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ABSTRACT 

 
Glaucoma is an ocular disease that results progressive damage of the retinal nerve fibre 
layer which result to irreversible visual deterioration. Glaucoma impact on the brain is 
not conclusive. Even the magnetic resonance spectroscopy (MRS) findings in the visual 
pathway areas shown incoherent findings. This study aimed to investigate and measure 
the concentration of metabolites in the lateral geniculate nucleus (LGN) and visual 
cortex (VC) of subjects with glaucoma using MRS. The MRS measurement using a 
single-voxel spectroscopy (SVS) was performed using 1.5 Tesla MRI, on healthy young 
adults, healthy older adults, mild glaucoma, and severe glaucoma. A standardised 
volume of interest of 13mm x 13mm x 13mm was placed in the region of LGN and VC. 
Five metabolites were extracted and quantified from raw spectra using the AMARES 
(Advanced Method for Accurate, Robust, and Efficient Spectral Fitting) method within 
the Java-based magnetic resonance user interface (jMRUI). The quantification process 
yields amplitudes in arbitrary units of N-acetyl aspartate (NAA), glutamate-glutamine 
(Glx), creatine (Cr), choline (Cho), and Myo-Inositol (mI). Two consecutive scans were 
performed on each LGN and VC from both brain hemispheres of young healthy adults. 
The repeatability of MRS measurement in the LGN and VC were analysed. The LGN 
and VC of young healthy subjects and healthy elderly subjects were scanned. The 
metabolites were compared between groups. The metabolites in the LGN of healthy 
elderly subjects, participants with mild glaucoma and severe glaucoma were compared. 
The metabolites in the VC of healthy elderly subjects, participants with mild glaucoma 
and severe glaucoma were compared. The metabolites concentration in the LGN and 
VC showed no significant differences between consecutive scan (p>0.05). Analysis 
showed good agreement and small variability between the consecutive MRS 
measurements (bias in LGN: -0.46 to 1.17; bias in VC: -0.61 to -0.22). Healthy older 
adults have lower levels of NAA and higher levels of Glx, Cr, and Cho in the LGN 
compared to healthy young adults (p<0.05). In the VC, healthy older adults have higher 
levels of Cr, Cho and mI compared to healthy young adults (p<0.05). Severe glaucoma 
group has higher level of NAA (65.03±14.66; Tukey HSD, p=0.03) and lower level of 
Cho (14.09±5.07; Games-Howell, p=0.016) in the LGN compared to healthy group. Glx 
(604.93±93.55; Games-Howell, p=0.031) level in the VC was lower in severe glaucoma 
compared to healthy group while Cho/Cr (0.030±0.06; Tukey HSD, p=0.031) level in 
the VC was lower in severe glaucoma group compared to mild glaucoma group. The 
single voxel MRS using 1.5 Tesla MRI is repeatable in determining metabolites 
concentration in the LGN and VC. Age affects the NAA, Glx, Cr and Cho 
concentrations in the LGN, and Cr, Cho and mI concentrations in the VC. Metabolites 
analysis should consider aging into factor. Glaucoma may cause shift in the NAA and 
Cho concentration amplitudes and ratio in the LGN. Glaucoma may cause shift in the 
Glx and Cho/Cr concentration amplitudes and ratio in the VC.  Further research in this 
area may help elucidate the underlying mechanisms of glaucoma and potentially aid in 
the development of novel diagnostic or therapeutic approaches.
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 ملخص البحث
 

 
 

ي إلى تلف تدریجي لطبقة الألیاف ال عصبیة في شبكیة  الجلوكوما ھو مرض یصیب العین، ویؤُدِّ
العین مما یؤدي إلى تدھور بصري لا رجعة فیھ. إنّ تأثیر الجلوكوما على الدماغ لیس قاطعًا، حتى  

) نتائج غیر مترابطة لمناطق المسار MRSأظھرت نتائج التحلیل الطیفي بالرنین المغناطیسي (
في   وقیاسھ  المستقلب  تركیز  اكتشاف  إلى  الدراسة  ھذه  تھدف  الجانبیة  البصري.  الركبیة  النواة 

)LGN) البصریة  والقشرة   (VC  الطیفي التحلیل  باستخدام  بالجلوكوما  المصابین  للأشخاص   (
). ویشیر قیاس ھذا التحلیل باستخدام التحلیل الطیفي أحادي فوكسل MRSبالرنین المغناطیسي (

)SVS  تسلا    1.5) إلى تطبیقMRI  یف والشدید. قد على الشباب والكبار الأصحاء، والرزق الخف
. تمّ استخراج  VCو    LGNمم في منطقة  x  13مم  x  13مم  13تمّ وضع حجم موحد من الاھتمام یبلغ  

مة للتركیب الطیفي الدقیق   خمسة مستقلبات وقیاس كمیتھا مِن الأطیاف الخام باستخدام الطریقة المتقدِّ
) الفعال  القAMARESالقويّ  المغناطیسي  الرنین  مستخدم  واجھة  داخل  جافا  )  على  ائمة 

)jMRUI أسیتیل الأسبارتات  -). قد استنتجت عملیة القیاس الكمي وحدات تعسفیة لــِ نN-acetyl 
aspartate  )NAA) الجلوتامین  والغلوتامات   ،(Glx  ،(والكریاتین  )Cr) والكولین   ،(Cho  ،(

(-میو مِن  mlاینوزیتول  متتالیین على كل  إجراء فحصین  تمّ   .(LGN    وVC  ا لكرة مِن نصفي 
  LGN. وتمّ فحص  VCو    LGNلِـ    MRSالمخیة للكبار الأصحاء. وتمّ تحلیل إمكانیة تكرار قیاس  

للشباب وكبار السن الأصحاء. قد قورِنت المستقلبات الموجودة بین المجموعات التي أجُرِیتَ    VCو  
لكبار السن   VCلكبار السن الأصحاء، والمعانین بخیفیف وشدید الجلوكوما، وعلى    LGNعلى  

في   المستقلبات  تركیز  أظھر  الجلوكوما.  وشدید  من خفیف  یعانون  الذین  والمشاركین  الأصحاء، 
LGN    وVC  ) عدم وجود فروق ذات دلالة إحصائیة بین الفحص المتتالیةP > 0.05 وأظھر .(

قیاسات   اتفاقاً جیدا وتباینا صغیرا بین  التحیز في    MRSالتحلیل  إلى    LGN: -0.46المتتالیة ( 
  NAA). یتمتع كبار السن الأصحاء بمستویات أقل مِن  0.22-إلى    VC: -0.61التحییز في     ؛1.17

). وأما في  P<0.05مقارنة بالشباب الأصحاء (  LGNفي    Choو    Crو    Glxلى لـِ  ومستویات أع
VC  ِفیتمتع كبار السن الأصحاء مستویات أعلى لـ ،Cr    وCho    وml    مقارنة بالشباب الأصحاء

)P<0.05  ِلـ أعلى  بمستوى  الشدیدة  الجلوكوما  مجموعة  تتمتع   .(NAA  (65.03±14.66; 
Tukey HSD, p=0.03)  ل لـِ  ومستوى أقCho  )14.09 ± 5.07؛ Games-Howell، p = 

مستوى    LGNفي    (0.016 كان  الصحیة.  بالمجموعة   ؛Glx  )604.93 ± 93.55مقارنة 
Games-Howell، p = 0.031  في (VC    ،أقلّ في الجلوكوما الشدیدة مقارنةً بالمجموعة الصحیة

أقل في    VC) في  Tukey HSD، p = 0.031 ؛Cho/Cr  )0.030 ± 0.06بینما كان مستوى  
واحد باستخدام   MRSالجلوكوما الشدیدة مقارنة بمجموعة الجلوكوما الخفیفة. یمكن تكرار فوكسل  

