (Unpaired 

t-test) 

Mean (SD) 

Arterial Saturation  89.07 (3.824) 88.95 (7.214) 0.9618 
Venular Saturation  53.55 (7.135) 52.26 (12.61) 0.7642 
AV Difference  35.52 (6.483) 36.7 (12.42) 0.7784 
Vessel Diameter 136.6 (14.54) 125.9 (6.341) 0.0210 

Table 5.8: Unpaired t-test results comparing control patients to SPMS patients 
 

 
Parameter 

Control (n 
= 11) 

ON – (n = 
8) 

ON + (n = 6) 
P value (One-way 

ANOVA) 

Mean 
(SD) 

Arterial Saturation  89.07 
(3.824) 

90.59 
(6.683) 

86.77 
(7.927) 

0.5022 

Venular Saturation  
53.55 

(7.135) 
53.02 

(12.41) 
51.24 

(13.99) 
0.9138 

AV Difference  
35.52 

(6.483) 
37.57 

(13.98) 
35.53 

(11.15) 
0.9016 

Vessel Diameter  
136.6 

(14.54) 
124.9 

(5.898) 
127.3 (7.2) 0.0682 

Table 5.9: One-way ANOVA results comparing oximetry metrics of control eyes, ON positive 
eyes and ON negative eyes. 
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Figure 5.16: Summary of retinal oximetry results comparing both control and SPMS groups, 
and comparing the control group to eyes with (ON+) and without (ON-) a history of optic 
neuritis across AV difference (A), arterial saturation (B), venular saturation (C) and mean 
vessel diameter (D). There was no significant difference in groups across oximetry 
measurements (A-C) but there was a significant difference in average vessel diameter 
between SPMS patients and controls (D), which was not observed when the group was split 
by history of ON. *P<0.05.   
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5.4 Summary  
 

This is the first reported summary of vascular alterations in SPMS imaged with AOSLO. We 

have shown both structural alterations in retinal vessels of SPMS patients, as well as 

functional alterations of speed and flow of cells through vessels.  

5.4.1 Vessel Diameter 

Using AOSLO imaging, we found that the relationship between wall and lumen diameters 

was significantly altered in SPMS patients compared to age matched controls. In SPMS 

patients, vessels with similarly sized walls had significantly narrower lumens. This result is 

supported by findings from the Oxymap, where a significant decrease in average 

peripapillary vessel diameter was found. 

Although many studies have explored vessel density in multiple sclerosis (Feucht et al, 

2019; Lanzillo et al, 2017; Ulusoy et al, 2020; Wang et al, 2014), there are few examining 

vessel diameter. One study measured vessel diameter in a heterogenous group of MS 

patients using the shadows formed by blood vessels on optic nerve OCT ring scans (Bhaduri 

et al, 2016), identifying significant vessel narrowing in the region. The results of this study 

corroborate our findings as this location, the peripapillary region, mirrors the location used 

to calculate vessel diameter by the Oxymap. Vasoconstriction elsewhere in the cerebral 

vasculature has been widely reported in MS. Chronic cerebrospinal venous insufficiency 

(CCSVI), a condition causing constriction of the cerebrospinal veins has been suggested, 

somewhat controversially (Bagert et al, 2011), as a significant factor in the development of 

multiple sclerosis (Zamboni & Galeotti, 2010). Vessel narrowing within MS lesions has been 

detected using MRI (Gaitan et al, 2013) suggesting a direct impact of disease plaques on 

vessel diameter. Vasoconstriction in SPMS specifically could be caused by a multitude of 

factors, including a reduction in metabolic demand, vessel remodelling and vascular 

mediators released during the disease process. 
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Vasoconstriction may be partially attributed to a reduction in metabolic demand. Vessel 

diameter in the retina is tightly controlled and responsive to changes in local tissue needs 

(Falsini et al, 2002). Consistent diminution in metabolic demand, as a result in inner retinal 

atrophy, would result in vasoconstriction. There is still some debate over the direction of 

causation of vascular changes in multiple sclerosis – whether they are purely the result of a 

drop in metabolic demand or whether vascular changes are a primary cause of neuronal 

loss. An extended longitudinal study combining structural measurements of both cellular 

layers and blood vessels would be required to determine if vessel changes precede 

degeneration or vice versa. 

Vessel narrowing measured with AOSLO appears especially profound in larger vessels, 

supported by peripapillary narrowing measured using the Oxymap. This result could 

indicate that vessel diameter is affected in MS primarily in the optic nerve region, where 

neurodegeneration is most prominent, and its affects downstream are weaker. 

Measurement variability, however, could play a large part in detecting differences in 

smaller vessels, as any measurement error would have a more significant impact on smaller 

vessels where vessel walls are less clearly demarcated. 

Vessel narrowing could also be attributed to local production of vascular mediators, such as 

endothelin-1 and nitric oxide. Decreased cerebral perfusion in MS has also been partially 

attributed to the disease’s impact on endothelium-derived relaxing factors, such as nitric 

oxide. Nitric oxide (NO) known to be present at high concentrations in MS as a result of 

repetitive vascular inflammatory cascades, especially in the relapsing-remitting phase of 

the disease (Acar et al, 2003). Chronic over-production of NO could desensitise endothelial 

and smooth muscle function, impairing the blood vessel’s ability to dilate. This chronic 

inhibition of dilation would also reduce capacity for neurovascular coupling and functional 

dilation, causing hypoxia driven by neuronal demand. Endothelin-1 (ET-1), a potent 
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vasoconstrictor, is thought to be released by reactive astrocytes and is significantly 

elevated in the plasma of MS patients (Haufschild et al, 2001). ET-1 appears to mediate 

vasoconstriction in the CNS, as treatment of MS patients with an ET-1 agonist (bosentan) 

results in a reversal of low cerebral blood flow back to normal levels (D'Haeseleer et al, 

2013). Increased superoxide production, as seen in MS, may also increase vasoconstrictor 

tone by stimulation of endothelin-1 in endothelial cells (Kahler et al, 2000). The interactions 

between ET-1 and NO in SPMS are not well described, but it can be assumed that 

consistently high concentrations of these mediators within circulation would have a lasting 

impact on vessel tone, potentially resulting in narrowed vessels unable to functionally 

dilate. This effect would be compounded by damage to the blood brain barrier and 

neurovascular unit, which would lead uncoupling of demand to response and further limit 

the likelihood of sufficient perfusion of the tissues which require it. 