. إِنّ العمر VCو    LGNحدید تركیز المستقلبات في  تسلا لت  1.5التصویر بالرنین المغناطیسي بقوة  
.  VCفي    ml، و  Cho، وCr، و  LGNفي تركیزات    Cr، و  Glx، و  NAAیؤثر على تركیزات  

فیجب أن یأخذ تحلیل المستقلبات في عین اعتباره عامل العمر. قد یتسبب الجلوكوما في حدوث  
اتسا LGNفي    Choو    NAAتحول في اتساع ونسبة تركیز   و    NAAع ونسبة تركیز  ، وفي 

Cho    فيLGN  ونسبة اتساع  وفي   ،Glx    وCho/Cr    فيVC من المزید  إجراء  یساعد  قد   .
تطویر  في  یساعد  وربما  الجلوكوما،  لمرض  الأساسیة  الآلیات  لمعرفة  المجال  ھذا  في  الأبحاث 

 أسالیب تشخیصیة أو علاجیة جدیدة. 
Abstract in Arabic 
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CHAPTER ONE 

 INTRODUCTION 

1.1 BACKGROUND OF STUDY 

Metabolites are small molecules that are intermediates or final products of metabolism 

and serve a variety of cellular functions (Aizen, Tao, Rencus-Lazar, & Gazit, 2018). 

They are produced by the metabolic processes of bacteria, fungi, plants, and animals 

(Zandavar & Babazad, 2023). They are essential for the proper functioning as fuel, 

maintain cell structure, participate in signalling and defence mechanisms, and stimulate 

or inhibit enzymes (Aizen et al., 2018; Y. Liu et al., 2022). To gain insights into the 

composition and dynamics of metabolites within biological systems, metabolomics, a 

rapidly advancing field, is employed. Metabolomics encompasses the comprehensive 

study of metabolites present in a specific biological sample at a given time, providing 

valuable information about the metabolic state of an organism or a particular tissue 

(Kaddurah-Daouk, Kristal, & Weinshilboum, 2008). Metabolites quantification can be 

conducted using methods which include mass spectrometry, and magnetic resonance 

spectroscopy (MRS) (Barbosa-Breda, Himmelreich, Ghesquière, Rocha-Sousa, & 

Stalmans, 2018). Mass spectrometry, a widely used approach in metabolomics, requires 

samples collection from subjects, and samples are discarded after use. The technique is 

considered invasive due to the need for sample extraction. In ophthalmology, the 

traditional mass spectrometry for metabolites analysis have been conducted using 

samples from tear fluid, aqueous humour, vitreous humour, cornea, and lens (Barbosa-

Breda et al., 2018). These analyses yield valuable information about the metabolic 

profiles specific to ocular tissues, offering insights into the physiological and 

pathological processes occurring within the eye. 
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The MRS, on the other hand, analyses metabolites in vivo non-invasively, does 

not require sample collection, and can be repeated over time, allowing for longitudinal 

studies (Barbosa-Breda et al., 2018). This technique provides a unique non-invasive 

window into the biochemical composition of tissues, offering valuable insights into 

physiological and pathological processes (P. Lee, Adany, & Choi, 2017). Moreover, 

MRS has found applications beyond neurological research. It is extensively utilized in 

other fields, such as oncology for characterizing tumors, cardiology for assessing 

myocardial metabolism, and musculoskeletal studies for evaluating muscle metabolism 

and pathology (Gondim Teixeira et al., 2017; Hudsmith & Neubauer, 2009; Ross, 

Chenevert, Kim, & Ben-Yoseph, 2015).  

The MRS is readily available in most clinical magnetic resonance imaging 

(MRI) systems, which enables its usage accessible in the clinical setting. The MRS 

typically begins with the acquisition of MRI images that serve as a guide for tissue 

volume selection (Hesselink, 2014; Van Der Graaf, 2010). This ensures that the MRS 

focuses on the region of interest within the body. The procedure then is followed by the 

acquisition of spectra using specific MRS techniques such as single-voxel spectroscopy 

(SVS) or multi-voxel spectroscopy (MVS) (Hesselink, 2014; Van Der Graaf, 2010). 

SVS focuses on a single, specific volume within the tissue, providing detailed 

information about the metabolites in that localized area (Van Der Graaf, 2010). On the 

other hand, MVS allows for the simultaneous analysis of multiple volumes, offering a 

broader view of the metabolic profile across different regions (Van Der Graaf, 2010).  

The core of MRS lies in its ability to generate spectra, which are essentially 

graphs depicting the distribution of different metabolite in the tissue being analyzed 

(Govindaraju, Young, & Maudsley, 2000; McRobbie, Moore, Graves, & Prince, 2006). 

These spectra are produced through the detection of radiofrequency signals emitted by 

atomic nuclei, particularly protons, in response to a magnetic field (Blüml, 2013; 

Govindaraju et al., 2000; McRobbie et al., 2006). Each metabolite in the tissue emits a 

unique signal, allowing for the identification and quantification of various compounds. 

The quantification process involves several steps such as line-broadening, fourier 

transforms, and phasing (Blüml, 2013; McRobbie et al., 2006).  
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After acquiring the spectrum, the area under each peak is calculated, which is 

directly proportional to the concentration of the corresponding metabolite (Blüml, 

2013). In recent years, the MRS has been adopted to quantify metabolites in the 

sensitive tissues in the brain that are related to visual processing. These include studies 

on neurodegenerative disease involving subjects with glaucoma (Aksoy et al., 2018; 

Boucard, Hoogduin, van der Grond, & Cornelissen, 2007; Doganay, Cankaya, & Alkan, 

2012; Guo et al., 2018; Rucker et al., 2003; Sidek et al., 2016). By employing MRS, 

researchers can gain valuable insights into the metabolic alterations occurring in related 

anatomical tissues, contributing to a deeper understanding of the underlying 

mechanisms of such conditions. 

Glaucoma is a major public health issue characterized by progressive 

deterioration of the optic nerve, stemming from the chronic loss of the nerve fiber layer, 

which deteriorates vision and the visual field (Gandhi & Dubey, 2013; Hazin, Hendrick, 

& Kahook, 2009; Kapetanakis et al., 2016).  Glaucoma pathogenesis is complex leading 

to difficulty in its diagnosis.  Glaucoma poses a challenging clinical management due 

to the lack of rapid diagnostic methods and limited therapeutic options (Barbosa-Breda 

et al., 2018). The standard clinical procedures using clinical reading including 

intraocular pressure, retinal nerve fiber analysis, optic disc evaluation and visual field 

analysis often leads to late diagnosis.  

The damage caused by glaucoma at the point of its detection may usually have 

been exaggerated due to the lack of sensitivity of the above clinical parameters. Also, 

as glaucoma being chronic in nature, the visual function reduction or any deteriorating 

ocular signs are slow and may be indistinct by patients in its earlier stage. Glaucoma is 

usually detected late where substantial damage has occurred, and some patients may 

have developed serious visual problems (Kapetanakis et al., 2016). The study of 

metabolites has the potential to yield biomarkers that can aid glaucoma diagnostics, 

classifications, and progression detection methods (Barbosa-Breda et al., 2018). MRS 

data has been shown to have the merits in detecting glaucoma-related-metabolite 

changes prior of deterioration in visual clinical data (Murphy et al., 2016).   
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There are a limited number of studies on glaucoma which employed the MRS, 

and the reports were generally inconsistent. The literature focuses on different 

anatomical structures in the brain yet confined to tissues associated with the visual 

pathway. To note, the MRS glaucoma studies have ventured investigations on the lateral 

geniculate nucleus (LGN) (Aksoy et al., 2018; Doganay et al., 2012), optic radiation 

(Sidek et al., 2016; Y. Zhang, Chen, Wen, Wu, & Zhang, 2013), and visual cortex (VC) 

(Aksoy et al., 2018; Guo et al., 2018; Murphy et al., 2016) . All studies have focused 

on the key metabolites in the brain, including N-acetyl-aspartate (NAA), glutamate-

glutamine (Glx), creatine (Cr), choline (Cho), and myo-inositol (mI) (Soares & Law, 

2009). There were some similarities in the technique employed by the studies, yet their 

unique parameter settings may have consequently borne the variation in the results.  

This thesis explores the MRS analysis on glaucoma subjects in the LGN and VC 

using the SVS technique. The results from the experiments in this thesis may not only 

contribute to the scientific understanding of glaucoma pathophysiology but also have 

significant implications for society and the country at large. By shedding light on the 

metabolic changes associated with glaucoma, this research may pave the way for more 

targeted and effective treatment strategies, potentially improving the quality of life for 

individuals affected by this glaucoma. Additionally, a deeper comprehension of 

glaucoma at the molecular level may lead to advancements in diagnostic techniques, 

ultimately benefiting healthcare systems and reducing the economic burden of 

glaucoma-related healthcare costs on the nation. 
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1.2 PROBLEM STATEMENT 

Glaucoma, a chronic and vision-threatening disease, is not limited to the progressive 

injury of the optic nerve but is increasingly recognized as a complex neurodegenerative 

disease that can have an impact on the central nervous system, including the brain 

(Arrigo et al., 2021). Studies have shown that glaucoma can lead to structural and 

functional changes in the brain. One study found damage to the white matter integrity 

along the central visual pathway, affecting connections crucial for coordinating vision 

and movement (V. Trivedi et al., 2019). Other studies have found changes in gray matter 

volume and disrupted connectivity between visual cortex regions in glaucomatous 

patients (Nuzzi, Dallorto, & Rolle, 2018a). Another study demonstrated that glaucoma 

patients may experience cognitive dysfunctions, indicating a broader influence on 

thinking abilities (Gangeddula, Ranchet, Akinwuntan, Bollinger, & Devos, 2017).  

One example of the impact of glaucomatous damage on brain metabolites can 

be seen in a recent study. The study findings linked glaucoma to decreased GABA 

levels, causing degrading of neural specificity in the visual cortex, which can impact 

sensory and cognitive functions (Bang et al., 2023). Certain areas of the visual pathway 

including the vitreous, optic radiation, lateral geniculate body (LGN), and visual cortex 

(VC), that have been studied using MRS (Aksoy et al., 2018; Doganay et al., 2012; 

Rucker et al., 2003; Sidek et al., 2016), also showed conflicting findings as mentioned 

in section 1.1. 

Furthermore, the body of literature on glaucoma using MRS analyzed changes 

of metabolite concentrations using a variety of spectroscopic parameter settings. For 

example, the study by (Rucker et al., 2003) pioneered the MRS experiment by 

comparing metabolite concentrations in the vitreous of four healthy subjects to only one 

subject with optic neuropathy using size a 10x10x10 mm voxel of interest (VOI). They 

discovered a high concentration of lactate in the human vitreous and advocated the 

application of non-invasive MRS to the human vitreous in vivo for the assessment of 

retinal and optic nerve metabolism.   
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Both Aksoy et al. (2018) and Doganay et al. (2012) conducted studies to 

investigate changes in metabolite concentrations in the lateral geniculate nucleus (LGN) 

in glaucoma patients. However, there were differences in the size of the volume of 

interest (VOI) used by each study, with Aksoy et al. using a VOI size of 13x13x13 mm 

and Doganay et al. (2012) using a VOI size of 12x12x12 mm. Additionally, the study 

populations of the two studies were diverse, with Aksoy et al. (2018) using subjects 

with several types of glaucoma and Doganay et al. (2012) only comparing healthy 

groups and groups of primary open-angle glaucoma.   

Although the two studies reported conflicting results, where Aksoy et al. (2018) 

found a significant reduction of NAA and Cho in the diseased group compared to the 

healthy group and Doganay et al. (2012) found no significant reduction of those 

metabolites in the diseased group compared to the healthy group, they agreed on the 

potential of MRS in aiding glaucoma diagnosis and understanding the disease's 

neurodegenerative process. Meanwhile, Sidek et al. (2016) evaluated the changes in 

metabolite concentration in optic radiation, another brain region involved in visual 

processing, with a VOI size of 20x20x20 mm in different glaucoma groups following 

severity. However, they found no significant changes in optic radiation that could be 

measured using single-voxel MRS.  

The results of all studies mentioned in the previous paragraphs might reveal 

alterations in the concentrations of certain metabolites in individuals with glaucoma 

compared to those without. There could be changes in metabolites related to energy 

metabolism, neurotransmitter levels, or markers of oxidative stress. However, 

interpreting these findings would require further investigation to understand the specific 

implications of these altered metabolite concentrations. There is also still a lack of 

consensus regarding the metabolic changes that occur in this disease. This lack of 

understanding is compounded by the limited knowledge of its pathophysiology and the 

variability in the experimental protocols and settings used to study it. It may also 

indicate potential secondary effects of glaucoma on the central nervous system, 

potentially influencing aspects of brain function beyond vision. In light of the current 

state of research, it can be asserted that the full extent of glaucomatous damage on the 

concentration of metabolites in the brain remains inadequately characterized.  
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Further investigations into metabolic concentration in glaucoma are crucial to 

shed light on this disease's underlying mechanisms and potential treatment for a specific 

biological process. Without a more comprehensive understanding of the metabolic 

changes in glaucoma, it will be challenging to develop effective treatments that can 

slow or prevent vision loss. Therefore, continued research is necessary to improve our 

understanding of this complex disease and develop more effective treatments for those 

affected by glaucoma. 

1.3 RESEARCH QUESTIONS 

1. What is the degree of repeatability observed in metabolite measurements 

obtained from the LGN and VC using MRS within a sample of healthy subjects? 

 
2. How does the metabolite concentrations change in the LGN and VC regions in 

association with the process of healthy aging? 

 
3. How do metabolite concentrations in the LGN of healthy older adults, patients 

with mild glaucoma, and patients with severe glaucoma differ? 

 
4. How do metabolite concentrations in the VC of healthy older adults, patients 

with mild glaucoma, and patients with severe glaucoma differ? 
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1.4 RESEARCH OBJECTIVE 

1.4.1 General Objective 

To investigate and characterize the concentration of metabolites in the visual pathway 

particularly the LGN and VC, of healthy subjects and patients with glaucoma using 

MRS. 

1.4.2 Specific Objectives 

1. To quantify the repeatability of metabolites measurements in the LGN and VC 

using MRS among healthy subjects. 

2. To measure the metabolite concentrations in the LGN and VC in healthy aging.  

3. To compare metabolite concentrations in the LGN of healthy older adults, 

patients with mild glaucoma, and patients with severe glaucoma. 

4. To compare metabolite concentrations in the VC of healthy older adults, patients 

with mild glaucoma, and patients with severe glaucoma. 
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1.5 SIGNIFICANCE OF STUDY 

The results of this study are anticipated to contribute to the ongoing MRS investigation 

of metabolite changes in various glaucoma-related brain regions. In contrast to 

previously published research, this study is novel in that it examined the concentration 

of metabolites in the LGN and VC of glaucoma patients with varying degrees of severity 

while adjusting the parameters of the spectroscopy technique. 

One of the most compelling potential impacts lies in its clinical relevance. The 

findings could pave the way for more targeted and effective treatment strategies, 

potentially leading to personalised approaches tailored to individual metabolic profiles. 

Moreover, if successful, this study could advance the cause of early glaucoma detection, 

with the potential to prevent irreversible vision loss. The benefits could extend to 

healthcare cost reduction, as timely interventions and tailored treatments may alleviate 

the burden of managing advanced-stage cases. Additionally, the study's methodology 

and findings have the potential to be a cornerstone for future research in the field, 

offering a foundation for further exploration. Furthermore, these insights could be 

integrated into medical education and training programs, enhancing healthcare 

professionals' understanding of glaucoma, and ultimately improving patient care. 