5.4.2 Vessel remodelling 

In our cohort of SPMS patients, lumen diameter was significantly reduced and wall to 

lumen ratio (WLR) was increased, yet wall cross sectional area (WCSA) was maintained. The 

changes seen in vessel structure in SPMS could be explained by a remodelling of the 

microvasculature in response to an increase in intraluminal pressure, resulting from 

changes in blood viscosity and increased downstream resistance. 

There are two main ways vessels may be remodelled; hypertrophic and eutrophic 

remodelling. These types of remodelling can be distinguished by their effects on the retinal 

lumen. In hypertrophic remodelling the vessel wall thickens and the outer diameter is 

increased, maintaining the original width of the vessel lumen (Rizzoni et al, 1996). In 

contrast, eutrophic remodelling causes inward constriction of the vessel, maintaining the 

original outer diameter of the vessel but narrowing the vessel lumen (Baumbach & Heistad, 

1989). WLR is a commonly used metric to define intraluminal vascular remodelling (Ritt & 
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Schmieder, 2009), and has been shown in subcutaneous blood vessels to serve as a reliable 

prognostic marker for hypertension (Park & Schiffrin, 2001). Another metric, WCSA, can 

also be used to distinguish between eutrophic and hypertrophic remodelling, as this 

measurement is stable in eutrophic remodelling but will increase in hypertrophic states 

(Rosei & Rizzoni, 2010).  

In this study, we used a number of vessel metrics to examine vessel components in SPMS. 

We investigated the relationship between ID and OD, which allows us to determine if there 

is a fundamental relationship between wall thickness and lumen diameter, detect if 

remodelling is taking place, and if so by what mechanism (Mulvany, 2012). We found a 

tight linear relationship between ID and OD for both SPMS patient and controls, however 

the results for control patients were significantly elevated above SPMS patients 

demonstrating significant lumen narrowing for a given vessel size. This difference has been 

demonstrated previously in eutrophic remodelling of blood vessels in hypertensive patients 

using AOSLO (Hillard et al, 2016). Using both our WLR and WCSA results it is possible to 

distinguish between eutrophic and hypertrophic remodelling (Heagerty et al, 1993). As 

eutrophic remodelling is characterised by a constriction of vessel lumen due to 

vasoconstriction and rearrangement of smooth muscle cells, WCSA remains unchanged and 

WLR is increased. Conversely, hypertrophic remodelling results in an increase in both WCSA 

and WLR. In our SPMS patients there was a significant elevation in WCSA and a significant 

elevation in WLR, so it is possible that both aspects are occurring. However, when grouped 

by vessel size the increase in WCSA in SPMS vessels was no longer significant, suggesting 

that the effect on the content of the vessel wall is minimal. Results from the Oxymap 

demonstrated a significant reduction in lumen diameter at the optic nerve head, 

supporting this idea of vasoconstriction at this vessel size. 
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Eutrophic and hypertrophic remodelling are characterised both by their distinct effects on 

vessels but also by their mechanisms of action. The classic reduction in lumen diameter 

demonstrated in eutrophic remodelling is thought to be mediated by a functional response 

of the vessel wall to increased luminal pressure, known as myogenic tone (Wallis et al, 

1996). This prolonged constriction of the vessel wall is only thought to occur in small 

resistance arteries in order to protect downstream capillaries from harmful elevations in 

pressure. In contrast to hypertrophic remodelling, caused by hypertrophy and hyperplasia 

of smooth muscle cells in the arterial wall, the content of the vessel wall is unchanged in 

eutrophic remodelling, resulting in preservation of wall cross sectional area. We have to of 

course consider that the components of retinal vessel walls vary across vessel sizes and 

cannot all be compared directly. There are some suggestions in our results that arteries of 

different sizes may respond differently to SPMS processes. Reports from histological data 

demonstrate that retinal vessels along the main arterial branches maintain their muscular 

layers up until around 20µm in diameter, at which point they can be considered true 

arterioles, and single flow capillaries occur within the range of 5-8µm (Hogan & Feeney, 

1963). When comparing wall metrics between groups, wall thicknesses were increased in 

vessels between 50-100µm diameter but there was no detectable difference in vessels 

below 50µm in diameter, which may reflect the increasingly small amount of smooth 

muscle in the walls of these vessels which makes them unlikely to respond to changes in 

pressure in the same way as larger arteries.  

There is much published on the effects of hypertension on vessel remodelling in the retina, 

therefore we can use this as an initial comparator to potential vascular remodelling 

occurring in SPMS. Hypertension and pre-hypertension are common in MS (Marrie et al, 

2016), and have been associated with brain integrity and disability outcomes in MS (Dagan 

et al, 2016). Eutrophic remodelling has been demonstrated in the retina in patients with 

hypertension (Hillard et al, 2016; Koch et al, 2014). Narrowing of the lumen may also be 
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further exacerbated by chronic vasoconstriction, reducing the overall vessel diameter, 

which has already been suggested as a factor in cerebral hypoperfusion in multiple sclerosis 

(D'Haeseleer et al, 2013). It has been suggested that a combination of the two types of 

remodelling occurs in the hypertensive retina (Hillard et al, 2016), as seen in systemic 

circulation in response to hypertension (Renna et al, 2013). WLR, as measured with SLDF, 

was previously shown to be associated with history of a cerebrovascular event (Harazny et 

al, 2007) and hypertrophic changes in peripapillary vessels has been associated with 

cerebrovascular damage in patients with uncontrolled hypertension (Baleanu et al, 2009), 

demonstrating hypertrophic remodelling of vessels can occur at this vessel size in this 

extreme circumstance, but this may not reflect the response of smaller vessels to 

hypertension. It is also possible that rarefaction of retinal capillaries in MS, identified by 

other groups in MS although not detected by us (see Chapter 3), may cause increased 

downstream resistance to blood flow therefore resulting in retinal arterial hypertension 

and subsequent vessel remodelling (Mayet & Hughes, 2003). As discussed previously, 

oxidative stress has been shown to correlated with disease duration in MS (Groen et al, 

2016) and is known to induce vascular remodelling (Fortuno et al, 2005), which may explain 

the changes seen in SPMS. Retinal vascular changes reported in this chapter reflect that 

seen in previous studies of hypertension, and investigating the relationship between SPMS 

and hypertension may provide a useful starting point as the mechanism for the retinal 

vascular remodelling seen in SPMS. 

Increased vessel rigidity (Kochkorov et al, 2009) has also been found using the Retinal 

Vessel Analyser by calculating the pulse delay between retinal and choroidal circulation. 

The most profound vessel rigidity was detected in MS in vessels distal to the optic nerve, 

suggesting a greater impact on smaller blood vessels, however we did not identify that in 

our cohort. This rigidity could be the result of parietal thickening in MS, as can occur due to 

hypertrophic remodelling in hypertension (Laurent, 1995), however arterial hypertrophy 
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was not definitively identified in our SPMS cohort. Myogenic tone, as a result of eutrophic 

remodelling, would also have a stiffening effect on arteries. Additionally, an increase in 

distending pressure inside a blood vessel, as found in hypertension, can also cause arterial 

stiffness as blood vessels are non-linearly elastic and they become stiffer when greater 

pressure is put on them (Mayet & Hughes, 2003). Resistive index can be used as a 

measurement of vascular compliance (Bude & Rubin, 1999) however we did not find any 

significant difference in resistive index between SPMS patients and controls, which 

suggests retinal arteries, although perhaps undergoing remodelling, are not altered in their 

compliance and ability to transmit pulsatile forces. 

Vasoconstriction in SPMS could have an important influence on other diagnostic 

technologies used in the disease. RNFL thickness is also influenced by retinal vessel 

diameter, therefore the recognised thinning of the RNFL in MS as a result of cell loss could 

be compounded by a reduction in vessel diameter (Pereira et al, 2014), and this may have 

to be considered in OCT studies of SPMS. Further studies are needed to better understand 

the importance of vessel remodelling in SPMS and evaluate the relationship between 

disease and microvascular function. 

5.4.3 Factors affecting flow 

We found a significant reduction in both blood cell velocity and blood flow in retinal vessels 

of MS patients. As with structural changes, we have to consider that not all vessel sizes will 

be equally impacted functionally by SPMS. Vessel diameter has a direct impact on velocity 

and flow, and we have to consider that velocity within a vessel segment is influenced by 

upstream pressure and downstream resistance to flow. We found that although structural 

changes were primarily detected in medium sized vessels in SPMS, functional changes in 

velocity and flow were detected in both small (<30µm) and medium sized (30-80µm) 
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arterioles and arteries, reflecting the directional nature of flow and the significant impact 

upstream remodelling can have on downstream branches. 

Although there is a growing volume of evidence on vascular density changes in the MS 

retina, there is a paucity of evidence on velocity and flow changes in the retina. Reduced 

vessel velocity and flow in MS patients has been demonstrated using the RFI  (Jiang et al, 

2016), but focussed on small perifoveal vessels (Mean Diameter: 18µm). There are previous 

reports of retinal blood flow reduction as measured by colour Doppler imaging in MS 

(Modrzejewska et al, 2007; Pache et al, 2003), however these are limited to retrobulbar 

vessels which do not necessarily conform to the same rules as retinal vessels. Our results 

are also supported by evidence of reduced cerebral blood flow (Adhya et al, 2006; 

D'Haeseleer et al, 2013; Law et al, 2004) and increased cerebral circulation times (Monti et 

al, 2015) in MS.  

Slowing of blood velocity in MS could be the consequence of reduction of metabolic need, 

vasoconstriction or increased blood viscosity. Atrophy of the RNFL and GCL are ubiquitous 

to all types of multiple sclerosis, and as mentioned, are likely to have a direct impact on 

vascular activity in the retina, such as vessel dilation and flow, as the relationship between 

supply and metabolic demand in the retina is tightly controlled. Changes in vessel diameter 

have a direct effect on both cell velocity and overall flow, as cells in smaller vessels move 

more slowly and are subject to different forces, such as changes in viscosity and resistance, 

therefore vasoconstriction could play an important role in the velocity and flow changes 

which we have encountered within MS. The viscosity of blood may also have a significant 

impact on blood flow in SPMS patients. Blood viscosity increases with increased red cell 

aggregation, and there is evidence for increased aggregation in SPMS patients (Groen et al, 

2018; Groen et al, 2016; Simpson et al, 1987). Excessive aggregation increases resistance at 

the capillary level, thereby increasing pressure on arteries and arterioles. The combination 
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of these factors; metabolic demand, vasoconstriction and aggregation, could significantly 

impair the rate and volume of blood flow in the retina in SPMS. 

The relationship between vessel diameter and flow is predicted as a cubic relationship, as 

described by Murray’s law of branching vasculature (Murray, 1926). We found, in close 

agreement, that mean flow varied with vessel diameter in a cubic relationship in control 

participants (for power fit, exponent = 3.7, Figure 5.15), which is higher than that seen in 

the control group of a previous XT study (Palochak et al, 2019), however that particular 

study includes subjects of a lower age range. The fitting component of the SPMS group was 

higher than controls, at 3.85, which is interesting as deviations from Murray’s law can 

result from changes in blood viscosity and vessel diameter in pathologic situations. In 

contrast to Palochak et al, we have focussed on the relationship between lumen diameter 

and flow, as opposed to the relationship between outer diameter and flow as alterations in 

vessel wall thickness would have impacted our results. 

5.4.4 Retinal Oximetry 

We did not find any difference in retinal oximetry measures between our SPMS patients 

and controls, which contradicts most of the findings in MS. Retinal oxygen saturation in MS 

has been assessed previously using the Oxymap (Einarsdottir et al, 2018), revealing 

increased venular saturation in MS patients which was more profound in ON+ eyes, 

suggesting a reduction in oxygen uptake. However, this study did not distinguish between 

RRMS and SPMS patients, and EDSS scores were not included in results so we cannot 

compare that group directly to our cohort. Reduced cerebral oxygen saturation has also 

been shown previously in the brain using NIRS, although hypoxic regions were not found in 

every patient with the condition (Yang & Dunn, 2015). Inflammation can also significantly 

impact retinal oxygen saturation as demonstrated in a study of giant cell arteritis, 

characterised by a mass inflammatory response (Weyand et al, 2004), which showed 
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similar increases in venular oxygen saturation as in MS (Turksever et al, 2014). These 

changes in saturation could therefore be more significant in the earlier stages of MS, due to 

heightened inflammation, and could return to normal levels in the later progressive stages 

of the disease. Despite oxygen saturation levels being comparable to control subjects in our 

study, this does not necessarily mean the retina is receiving sufficient oxygen in SPMS. As 

retinal vessel diameter and retinal blood flow are significantly decreased, it may be that an 

insufficient volume of oxygenated blood is meeting retinal tissues due to the structural 

changes within these vessels. 