Beyond its immediate implications for glaucoma, the techniques and knowledge gained 

could have cross-disciplinary applications in studying metabolic changes in other 

ophthalmic conditions.  

It is hoped that the current study will be able to enrich the knowledge of 

glaucoma pathophysiology. Solidifying the understanding on metabolite changes in 

glaucoma may pave a path of MRS future use as an adjunct test to the current clinical 

tests for diagnosis and tracking progression. 
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1.6 SCOPE OF THE RESEARCH 

This study primarily aimed to characterize changes in metabolite concentrations in the 

LGN and VC of patients with glaucoma, using the 1.5 Tesla MRI system in the 

Radiology Department of the UiTM Specialist Hospital Sungai Buloh. Subjects’ 

recruitment was restricted to patients with severe and mild glaucoma, healthy elderly 

volunteers of similar age, and healthy young volunteers. All acquired spectroscopy data 

were processed using the Java-based magnetic resonance user interface (jMRUI; 

version 6.0 beta)(Stefan et al., 2009) software. Statistical analysis of the amplitude 

values of each metabolite were computed using version 23.0 of the Statistical Package 

for the Social Sciences (SPSS) software (SPSS Inc., Chicago, IL, USA). Chapter three 

of this thesis provides a detailed explanation of the research methodology. Figure 1.1 

summarizes the overall scope and activities of the experimental research. 

 

Figure 1.1 Scope of research activities. 
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1.7 ORGANISATION OF THE THESIS 

This thesis consists of eight chapters. Chapter One, the current chapter, provides a brief 

introduction to the study. In this section, the statement of the problem, research scope, 

and research objectives are presented. 

The literature review is presented in Chapter Two. This section provides a 

comprehensive review of the relevant literature, focusing on metabolite concentrations, 

MRS and glaucoma.  

The general research methodology used to conduct the experiments in this study 

is described in Chapter Three. This chapter explains the recruitment of subjects, MRS 

acquisition and spectrum pre-processing, detailed spectroscopy data processing, and 

statistical analysis of the processed data. 

Chapter Four explains the experiment that concerns the first objective of this 

study, the repeatability of MRS measurements of selected metabolites in the LGN and 

VC of healthy subjects. This experiment was conducted to ensure that the results of 

subsequent experiments were accurate and not random. 

The second specific objective of this study is elaborated in Chapter Five. In this 

chapter, the concentrations of metabolites in the LGN and VC of healthy young and 

healthy elderly subjects are discussed. 

Chapter Six details the experiment of the third specific objective of this study. 

This chapter covers the investigations of metabolites concentration in the LGN of 

healthy subjects and glaucoma patients. 

Chapter Seven details of experiment on answering the study objective four. The 

metabolites concentration in the VC of the healthy subjects and glaucoma patients is 

discussed in this chapter.  

Lastly, Chapter Eight concludes all experiments findings and explores some 

suggestions for further future research on MRS and glaucoma.  
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CHAPTER TWO 

 REVIEW OF LITERATURE 

2.1 INTRODUCTION 

This chapter reviews the literature on metabolite concentration changes in brain 

structures associated with the visual pathway in glaucoma patients using imaging 

technology. The chapter discusses the metabolites in the brain, the metabolites study in 

ophthalmology especially in glaucoma disease, the anatomical brain structure 

associated with glaucoma, the technology and methodology used for detecting and 

analysing the metabolites in the brain, and the application of the technology in glaucoma 

studies. This chapter also includes a critical analysis of previous studies, which assisted 

in identifying the gaps in knowledge that this study aimed to fill. 

2.2 THE ANATOMY OF VISUAL PATHWAY 

The visual pathway describes the anatomical course of the visual sensory transmission 

from the retina to the brain (Armstrong & Cubbidge, 2019). The nerve fibres of the 

retina, which represent the axons of the ganglion cells, converge at the optic disc to 

form the optic nerve, which transmits visual information to the brain before leaving the 

orbital bones. The optic nerves from both eyes meet at the optic chiasm, a structure at 

the base of the brain, where the nasal retina fibres cross over and combine with temporal 

retina fibres from the other eye (Figure 2.1) (Armstrong & Cubbidge, 2019). This 

arrangement ensures that the visual information from the left visual field of both eyes 

is processed in the right hemisphere of the brain, and vice versa. These fibres travel 

down the optic tracts and connect to the LGN in the midbrain, where some signal 

processing occurs. Finally, a series of radiating nerve fibres called the optic radiation 

carry the visual information to the visual cortex in the brain's occipital lobe for further 

processing.  
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Figure 2.1 The diagram shows the connection pathway from the eyes to the brain, 
where temporal retina fibres pass to the brain on the same side while nasal retina 
fibres cross over at the optic chiasm (L, left; R, right) (Armstrong & Cubbidge, 2019).  

 The LGN is the major relay station between the retina and VC (Bressloff, 2005). 

In the literature, the LGN may also termed as corpus geniculatum laterale or lateral 

geniculate body. A human brain contains a pair of LGN which are located on the left 

and right sides of the thalamus. LGN is composed of six layers of neurons (grey matter) 

alternating with optic fibres (white matter). The structure of LGN is a small and 

mushroom-shaped which receive seventy percent of the optic tract fibers within its six 

alternating layers of gray and white matter (Brar, 2020). Each LGN receives input from 

both eyes; from the RGCs of the temporal retinal of the ipsilateral side and from the 

nasal retinal  of the contralateral eye (Figure 2.2). The binocular visual processing 

begins in the LGN which warrants its importance in the seeing processing (Covington 

& Khalili, 2022).  
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Figure 2.2 A. Diagram in sagittal view shows the location of LGN in brain 
hemisphere, also the projection from the retina to the visual areas of the thalamus and 
midbrain, ending in the primary visual cortex.   B.  Magnified diagram shows the 
small structure of LGN, showing the terminal connection of the optic tract to the 
lateral geniculate nucleus (Antimo Buonocore, 2010).  

The VC is the visual processing area of the brain, and is located primarily along 

the superior and inferior sides of the calcarine fissure in the occipital lobe (Figure 2.3), 

a posterior region of the brain (Huff, Mahabadi, & Tadi, 2022; Sheffield, 2022). The 

VC is also present in both hemispheres of the brain, where each receives a pre-processed 

visual information from the LGN of the ipsilateral side (Huff et al., 2022).  
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Figure 2.3 Diagram shows the VC in purple. a. the location of VC at the posterior 
region of the brain from side point of view. b. the location of VC in midsagittal cross 
point of view, where it is located along the superior and inferior of the calcarine 
fissure on the medial area of the occipital lobe (Sheffield, 2022).  

There are several visual association areas in the VC, specific for certain aspects 

of visual information. Visual information about face recognition and the size, shape, 

and colour of an object is processed by neurons in the ventral stream pathway (Sheffield, 

2022). The ventral stream pathway occurs when the neuron passes through the 

secondary visual cortex and extends downward into the inferior temporal gyrus 

(Sheffield, 2022). Meanwhile, visual information about the motion of an object is 

processed by the neuron through the dorsal stream pathway, whereby the neuron passes 

through the secondary visual cortex and extends upward to the posterior parietal cortex 

(Sheffield, 2022). Figure 2.4 shows the areas involved in visual processing. 
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Figure 2.4 The diagram shows the areas involved in visual information processing in 
brain side point of view and midsagittal cross section view. Red arrow shows the 
dorsal stream visual pathway. Blue arrow shows the ventral stream visual pathway 
(Sheffield, 2022). 