There are however limitations to the Oxymap which could have influenced our results, such 

as its propensity to image artefact effects and need for strict standardisation of images. The 

Oxymap can only be used for vessels >56µm in diameter due to measurement variability in 

narrower vessels, therefore we could not use this technique to detect alterations in 

oximetry at this level. Accuracy of saturation measurement is also image quality 

dependent, making results susceptible to artefacts caused by optical scattering, such as 

cataracts or vitreous infiltrates. We used age-matched participants to control for this issue. 

The angle of gaze can have a significant impact in saturation results therefore 

standardisation of image collection is essential in maintaining repeatability (Palsson et al, 

2012). Our image collection was standardised, and by analysing oximetry results in a 

defined region (1.5-3 disc diameters from optic nerve) we further ensured standardisation 

of results between patients. When evaluating vessel diameters using the Oxymap, we did 

not account for retinal magnification. Myopia can also have an effect on saturation 

measurement (Zheng et al, 2015) and we did not account for axial length in Oxymap 

results. We did, however, exclude participants with pathologic myopia (> -7D), therefore 

any small refractive error would likely have a negligible effect on saturation values. The 

sample size used in our study was also small, precluding any definitive conclusion on retinal 

oxygenation in SPMS. 
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5.4.5 Limitations of study 

One aspect which we have not explored in detail is the impact of previous treatments for 

MS on retinal vessels. Fingolimod, an immunomodulating drug regularly used as a second-

line treatment for active RRMS (NICE, 2020) can have significant vascular side effects in the 

retina including endotheliopathy and macular oedema (Nolan et al, 2013). Fortunately, if 

these issues appear the effects tend to fully resolve following cessation of fingolimod 

treatment (Chui et al, 2013; Turaka & Bryan, 2012). It is possible, however, that the high 

resolution at which we are imaging we may detect sub-clinical vascular issues which could 

be related to previous fingolimod treatment. Two patients in our cohort had a history of 

fingolimod treatment and did not report any ocular side effects, therefore we think this 

had a limited effect on our results. Previous fingolimod treatment should however be 

considered when stratifying patients in larger cohorts in future. 

Another limitation of our study is in the sampling of vessels across our participants. We did 

not collect as many images of large vessels (>100µm) from SPMS patients than control 

participants. This may be due to two factors; fixational ability of SPMS patients and 

generalised vasoconstriction. Vessel size within the retina is mainly determined by 

proximity to the major arteries and veins entering the retina through the optic nerve head. 

In order to image these vessel branches with AOSLO, a patient must fixate on a spot far 

from the primary position of gaze and maintain that position throughout imaging. From our 

experience this can be challenging for SPMS patients, and generally leads to poor quality 

imaging which ultimately is excluded from analysis. This poor fixational ability could be 

related to a range of eye movement abnormalities identified in MS (Serra et al, 2003). 

Additionally, the presence of generalised vasoconstriction, suggested by the results of this 

study, would result in a paucity of large vessels in a location within the range of a patient’s 

fixational capabilities and would also result in poorer sampling of these vessels. 
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One limitation of our imaging protocol was that certain clinical markers which could 

influence vascular measurements were not assessed before or during imaging. Systemic 

blood pressure changes are known to have significant effects on retinal blood flow and flow 

dynamics (Fuchsjager-Mayrl et al, 2001). We attempted to account for this by ensuring 

patients were seated for at least 5 minutes prior to beginning imaging. SPMS patients also 

had their blood pressure measured the day prior to our imaging as part of the MSOpt trial, 

and all were within normal range at that time. This reassures us that in the least our 

patients did not have pathological blood pressure changes which were not accounted for in 

our trial. As arterial hypertension and aging also affect the structure of arteries this should 

be considered in our subjects. There are reports of blood pressure alterations in MS 

patients (Dagan et al, 2016), possibly as a result of poor autoregulation. None of our 

patients reported clinically relevant high blood pressure, and the patient and control 

groups were matched for age, therefore this is unlikely to affect our results. Finally, we did 

not measure or account for glucose level in either groups, which could have a significant 

impact on retinal vessel calibre (Grunwald et al, 1987). SPMS patients were however 

screened for diabetes before recruitment, and none of the control patients reported a 

history of diabetes, so the relative impact glucose levels would have had was likely to be 

small. 
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5.4.6 Conclusion of Chapter 

 

Microvascular changes in SPMS are increasingly being recognised as significant factors in 

the progression of the disease, however detection and monitoring of microvascular 

changes in the CNS presents challenges. This is the first report of vascular alterations in the 

retina in SPMS, identifying changes to both the structure and function of retinal vessels in 

this disease (Table 5.10). The retinal vasculature may serve as a new biomarker in SPMS; 

helping us monitor the effects of new treatments in clinical trials and identify new vascular 

targets for neuroprotection, which have so far been limited. 

 

Parameter Effect on SPMS Figure Number 
WLR ↑↑↑ Medium Vessels 5.5 

ID:OD ↓↓↓ Medium Vessels, ↑ Large 
Vessels 5.6 

WCSA No Difference All Vessels 5.8 
Blood Velocity ↓ Small Vessels, ↓↓ Medium Vessels 5.12 

Blood Flow ↓ Smallest Vessels, ↓↓ Medium 
Vessels 5.15 

Arterial Saturation         No Difference 
5.16 Venular Saturation         No Difference 

AV Difference         No Difference 

 

Table 5.10: Summary of Chapter 5 results. The number of arrows indicates the significance 
level of difference between the SPMS group compared to age- and gender-matched control 
subjects. The “size” of vessels described refers to the vessel size described in each 
individual figure, and is a general description not directly comparable between all figures. 
WLR: Wall to Lumen Ratio, ID:OD : Ratio of Inner Diameter to Outer Diameter, WCSA: Wall 
Cross Sectional Area, AV Difference: Arteriovenous Difference. 
 