 
2.3 GLAUCOMA 

Glaucoma is one of the major public health problems and being one of the leading 

causes of irreversible vision loss worldwide (Abdull, Chandler, & Gilbert, 2016; 

Kapetanakis et al., 2016). It was estimated that by 2040, the number of people with 

glaucoma worldwide could increase to 111.8 million (Tham et al., 2014). The large 

prevalence gives the impression that the number of people who is going to be blind 

would also increase by the year. Glaucoma is also categorised as a group of chronic 

diseases that often referred as a 'silent thief of sight' due to its unnoticed eye destruction 

that cause irreversible damage to the vision of the eye (Abdull et al., 2016). Glaucoma 

destroys vision starting from the periphery and ultimately involve the central vision 

which often leads to irreversible blindness (Iester, Telani, Vagge, & Bagnis, 2013). 

Glaucoma is usually chronic and without any apparent sign and would be only noticed 

when the diagnosis usually has already indicated a higher degree of glaucoma severity 

(Tan & Sanders, 2013). 
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 Glaucoma is a chronic optic neuropathy associated with a loss of retinal 

ganglion cells and their axons (M. Gupta, Ireland, & Bordoni, 2022). Among the clinical 

manifestations of glaucoma are the excavation of the optic disc, axonal degeneration of 

retinal ganglion cells (RGC), and apoptotic death of RGC cell bodies (Munemasa & 

Kitaoka, 2013). RGCs are neuron cells of the central nervous system, with their cell 

bodies located in the interior retina, whereas their ganglion cells form and locates in the 

optic nerve (Shahida & Qadir, 2020). The location of RGCs in the retina is illustrated 

in Figure 2.5.  

 

Figure 2.5 The anatomy of the eye with magnified view of retina area that contain the 
RGCs (‘Anatomy of the Eye | Biology for Majors II’, n.d.).  

The RGCs’ axons exit the eye forming the optic nerve, in order to transmit 

information from the retina to the visual target area in the brain (Peichl, 2009). The 

optic nerve then acts as the conductor of the RGCs output to the LGN of the thalamus 

(Bressloff, 2005; M. Gupta et al., 2022).Visual transmission is processed by neurons 

which begins with the optic nerve in the eye, to the optic chiasm and synapses at the 

LGN. The visual nerve impulses then continue in the visual pathway to the brain’s 

visual processing area, the VC (M. Gupta et al., 2022). Figure 2.6 illustrates the visual 

pathway for visual processing.  
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Figure 2.6 Illustration of visual pathway from the retina through the lateral geniculate 
nucleus to the primary visual cortex (Bressloff, 2005).  

 
Glaucoma is associated with increase in intraocular pressure (IOP) which causes 

an optic neuropathy, then triggering the optic disc changes and initiating the visual field 

loss (King, Azuara-Blanco, & Tuulonen, 2013).  The normal IOP value is taken between 

10 to 21mmHg (Khaw, Shah, & Elkington, 2004). The increase in IOP may be a result 

of an imbalance between secretion of aqueous humour by the ciliary body and its 

drainage through trabecular meshwork and uveoscleral outflow pathway (Weinreb, 

Aung, & Medeiros, 2014). The increased IOP causes a progressive damage to the optic 

nerve and the RGCs will preliminary affect the peripheral visual field, advancing to the 

loss of visual acuity and then a permanent blindness if it is left untreated (Hazin et al., 

2009; King et al., 2013; Nduaguba & Lee, 2006).  
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The most common type of glaucoma is primary open angle glaucoma (POAG), 

which accounts for about 74% of all glaucoma cases worldwide (H. Quigley & Broman, 

2006). The term open angle refers to the wide irido-corneal angle which translates to an 

unhindered excretion of the aqueous humour. Among the many risks factor for POAG 

includes aging, high IOP, reduced ocular perfusion pressure, thin cornea, myopia, and 

diabetes mellitus (Grzybowski, Och, Kanclerz, Leffler, & De Moraes, 2020) . POAG 

usually involves a slow and chronic destruction of RGCs which yield to unnoticeable 

visual field defects (Yaqub, 2012); which explains the common late detection of the 

disease (Bussel, Wollstein, & Schuman, 2014). However, there are also glaucoma 

patients that have the same characteristics associated with POAG but with IOP being 

constantly in the normal range, who are commonly referred as the normal tension 

glaucoma (NTG) (King et al., 2013). Nevertheless, some recent literatures categorised 

NTG as a subset of POAG (Gosling & Meyer, 2022). Meanwhile, some patients may 

possess high IOP but do not have any characteristics of glaucoma which is categorized 

as the ocular hypertensives (OHT) (Jonas et al., 2014). POAG, NTG and OHT 

categorical labelling are based on IOP values, albeit the IOP is exposed to many 

measurements bias (Machiele, Motlagh, & Patel, 2022). The topic on IOP is out of the 

scope of this review but can be explored in the journals (Machiele et al., 2022). 

The other spectrum of glaucoma is the angle closure glaucoma (ACG)(Khazaeni 

& Khazaeni, 2023).  The global pooled prevalence of ACG was reported as 0.6% for 

the timeframe of 2001-2022 (N. Zhang, Wang, Chen, Li, & Jiang, 2021).  The ACG 

usually occurs due to blockage of the aqueous humour secretion-excretion pathway, 

which leads to an extreme increment of the IOP. The ACG can be further be sub-

classified with acute ACG and chronic ACG, but both shares the same pathogenesis of 

glaucoma involving extreme IOP increment (Wormald & Jones, 2015).  Different to the 

POAG, patients with ACG usually present with signs and symptoms such as headache, 

nausea, eye pain, blurry vision, or redness which also tends to rapidly cause a blindness 

to the target (Iester et al., 2013). ACG cases are usually attended in the emergency 

department. Among the risks factor for ACG includes aging, being female, hyperopia, 

short axial length, and being Asian (N. Zhang et al., 2021). ACG is not in the scope of 

the current study. Hence, the term glaucoma used in this review is referring to the POAG 

and its derivatives. 
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Glaucoma is not understood completely, and all current treatment modalities are 

directed in reducing the IOP, which includes pharmacological therapy, laser therapy, 

and filtration surgery (Conlon, Saheb, & Ahmed, 2017). Glaucoma is a difficult disease 

to diagnose and manage because early symptoms may go unnoticed (Patel & Lighthizer, 

2022; Vanoverberghe, 2020). With the increasing prevalence, there is a pressing need 

for a method for early detection with great diagnostic ability to prevent irreversible 

blindness due to glaucoma (Soqia et al., 2023; Vanoverberghe, 2020).  

2.3.1 Degeneration and Atrophy in Glaucoma 

A study on degenerative changes in the brain of patients with glaucoma involving LGN 

was first reported by (Gupta, Ang, De Tilly, Bidaisee, & Yücel, 2006). They used MRI 

on dead brains of patients with glaucoma and healthy, evaluating the right cerebral 

hemisphere of the brains containing the LGN. The coronal MRI scans of patients with 

glaucoma demonstrated a higher signal intensity and smaller cross section area of the 

LGN compared to the control (Gupta et al., 2006). Gupta et al. (2006) concluded that 

the LGN of brains with glaucoma shrunk and had a smaller volume compared to the 

control brain, as determined by multiple tests using the Nissl-staining method and 

Cavalieri estimator with Neurozoom software, respectively. 