 

 

(NICE, 2020) 
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General Summary of the Results, Conclusions, Limitations of the 
Thesis and Proposal for Future Works 
 

To date, less attention has been paid to the potential effect of blood vessel dysfunction in 

MS pathophysiology compared with neuronal damage. Furthermore, despite effective 

treatment for the early relapsing remitting phases, effective treatments for the secondary 

progressive phase of the disease are limited. This indicates that other mechanisms may be 

responsible for the later phases of disease and alternative targets for treatments, such as 

the vasculature, need to be explored. There is a growing body of knowledge surrounding 

the CNS vasculature in multiple sclerosis and its potential impact on the disease, although 

there are temporal and spatial resolution limitations to in vivo imaging of the CNS 

vasculature which hinder its utility. This issue could be addressed by imaging the 

microvasculature of the retina instead, an anatomical and physiological analogue of the 

CNS, which can be visualised non-invasively at high resolution using a number of different 

techniques. 

Research into the effects of SPMS on the retinal vasculature in SPMS is generally limited 

with most articles in MS concentrating on either earlier phases of MS or pooling all phases 

together (Table 6.1). SPMS should not be considered simply an extension of CIS or RRMS 

for a number of reasons. SPMS differs from RRMS in its inflammatory profile and 

cumulative increase in disability. Patients with SPMS also tend to present with significant 

neurodegeneration from the earlier phases of the disease and their vascular landscape is 

likely already impacted by previous treatments for RRMS. Additionally, not all RRMS 

patients will go on to progressive disease, and there are complex factors which make 

certain patients more likely to develop SPMS (Vasconcelos et al, 2016). For all these 

reasons SPMS patients cannot be considered a “worse” case of RRMS as the factors which 
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influence microvascular structure and function are already established, therefore studies 

specific to the retinal vasculature in SPMS are required. 

Technique Authors 
MS Subtype Included 

CIS RRMS SPMS Did not 
distinguish 

OCT Bhaduri et al, 2016     

RVA Kochkorov et al, 2009     

RFI 
Jiang et al, 2016     

Liu et al, 2019     

OCTA 

Wang et al, 2014     

Lanzillo et al, 2017     

Spain et al, 2018    * 

Yilmaz et al, 2019     

Murphy et al, 2019     

Feucht et al, 2019     

Ulusoy et al, 2020     

 

Table 6.1: Summary of reports of optical retinal vascular imaging in MS. OCT: optical 
coherence tomography, RVA: retinal vessel analyser, RFI: retinal function imager, OCTA: 
optical coherence tomography angiography, MS: multiple sclerosis, CIS: clinically isolated 
syndrome, RRMS: relapsing remitting multiple sclerosis, SPMS: secondary progressive 
multiple sclerosis. *SPMS patients were specifically included in this study, but in analysis 
were pooled with all other subtypes. 
 

This thesis was formed around identifying microvascular abnormalities in SPMS and 

developing imaging biomarkers in the retinal microvasculature to use in studies of 

neuroprotective agents in the disease. We studied cohorts of healthy control volunteers 

and MS patients to investigate changes in the microvasculature and establish new 

techniques for microvascular imaging. This thesis is divided into three parts, first a pilot 

study on the retinal microvasculature across RRMS and SPMS to investigate how the 

microvasculature changes across the disease to establish most the appropriate biomarkers. 

Second, development and validation of new semi-automated techniques to measure retinal 

blood flow, which was crucial for the final section, where we investigated blood flow and 
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blood vessel structure at all levels of the vascular tree in SPMS patients and age-matched 

controls. 

6.1 Observations from Pilot Data 
 

In this part of the thesis, we aimed to evaluate both structure and function of the 

microvasculature across different stages of MS and compare the results to that of healthy 

controls using a number of different ophthalmic imaging tools. This allowed us to 

determine the most appropriate protocols for vascular investigation in these patients. 

Investigation of inner retinal structure was performed using OCT in order to establish 

general structural differences in the study cohorts, and was found to be representative of 

previous MS research, demonstrating that as the disease progresses so does the level of 

inner retinal atrophy. Assessment of OCTA images from RRMS and SPMS patients revealed 

no significant difference in vessel density or fractal dimension in a small sample of patients, 

suggesting overall gross vascular architecture was unaffected by the disease. As the 

purported microvascular impact of MS is likely small and sub-clinical, grading of AOSLO 

images of the microvasculature was performed to establish if there were any alterations of 

the inner retinal vasculature at high-resolution. In order to investigate function at the 

capillary level, erythrocyte aggregate velocity was also measured as a surrogate of general 

blood velocity in the retina and was found to be reduced. Moreover, a sub-analysis was 

also performed on the presence of microcysts within the retina and it was found that one 

type of microcyst (Type 3) was found only in SPMS patients suggesting this could be used as 

a biomarker of pathology in these patients. 

Surprisingly, we also found some inner retinal anatomical and microvascular anomalies in 

healthy control patients, especially in the case of microcysts, where Type 1 and 2 were 

found in similar frequencies in control and MS patients. Our understanding is still limited in 

what is “normal” for the inner retina, especially at the resolution possible using AOSLO, and 
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further investigations of large cohorts of control patients of all ages is required in order to 

establish normal ranges for these anomalies and understand their aetiology. 

6.2 Development of Analysis Tools for Velocity Measurement 
 

In Chapter 4, we developed and validated a novel method of analysis for XT Imaging to be 

used for detailed assessment of the retinal microvasculature in SPMS. The rationale for this 

study was that XT imaging has great potential as a form of non-invasive imaging of retinal 

blood flow, but this is limited by the lack of automated analysis available. Our results 

showed that using a previously published tool (Directionality) with some pre-processing of 

images led to an excellent agreement between videos of high quality, and that measuring 

three cycles is sufficient to achieve a representative average velocity. We were able to use 

these findings in the final section of this thesis to investigate blood velocity and flow in 

control patients and an SPMS cohort.  

Previous investigations of vascular function using XT imaging, including our own, have used 

a reductionist approach in measuring retinal blood velocity, isolating the peaks and troughs 

of cardiac cycles and disregarding the potential wealth of information available in the 

remainder of the cardiac cycle (Palochak et al, 2019; Zhong et al, 2012; Zhong et al, 2011). 

This was due to a number of reasons including lack of efficient measurement tools. The 

semi-automated process developed in this thesis could be used to further examine changes 

occurring across the cardiac cycle by utilising other markers developed from Doppler 

imaging (Maruyoshi et al, 2010) to learn more about vascular function not limited to the 

measurement of average velocity across a cycle. 