In 2009, Gupta et al. studied LGN once more, but this time with glaucoma 

patients who were still alive. In this study, an in vivo MRI showed a consistent result to 

their previous ex-vivo dead brain study. Their MRI study demonstrated a reduction in 

the height of LGN in glaucoma patients compared to the controls. These findings from 

both ex-vivo and in-vivo MRI studies demonstrated of the LGN atrophy in glaucoma, 

which may serve as a biomarker for visual system damage from glaucoma or due the 

progression of glaucoma. 
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The volume of the LGN in healthy people and people with glaucoma has also 

been studied in the past years (Kosior-Jarecka et al., 2020; J. Y. Lee et al., 2014). The 

previous studies showed that glaucoma has significantly a lower volume of the LGN 

compared to healthy subjects. Interestingly, Kosior-Jarecka et al. (2020) conducted 

MRI sequences on healthy, early glaucoma and advanced glaucoma groups.   The results 

of the study revealed that there were significant differences in the LGN volume between 

the groups, with the healthy group and early glaucoma group having a significantly 

higher LGN volume than the advanced glaucoma group. Despite the fact that advanced 

glaucoma has significant findings indicating that there are LGN degenerative processes 

in the course of glaucoma, the results reported by (Kosior-Jarecka et al., 2020) also 

indicated that the volume of LGN of the healthy group and early glaucoma groups are 

literally the same. They have taken precautions steps to ensure that the observed 

differences in LGN volume were specific to glaucoma and not influenced by unrelated 

factors by comparing the LGN volume to that of the thalamic nucleus. The thalamic 

nucleus is not associated with the visual pathway. Importantly, no significant 

differences were found in the volume of the thalamic nucleus among the groups studied. 

The non-significant findings of the LGN structural changes between healthy and early 

glaucoma thus challenges previous assumptions about glaucoma-related changes in the 

LGN. Kosior-Jarecka et al. (2020) suggested that there may be undiscovered 

information regarding the pathogenesis of glaucoma, as there were possibly 

imperceptible differences between healthy individuals and those with early glaucoma.  

The confirmation through comparison with the thalamic nucleus underscores the 

specificity of these findings to glaucoma; however, a notable gap in our understanding 

persists. The gap in knowledge lies in the difficulty of identifying subtle structural 

changes in the LGN associated with early-stage glaucoma using conventional MRI 

sequences. This poses a challenge in accurately diagnosing and understanding the 

progression of the disease at its early stages. The study by Kosior-Jarecka et al. (2020) 

suggests that there may be nuances and details regarding the pathogenesis of glaucoma 

that have yet to be discovered, especially in distinguishing between healthy individuals 

and those with early-stage glaucoma. This highlights the need for further research and 

more advanced imaging techniques to better characterize these subtle changes and 

improve our understanding of the disease. 
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 The neuronal damage in glaucoma and its impact on the VC suggests a trans 

neuronal degeneration, as evidenced by a decline in neuronal activity in the retinal-

LGN-visual cortex pathway (You, Rong, Zeng, Xia, & Ji, 2021). Animal studies using 

monkeys and marmosets as animal models with glaucoma showed such observations 

(Noro et al., 2019; Yücel, Zhang, Weinreb, Kaufman, & Gupta, 2003). A significant 

loss of LGN relay neurons terminating in the main VC was found in the study of induced 

glaucoma-affected monkeys, resulting in VC damage (YüCel, Zhang, Gupta, Kaufman, 

& Weinreb, 2000; Yücel et al., 2003). Meanwhile, in the study of glaucomatous 

marmosets, a significant volume loss was observed in the VC, and further histologic 

examination of the affected marmosets confirmed degeneration of the LGN and VC 

(Noro et al., 2019). The expression of brain-derived neurotrophic factor (BDNF) and 

tropomyosin receptor kinase B (TrkB), which play important roles in neuroprotection, 

particularly for RGCs in the optic nerve head and retina of affected marmosets also 

showed a marked decrease. These findings support the reports by You et al. (2021) that 

atrophy of the central visual system occurs in glaucoma animal models, and trans 

neuronal degeneration in the visual pathway appears to be one of the sources of damage 

to the VC. 

In human glaucoma study, the evaluation of the area of VC under the sulcus 

calcarine using the Nissle staining method showed significant thinning of the cortical 

band (N. Gupta et al., 2006).  These results were taken by comparing dead brain with 

glaucoma to a control brain. Further analysis discovered a correlation between reduced 

thickness in the VC area below the sulcus calcarine and the inferior border loss of the 

optic nerve head as well as the superior visual field defect. Gupta et al. (2006) further 

concluded that VC was subject to neuronal degeneration in advanced glaucoma with 

50% visual field loss. A systematic review of visual pathway changes and brain 

connectivity in glaucoma patients reported that glaucoma patients have decreased 

thickness and volume of VC, functional abnormalities in VC, and disruption of 

connectivity within the VC areas (T. Li et al., 2020; Nuzzi, Dallorto, & Rolle, 2018b)(. 

In another study, glaucoma has been shown to be the result of neurodegeneration 

spreading through diffuse structural and functional abnormalities of VC, as evidenced 

by VC atrophy in the glaucoma brain compared with the non-glaucoma brain (Giorgio, 

Zhang, Costantino, De Stefano, & Frezzotti, 2018).  
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In conclusion, the degeneration and atrophy of LGN and VC in relation to 

glaucoma disease are evident. However, more research needs to be conducted to unwind 

the complexity of glaucoma pathology ((Martucci, Nucci, & Pinazo-Duran, 2023). 

Research utilising other robust method such as metabolomic study of the MRS, may 

expand understanding on glaucoma pathophysiology. 

2.4 METABOLOMICS 

The emergence of metabolomics i.e., the study of metabolite’s interaction within 

biological system has garnered significant attention over the past decade due to its 

impact in the analysis of small-molecule components of biological systems and samples 

(Burgess, Rankin, & Weidt, 2014; R. Liu, Bao, Zhao, & Li, 2021). Despite the fact that 

a comprehensive analysis of human metabolite interactions within the biological system 

is still a long way off, it is widely acknowledged that metabolomics has evolved into a 

powerful method that is proven highly applicable in clinical and biomedical research 

(Burgess et al., 2014). The development of the metabolomics into a powerful method 

comprises of two main technologies, which are mass spectrometry and magnetic 

resonance spectroscopy (MRS) (Barbosa-Breda et al., 2018; Markley et al., 2017). Mass 

spectrometry is an invasive method involving sample collection for in vitro metabolite 

analysis. The MRS on the other hand is better alternative than the mass spectrometry in 

a number of ways as it allows studies of metabolites that are difficult to ionise without 

the need for any sample preparation or fractionation, directly in a tissue (Markley et al., 

2017).  

Metabolites are defined as small molecules that act as intermediate in the 

metabolism and products of metabolism, that is vital for health and proper body 

functioning (Altaf-Ul-Amin, Kanaya, & Mohamed-Hussein, 2019; Breitling, 

Ceniceros, Jankevics, & Takano, 2013). Several metabolites in the brain can be detected 

non-invasively using MRS. The most significant visible metabolites detectable by MRS 

are N-acetyl-aspartate (NAA), glutamate-glutamine (Glx), creatine (Cr), choline (Cho), 

and myo-inositol (mI) (Grover et al., 2015).  
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 NAA is the most prominent, concentrated metabolites and largest peak in 

spectra in a healthy brain (Dandil, 2020; Moffett, Ross, Arun, Madhavarao, & 

Namboodiri, 2007; Rigotti et al., 2007, 2011). The NAA generates the most prominent 

peak at 2.02 parts per million (ppm) on an MRS spectrum (Currie et al., 2013; Wootla, 

Denic, Watzlawik, Warrington, & Rodriguez, 2015). The role of NAA is unclear; 

however, many agrees that its concentrations reflect to the health of neurons (Currie et 

al., 2013) and any diversion from the normal concentration may indicate dysfunction 

(Babourina-Brooks, Wilson, Arvanitis, Peet, & Davies, 2014; Hajek & Dezortova, 

2008). Therefore, NAA has been identified as a reliable marker for neuronal death and 

neuronal dysfunction, which in turn is used clinically to investigate progression of 

diseases such as multiple sclerosis, and in brain studies (Grover et al., 2015; Hajek & 

Dezortova, 2008; Moffett et al., 2007). In the brain, NAA is normally more concentrated 

within the grey matter relative to the white matter (Currie et al., 2013; Hajek & 

Dezortova, 2008). NAA can also be found in a higher concentration during myelination 

of brain development and maturation in infancy stage (Currie et al., 2013; Dezortova & 

Hajek, 2008). The level of NAA concentrations has a certain important diagnostic value 

especially in neurological disorders (Moffett et al., 2007). For example, the normal 

NAA value can reach about 10 to 12 mM (millimolar) in healthy adult brains (Hajek & 

Dezortova, 2008), where reduction in its concentration level indicates neuronal damage 

or compromised neuronal metabolism (Gujar, Maheshwari, Björkman-Burtscher, & 

Sundgren, 2005; Moffett et al., 2007). Meanwhile, elevation in the NAA concentration 

was observed in Canavan diseases (‘Canavan disease’, n.d.) and in patient with sickle 

cell disease (Steen & Ogg, 2005).  

Glutamate (Glu) and glutamine (Gln) have similar chemical structures, and their 

proton environments lead to similar coupling patterns, resulting in overlapping signals 

in the MRS spectrum and thus often referred as Glu-Gln complex (Glx) (Ramadan, Lin, 

& Stanwell, 2013). In an MRS spectrum, the Glu and Gln signals are not prominent, but 

they are commonly detectable close together between 2.1 ppm and 2.5 ppm as a result 

of breaking the signals into multiplets (Faghihi et al., 2017). Figure 2.7 shows the 

spectrum that have multiplets of Glu and Gln, edited from (Shevelev et al., 2017). In a 

normal functioning brain, Glu is the most abundant neurotransmitter (Cecil, 2014; 

Currie et al., 2013) while Gln concentration reading has become an astrocyte marker 

(Bairwa et al., 2016; Burtscher & Holtas, 2001).   
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Figure 2.7 The spectrum that shows the multiplets of Gln and Glu that commonly 
combined as Glx, the smaller Cr at 3.9 ppm, primary Cr at 3.02 ppm, edited from 
(Shevelev et al., 2017) 

To balance Glu in healthy brain, the Glu release by neuronal cells is dissipated 

by glial glutamate transporters and then converted into Gln and transported back to 

neurons, where it is converted back into Glu (Ramadan et al., 2013; Zhou & Danbolt, 

2014). Figure 2.8 depicts the conversion of Glu to Gln to Glu, which is also known as 

the glutamate-glutamine cycle (Feng et al., 2022).  

 

Figure 2.8 The glutamate-glutamine cycle (Feng et al., 2022). (1) Glu is released by 
neuron cells. (2) Glu binds to neuron receptors. (3) Glu dissipates from synapse to 
astrocytes. (4) Glu in astrocytes is converted to Gln. (5) Gln is shuttled to neurons. (6) 
Gln is converted to Glu. 
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The disruption of Glu uptake and Gln conversion, which can occur in various 

diseased states, can cause perturbations in Glu and Gln metabolism and result in an 

excessive buildup of Glu in the extracellular space (Brief, 2000; Ramadan et al., 2013). 

This excessive buildup of Glu can potentially have neurotoxic effects due to its ability 

to overstimulate and damage neurons (Danbolt, 2001). In certain pathological 

conditions, such as traumatic brain injury, stroke, or neurodegenerative diseases, 

disruptions in Glu metabolism can contribute to neuronal dysfunction and cell death 

(Danbolt, 2001).  

 The combination of primary Cr which contains Cr and phosphocreatine (PCr) 

is necessary for energy supply for bio-chemical processes (Hajek & Dezortova, 2008; 

Hesselink, 2014). The primary Cr thus is considered as the marker for energy 

metabolism (Cecil, 2014; Hajek & Dezortova, 2008; Soares & Law, 2009). In a normal 

MRS spectra, the primary Cr represented by the third highest peak which resonates at 

3.02 ppm and located to the right side of Cho (Castillo, Kwock, & Mukherji, 1996; 

Cecil, 2014; Currie et al., 2013). In the same normal spectra, there is also smaller Cr 

that resonates at 3.9 ppm (Cecil, 2014; Currie et al., 2013; Soares & Law, 2009). A 

normal and healthy brain’s primary Cr concentration is estimated at 8.6 mM (Currie et 

al., 2013). Cr concentration value is relatively constant across the brain with little 

variation even in different pathologies (Currie et al., 2013). The invariability and 

considerably fixed Cr concentration, hence, is used as a reference metabolite for 

metabolite ratio calculation (Currie et al., 2013; Dezortova & Hajek, 2008; Faghihi et 

al., 2017; Soares & Law, 2009). However, (B. S. Y. Li, Wang, & Gonen, 2003) caution 

that when using reference metabolites in MRS studies, careful consideration should be 

given to their stability, as assuming the stability of creatine (Cr) may confound 

metabolite quantifications. It is proven by studies that have reported brain Cr 

concentration changes in individuals exposed to drugs of abuse, in depressed 

individuals, and in Alzheimer's disease, indicating differences in energy metabolism in 

comparison to healthy individuals (D’Anci, Allen, & Kanarek, 2011; Lewandowska, 

Steinborn, Borkowski, Chlebowska, & Karmelita-Katulska, 2018).  

 



 

27 

The MRS also allows measurement of Cho which resonates at 3.2 ppm in an 

MRS spectrum. Cho represents the amount of choline-containing compound that may 

be contributed from the concentration of glycerophosphocholine (GPC), 

phosphatidylcholine and phosphocholine (PCho). PCho involves in glial cell 

phospholipid metabolism and osmotic regulation (Grover et al., 2015). Since PCho are 

released during degradation of membrane phospholipids, Cho has become the metabolic 

marker of membrane density and integrity (Gujar et al., 2005; Hajek & Dezortova, 

2008; Minati, Aquino, Bruzzone, & Erbetta, 2010).  

It is interesting to note that Cho exhibited high peaks in the MRS spectrum in 

neonates because their brains are undergoing active myelination (Gujar et al., 2005). 

Once the cerebral reaches the stage of maturation, the Cho metabolite demonstrates a 

lower peak, similar to that of adults (Dezortova & Hajek, 2008). The normal 

concentration of choline in normal healthy brain is estimated at 7 mM (Trihadijaya, 

Abimanyu, & Darmini, 2019). It is also expected that Cho concentration being higher 

in the grey matter as compared to the white matter (Gujar et al., 2005).   In brain studies, 

Cho is signified as the marker for brain tumour as Cho is often elevated in malignant 

cancer event (McRobbie et al., 2006). In cancer cases, the elevated Cho levels indicates 

of increased cellularity, gliosis, and membrane degradation due to myelin breakdown 

(Grover et al., 2015; Soares & Law, 2009). In the meantime, it has been reported that 

decreases in Cho are associated with osmoregulatory alterations in hepatic 

encephalopathy (Bluml, Zuckerman, Tan, & Ross, 1998). 
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 The peak of mI is primarily found at 3.56 ppm on an MRS spectrum. The mI 

peak is obtained at short echo-times when performing the MRS (Currie et al., 2013; 

Gujar et al., 2005; Minati et al., 2010). The mI concentration is prominent in a newborn 

at a highest peak of 3.5 ppm, and the concentration swiftly decreases with age (Castillo 

et al., 1996; Dezortova & Hajek, 2008; Hesselink, 2014). Along with myo-inositol-

monophosphate and the alpha-protons of glycine, mI have normal concentration of 5 

mM in a healthy brain (Cecil, 2014). Changes in the concentration of mI is correlated 

to the osmolarity condition in the brain which is important in balancing the intracellular 

sodium content and glial activation (Cecil, 2014). Due to this fact, mI has been known 

as osmolyte and astrocyte marker (Gujar et al., 2005). An increase in mI concentration 

can be observed in central nervous system autoimmune disease such as multiple 

sclerosis, metabolic disorder diseases, degenerative disease (such as Alzheimer disease 

and frontotemporal dementia), and HIV infection (Faghihi et al., 2017; Gujar et al., 

2005; Hesselink, 2014). Meanwhile, a decrease in mI can be seen in cases of brain 

trauma such as in brain hyponatremia (Moffett et al., 2007) and in meningioma (Faghihi 

et al., 2017).  