There are additional analyses which can be extracted from the Fourier Transform of XT 

images which are not explored in this thesis, but would be beneficial to future researchers 

on this topic. Firstly, the dispersion and length of the power spectrum reflects the 

frequency of directional components within an image. The frequency of directional 
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components would likely reflect the number of cells measured at one time, therefore 

allowing for a direct calculation of flow as cells by unit time, unhindered by the 

assumptions of flow required by Poiseuille calculation (Nichols et al, 2011) to produce a 

value of volume by unit time. Comparing the results from power spectrum analysis and 

traditional Poiseuille calculation would allow us to understand the potential limitations of 

using this technique within small vessels of the retina. 

6.3 Structure and Function of the Retinal Vasculature in SPMS 
 

In Chapter 5, we were able to identify changes in the structure and function of retinal blood 

vessels at all levels of the vascular tree in SPMS. Vessel structure, blood velocity and blood 

flow were measured in arterioles from 12µm to 202µm in diameter in both SPMS patients 

and age-matched controls using AOSLO, and retinal oxygen saturation in the peripapillary 

vessels was measured using the Oxymap. Evidence of vascular remodelling and significant 

reductions in both blood velocity and flow in the arterial network were seen in SPMS 

patients using AOSLO. There was no significant difference in retinal oxygen saturation in 

SPMS patients and controls, but the results from this analysis did highlight generalised 

vasoconstriction at the peripapillary level in SPMS patients. 

By interpreting the data of the present study together with Chapter 3, where we looked 

more superficially at vasculature using OCTA, we can begin to understand that whilst SPMS 

does not appear to cause significant changes to the general vascular architecture, there are 

subtle, but nonetheless potentially important changes occurring to blood vessels both in 

their structure and function. The reduction in arterial blood velocity in SPMS patients may 

explain the slowing of ECAs seen in Chapter 3, as although we did not investigate capillary 

velocity in this chapter, upstream changes of arterial velocity in arterioles would 

significantly impact downstream velocity and flow. Changes in velocity and flow may also 

be attributed to generalised vasoconstriction, as results from both WLR analysis and retinal 
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oximetry suggest vessel diameter has decreased across the vascular tree. This was not 

measured using AOSLO in Chapter 3 as the protocol used meant we could not distinguish 

arteries from veins. As reduction in vessel diameter was detected in the peripapillary region 

using the Oxymap, and structural alterations suggestive of narrowing were found across all 

levels of the arteriolar network using AOSLO, this suggests that vasoconstriction is 

occurring widely across the retina. Using a larger sample size, it would be interesting to 

examine the relationship between inner retinal structure and vessel size using OCT and 

AOSLO to determine if neurodegeneration has a direct impact on vessel thickness. As in 

Chapter 3, it would also be interesting to use the imaging markers from Chapter 5 in RRMS 

patients to examine the temporality of these changes and uncover if vasoconstriction is a 

late stage phenomenon in MS mainly related to degeneration and metabolic demand, or if 

it is present early in the disease. 

We did not find a difference in resistive index between SPMS patients and control subjects, 

which corroborates our findings on small vessel compliance in Chapter 3, although we have 

to consider that larger arteries (>50um) and small arterioles (<20um) may not be reflective 

of each other due to structural differences in vessels as they branch further down the 

vascular tree (Hogan & Feeney, 1963). If there are changes in the stiffness of vessels in 

SPMS, this could also be investigated further with detailed investigation of the velocity 

curves themselves, which the protocol developed in Chapter 4 allows us to extract.  

Retinal oxygen saturation was not found to be significantly different in SPMS patients than 

controls, however with our relatively small sample size we may not have had the statistical 

power to detect this difference. It would be interesting to repeat this investigation with a 

larger cohort of subjects to see if there is a significant difference in saturation and also if 

saturation for both SPMS patients and controls could be correlated with structural 

measurements of the retina. Investigating the relationship between AV difference and the 
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presence of Type 3 retinal microcysts, as seen in Chapter 3, would also be interesting as 

one hypothesis for the development of microcysts is retrograde degeneration (Lujan & 

Horton, 2013), which if present should lead to a decrease in AV difference as less oxygen is 

extracted by atrophied tissues. 

It was not possible to perform OCT or OCTA on control subjects in Chapter 5 due to lack of 

access to equipment. Comparison of structural information gained from both techniques in 

both SPMS patients and control subjects to results from AOSLO and Oxymap would allow 

us to further examine if neurodegeneration leads to vasoconstriction, and correlate data on 

neurodegeneration to metabolic response. Combining all these techniques may offer ways 

to explore temporal patterns in vascular changes and atrophy of retinal layers, aiding 

important insights into the pathological processes which drive progression in SPMS. 

Due to the effective treatments available for RRMS, secondary progressive patients often 

present with milder symptoms and have a greater quality of life in their disease than ever 

before. As these patients age, however, the consequences of aging on their retina must be 

considered when designing clinical trials for MS. We had carefully matched control patients 

for age and sex to the SPMS cohort, however as SPMS is a variable disease in its 

presentation and progression (Thompson et al, 2018) a larger sample size would be 

required to validate the findings shown in this thesis. 

6.4 Limitations 
 

There are some limitations across this thesis which warrant discussion, namely the 

availability of medical history, insight into the impact of optic neuritis and imaging 

resolution. Our approach was to use information gathered from analysis of images only, 

however information on visual acuity, length of disease and history of treatment could also 

be combined with imaging data to provide a more complete view on the impact of 

microvascular change in SPMS. 
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In most cases we selected the patient’s eye without history of ON if that was available, as 

AOSLO is reliant on good fixation. This limits the scope of our findings as it is likely that 

investigating eyes with a history of optic neuritis would allow us to detect more drastic 

differences in the retinal vasculature and surrounding structure and would allow us to 

understand the impact ON has on the microvasculature. Careful consideration of the 

effects of optic neuritis ought to be included in future studies, and patients should be 

stratified according to their previous history of ON, however this will increase the required 

sample size. 

One limitation of this thesis is in its lack of differentiation of individual vascular layers using 

AOSLO. There are two reasons for this, first due to the en-face nature of AOSLO it was 

difficult to determine the exact layer being imaged and as the capillary regions being 

imaged were relatively central (within 10 degrees of fixation) stratification between layers 

was less clearly defined meaning the intermediate and superficial layers were likely imaged 

simultaneously. Secondly, in Chapter 5 we focussed our attention to arteries and their 

branches which are embedded within the RNFL and therefore we did not image the 

intermediate or deep layers. This may have limited the scope of our research, as some 

OCTA studies of MS have reported pronounced effects on the deeper capillary layers 

(Feucht et al, 2019; Yilmaz et al, 2019), which we would have missed. Further insight may 

have been gained by superimposing AOSLO images onto OCTA images in order to utilise the 

segmentation capability of OCTA to differentiate vascular layers. Combining measurements 

from both the separate capillary beds and the vessels supplying and draining them would 

allow for a more nuanced assessment of microvascular disease, both in SPMS and other 

microvascular disorders of the retina. 

6.5 Future Directions 
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With the identification of retinal imaging markers previously unreported in multiple 

sclerosis and development of new semi-automated analyses, there are a number of 

directions future research can pursue from the results of this thesis. 

The presence of large microcysts in our MS patients in Chapter 3 was substantially higher 

(3/16 patients, 18.75%) than reported previously using OCT (15/303 patients, 5% reported 

by Gelfand et al (2012)). This is perhaps unsurprising due to the high resolution which can 

be achieved with AOSLO, and the size of cysts imaged as even using a highly dense OCT 

scan these cysts may go undetected. It is also unclear as to the activity of these cysts over 

time. It may be that cysts resolve, or they remain stagnant leaving a permanent scar on the 

inner retinal landscape. This should be investigated in future in longitudinal studies both in 

patients with disease and healthy cohorts to understand in what time scale, if any, these 

cysts resolve and what changes should be considered pathological. 

We did not explore single cell flow in this thesis, despite the fact pronounced changes in 

blood flow were found at the capillary level of MS patients using the RFI (Jiang et al, 2020). 

Single-cell flow in SPMS could be measured by researchers using the AOSLO offset-imaging 

technique, developed by de Castro et al (2016). Cell velocity in capillaries, as measured 

using offset imaging, could help to identify the sequence of events that leads to the 

structural alterations seen in Chapter 3 and vascular remodelling changes identified in 

Chapter 5. If blood velocity in capillaries is significantly reduced in MS patients it is likely 

that it is a consequence of the upstream reduction in arterial blood velocity and flow 

observed in Chapter 5. If capillary velocity is not significantly reduced, it is possible that 

vascular pruning, identified in other studies of OCTA in MS (Feucht et al, 2019; Ulusoy et al, 

2020; Wang et al, 2014; Yilmaz et al, 2019), serves to maintain capillary resistance and 

therefore velocity through capillaries, which could be investigated by correlating cell 

velocity to vessel density and calculating average tissue flow. 



196 
 

Retinal atrophy related to MS may also cause poor vascular regulation in the retina, 

meaning when tissue needs are increased for example in response to stimulus, functional 

dilation is not initiated and retinal tissue enters a hypoxic state. Responsiveness of vessels 

to local needs is an essential function of the microvasculature, and the loss of this function 

has been noted in several ophthalmic diseases such as diabetic retinopathy (Karami et al, 

2012) and glaucoma (Fuchsjager-Mayrl et al, 2004). Damage to autoregulatory functions 

could explain some of the issues seen in MS patients, and could be investigated using 

AOSLO. Functional response of blood vessels to local stimulation has been successfully 

measured using XT imaging (Zhong et al, 2012), although this technique has not yet been 

used in the presence of disease. One limitation to using XT imaging for functional studies of 

retinal response is the demanding nature of manual analysis, as a number of cycles would 

have to be measured to establish a baseline then additional cycles would have to be 

measured to assess the response of blood vessels. Using the protocols developed in 

Chapter 4, researchers can now accurately measure cycles in a semi-automated manner 

making this process more efficient and ensuring functional studies using XT imaging are 

more appealing to researchers. 

One aspect of blood flow which was not explored in this thesis is the flow velocity profile. 

Blood velocity changes across the profile of a blood vessel, with blood cells moving fastest 

at the centre and slowest at the vessel walls. With XT AOSLO analysis in Chapter 5, we 

measure the central lumen velocity to ensure that we achieve a consistent result across 

vessels, however as we can image the entire vessel profile with XT imaging there is a 

wealth of information contained within each image which may provide insights into SPMS 

pathogenesis. Our understanding of inflammation within retinal blood vessels in SPMS is 

limited, and analysis of XT velocity profiles across a blood vessel could be used to 

investigate this, as increased lagging of cells at the vessel wall is indicative of inflammation 

and could be measured using flow profile analysis. Furthermore, red cell aggregation which 
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could be an important element of MS pathogenesis also has a direct effect on the shape of 

the flow profile (Bishop et al, 2001), and so AOSLO could be used as an in vivo, non-invasive 

tool to investigate this. 

It is unclear if the vascular changes detected in SPMS are a cause or result of 

neurodegeneration. Regardless, the presence of vasoconstriction as identified in this thesis 

will likely result in further vascular change, as a vicious cycle could ensue where long-

standing vasoconstriction as a result reduced metabolic demand cannot sustain functional 

dilation, causing hypoxia, cell death and a further drop in metabolic demand. Treatment 

options for SPMS are limited, and previously have focused on addressing the low-level 

inflammation still present in the disease. The vascular changes identified in this thesis 

supports the promotion of vasoconstriction as a potential therapeutic target in SPMS. This 

option has been previously explored in MS using bosentan and nimodipine. Bosentan, an 

ET-1 agonist, was successfully used to return reduced cerebral blood flow to normal levels 

in MS patients (D'Haeseleer et al, 2013). Nimodipine, a CNS-selective vasodilating agent, 

has been shown to reduce dysfunction and demyelination in EAE, and although this study 

focused mainly on treating the impact of relapses in the early stages of MS, it highlights a 

valid therapeutic target for both RRMS and SPMS (Desai et al, 2020). Interestingly, 

simvastatin, a lipophilic statin which is purported to have vasodilatory effects (Sasaki et al, 

2013), has been demonstrated to significantly reduce the rate of brain atrophy in SPMS 

independent of any effect on inflammation (Chataway et al, 2014). Vasodilation, or at least 

a reversal of vasoconstriction, would halt the vicious cycle of atrophy and vessel narrowing 

which could be attributing to progression in SPMS. It is unlikely that improving blood flow 

in this way would recover the cells lost to SPMS, but it could at least protect the remaining 

cells from further hypoxia and potentially make them more resilient to ongoing oxidative 

damage and inflammation. 
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Vascular alterations in the retina have also been noted in other brain diseases with a 

purported microvascular effect, such as Alzheimer’s disease (AD), and the imaging markers 

developed in this thesis may be beneficial to study of these diseases. For example, previous 

reports in AD have been based on either macrovascular findings on colour fundus imaging 

(Lesage et al, 2009; Patton et al, 2007) or on microvascular findings from post-mortem 

retina (Koronyo et al, 2017). Imaging markers similar to those reported in this thesis have 

been noted in mouse models of AD such as “stalled flow”, akin to erythrocyte aggregation 

(Hernandez et al, 2019). Utilising the power of AOSLO in studies of Alzheimer’s disease 

would allow researchers to investigate these microvascular changes in-vivo and detect 

subtle changes in the vasculature. 

 

6.6 Conclusion 
 

This thesis adds valuable information to the literature surrounding the retinal 

microvasculature in MS, particularly as we have concentrated on the underserved subtype 

of SPMS. We have identified imaging biomarkers that could allow us to further explore and 

identify other vascular abnormalities of retinal vessels in MS. Development of these 

biomarkers mean we can now use the retinal vessels as an imaging endpoint in studies of 

neuroprotective drugs in MS, especially those with a vascular effect. Our research has also 

thrown light to novel areas of investigation in the retinal vasculature which were not 

pursued in this thesis. 
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6.7 Statement 
 

This thesis was part of a larger study, MSOpt, a randomised controlled trial of simvastatin 

treatment in SPMS and exploration of its mechanism. Due to issues beyond our control, the 

MSOpt trial was extended beyond the duration of the PhD. There were significant issues 

with the primary outcome measure of the trial, as a new MRI was commissioned at the 

beginning of the trial which led to delays and the MRI suffered water damage due to a 

flood which further delayed recruitment. This PhD constitutes preliminary data on the 

development of techniques used in the ophthalmic imaging portion of this trial, and 

comparison of results from control patients to a group of SPMS patients prior to treatment. 

It also explored the use of this technology in RRMS patients and a control cohort. The 

MSOpt trial remains ongoing as of October 2020 and is being extended further due to the 

difficult landscape of patient recruitment during the COVID-19 pandemic. 
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Appendix 
 

MSOpt Study Recruitment Criteria (Protocol v1.5) 

MSOpt Trial Participant Inclusion Criteria  

The following inclusion criteria must be met (answer yes) when assessing patient’s eligibility 
onto the trial. 

1. Patients must have a confirmed diagnosis of multiple sclerosis according to revised 
McDonald criteria and have entered the secondary progressive stage. (Polman et al., 
2011, Lublin, 2014) 
Steady progression rather than relapse must be the major cause of increasing disability 
in the preceding 2 years. Progression can be evident from either an increase of at least 
one point on the EDSS or clinical documentation of increasing disability. 

2. EDSS 4.0 – 6.5 (inclusive). 
3. Male and Females aged 18 to 65 
4. Females of childbearing potential and males with partners who are of childbearing age 

must be willing to use an effective method of contraception (Double barrier method of 
birth control or True abstinence) from the time consent is signed until 6 weeks after 
treatment discontinuation and inform the trial team if pregnancy occurs. For the purpose 
of clarity, True abstinence is when this is in line with the preferred and usual lifestyle of 
the subject. Periodic abstinence (e.g., calendar, ovulation, symptothermal, post-
ovulation methods), declaration of abstinence, withdrawal, spermicides only or 
lactational amenorrhoea method for the duration of a trial, are not acceptable methods 
of contraception. 

5. Females of childbearing potential have a negative pregnancy test within 7 days prior to 
being registered/randomised.  Participants are considered not of child bearing potential 
if they are surgically sterile (i.e. they have undergone a hysterectomy, bilateral tubal 
ligation, or bilateral oophorectomy) or they are postmenopausal. 

6. Willing and able to comply with the trial protocol (e.g. can tolerate MRI and fulfils the 
requirements for MRI, e.g. not fitted with pacemakers or permanent hearing aids) ability 
to understand and complete questionnaires. 

7. Willing and able to provide written informed consent. 
8. Willing to ingest gelatine (placebo will contain this). Participants must therefore be 

informed sensitive to personal beliefs e.g. faith, diet.  
 

 
MSOpt Trial Participant Exclusion Criteria 

Patients presenting with any of the following exclusion criteria (i.e. answers yes) at screening 
will not be eligible to proceed with the trial: 

1. Unable to give informed consent. 
2. Primary progressive MS. 
3. Those that have experienced a relapse or have been treated with steroids (both 

intravenous and oral) for multiple sclerosis relapse within 3 months of the screening 
visit. These patients may undergo a further screening visit once the 3-month window 
has expired and may be included if no steroid treatment has been administered in 
the intervening period. Patients on steroids for another medical condition may enter 
as long as the steroid prescription is not for multiple sclerosis (relapse/ progression). 
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4. Patient is already taking or is anticipated to be taking a statin or lomitapide for 

cholesterol control. 
5. Any medications that unfavourably interact with statins as per Spc 

recommendations e.g.: fibrates, nicotinic acid, cyclosporin, azole anti-fungal 
preparations, macrolideantibiotics, protease inhibitors, nefazodone, verapamil, 
amiodarone, large amounts of grapefruit juice or alcohol abuse within 6 months. 

6. The use of immunosuppressants (e.g. azathioprine, methotrexate, cyclosporin) or 
disease modifying treatments (avonex, rebif, betaferon, glatiramer, dimethyl 
fumerate, fingolimod) within the previous 6 months. 

7. The use of mitoxantrone if treated within the last 12 months. 
8. Patient has received treatment with alemtuzumab. 
9. Use of other experimental disease modifying treatment (including research in an 

investigational medicinal product) within 6 months of baseline visit. 
10.  Active Hepatic disease or known severe renal failure (creatinine clearance 

<30ml/min). 
11.  Screening levels of alanine aminotransferase (ALT), aspartate aminotransferase 

(AST) or creatine kinase (CK) are three times the upper limit of normal patients. 
12.  If the patient reports any ophthalmic conditions such as glaucoma, ocular trauma or 

degenerative eye disease. 
13.  Patient unable to tolerate or unsuitable to have baseline MRI scan (e.g. metal 

implants, heart pacemaker) or MRI scan not of adequate quality for analysis (e.g. too 
much movement artefact). 

14. Females who are pregnant, planning pregnancy or breastfeeding. 
15. Allergies to IMP active substance or to any excipients of IMP and placebo or other 

conditions that contraindicate use of galactose (e.g. Hereditary galactose 
intolerance, Lactase deficiency, glucose-galactose malabsorption) 