This section has highlighted the importance of studying metabolite interactions 

for comprehensive characterization of metabolites in specific brain regions. This is 

particularly evident when employing MRS as the metabolomic investigation tool, as it 

allows for a holistic assessment of the metabolic profiles and their interplay within these 

regions. Changes in metabolites can help determine whether a tissue is in a normal or 

pathological state. Overall, previous studies shows that MRS has the potential to 

advance the study of metabolites interaction, particularly those involving complex 

diseases such as Alzheimer's, multiple sclerosis, and autoimmune disease (Craig, 2008), 

and glaucoma (Barbosa-Breda et al., 2018; Patel & Lighthizer, 2022).  
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2.5 MAGNETIC RESONANCE IMAGING (MRI) 

Since Dr. Raymond Damadian's initial discovery of magnetic resonance imaging (MRI) 

in 1969 (Healthcare, 2019; Lynette, 2020), the continued progress and enhancement of 

this technology, with significant contributions from Lauterbur, (1973) and Mansfield, 

(1977), have transformed MRI into one of the most advanced imaging techniques 

employed in the field of medicine (Graves & Zhu, 2015; Saman & Jamjala Narayanan, 

2019). In 1971, Lauterbur published a groundbreaking paper, introducing the new 

concept that was to use magnetic field gradient to create images that would allow 

doctors to see detailed images of the inside the body without using harmful radiation 

(Danilova, Grigorieva, & Komisarenko, 2023). The use of magnetic field gradient was 

further developed by Mansfield in 1970, to encode spatial information and developed 

fast imaging techniques that significantly reduced scan times, thereby paving the way 

for the practical application of MRI (Danilova et al., 2023). In addition, Richard Robert 

Ernst made substantial contributions to MRS and was recognized with the Nobel Prize 

in Chemistry in 1991 (Shampo, Kyle, & Steensma, 2012). His breakthroughs 

revolutionized the precision and depth of chemical analysis possible within NMR 

spectroscopy encompassing the development of high-resolution NMR methodologies, 

encompassing Fourier Transform NMR, multi-dimensional NMR spectroscopy, and 

sophisticated pulse sequences (Shampo et al., 2012).  

 MRI is also one of the widely utilised non-ionizing diagnostic imaging 

technologies that permits non-invasive evaluation of the structure and function of the 

human body (Graves & Zhu, 2015; Van Geuns et al., 1999). In contrast to diagnostic 

imaging modalities that use ionising radiation, such as computed tomography (CT) scan 

and x-ray imaging, MRI uses a static magnetic field and radiofrequency (RF) waves to 

provide clear and detailed image of wide range of organ structures and tissues (Saman 

& Jamjala Narayanan, 2019). The MRI image produced represents the RF signal 

intensities of a tissue, and the contrast in the image is dependent on the characteristics 

of the individual tissues (Sprawls, 2001). Figure 2.9 demonstrates the major 

components of MRI system and its process of image generation (Sprawls, 2001).  
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Figure 2.9 The major component of an MRI system.  

 A common MRI system comprises a superconducting magnet that operates at 

1.5 Tesla to 3.0 Tesla to generate a stable and spatially homogeneous magnetic field 

over a specified volume (Laader et al., 2017). Although MRI systems with a magnetic 

field strength of 3.0 Tesla and 7.0 Tesla are also becoming increasingly common 

especially in research setting a, an MRI system with 1.5 Tesla strength is also mostly 

used for clinical research (Grover et al., 2015; Kagawa et al., 2017; Laader et al., 2017; 

McGowan, 2008; Saman & Jamjala Narayanan, 2019). Higher magnetic field improves 

the signal-to-noise ratio (SNR), spectral, spatial, and temporal resolution, as well as 

quantitative accuracy (Grover et al., 2015).  

In addition to producing images of structures and tissues, MRI technology can 

also be used to produce images of blood in motion and to analyse the metabolites in 

tissue (Sprawls, 2001). The generation of images involving blood in motion 

corresponds to functional imaging, while analyses of tissue metabolites simply refer to 

MRS utilisation (Grover et al., 2015; Sprawls, 2001). The current availability of MRI 

technology in the clinical setting provides better opportunities for a variety of clinical 

diagnostic procedures that have been shown as appropriate and efficient.  
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2.6 MAGNETIC RESONANCE SPECTROSCOPY (MRS) 

MRS is an MRI-based method that allows non-invasive examination of metabolic 

processes in-vivo. The MRS has been used to examine changes in metabolite 

concentration which can be correlated with structural and functional alterations 

(Hashemi, Bradley, & Lisanti, 2012). Despite advancements in MRI technology, such 

as improved contrast resolution, higher magnetic field strength, and better contrast 

media, MRS was developed as a complementary technique to MRI, specifically for 

investigating tissue characterization, which cannot be accomplished using MRI alone 

(Soares & Law, 2009).  

MRI primarily aims to generate detailed anatomical images, whereas MRS focuses on 

analysing the chemical composition and concentrations of specific molecules within a 

localized region, both utilizing radiofrequency signals for their respective purposes. 

(Soares & Law, 2009). For instance, while frequency in MRS is determined by the 

chemical environment of the tissue and presented as a spectrum, frequency in MRI is 

determined by spatial location and generated as an image (Currie et al., 2013; McRobbie 

et al., 2006; Soares & Law, 2009; Sprawls, 2001; Tognarelli et al., 2015). MRS and 

MRI differ in one major aspect: MRS does not use external frequency encoding 

gradients, which are essential during signal acquisition for producing detailed images 

in MRI (R. W. Brown, Cheng, Haacke, Thompson, & Venkatesan, 2014; Lambert, 

Mazzola, & Ridge, 2019; Mandal, 2007; Poser & Setsompop, 2018; Sharma & 

Lagopoulos, 2010). Instead, frequency encoding in MRS relies on the intrinsic 

properties of the molecules (Mandal, 2007). Gradients create spatial encoding, allowing 

for the differentiation of signals from various locations within the body (R. W. Brown 

et al., 2014; Poser & Setsompop, 2018; Sharma & Lagopoulos, 2010). On the other 

hand, MRS sequences do not necessitate the same level of spatial encoding as imaging 

sequences (Keeler, 2010; Lambert et al., 2019). Instead, they rely on specific 

radiofrequencies to extract metabolic or chemical information (Keeler, 2010; Lambert 

et al., 2019).  
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The clinical magnetic strengths of the MRI scanner are usually between 0.2 

Tesla to 3.0 Tesla (McRobbie et al., 2006). In clinical MRS, a 1.5 Tesla magnetic field 

is considered sufficient to measure metabolites signal other than water and fat (Van Der 

Graaf, 2010). The high natural abundance of hydrogen (1H), commonly called proton 

and its high nuclear magnetic sensitivity compared to other magnetic nuclei, has made 

proton the most common nuclei used to obtain MRS spectrum (Faghihi et al., 2017). 

Not only that, the proton has become the principal nucleus to a spectroscopic 

investigation because the proton MRS method can be performed using standard MRI 

scanner and does not require other unique MRI scanner (Currie et al., 2013).  

2.6.1 MRS Acquisition 

The two main technique of MRS acquisition are single-voxel spectroscopy (SVS) and 

multi-voxel spectroscopy (MVS), sometimes referred to as chemical shift imaging 

(CSI)(Grover et al., 2015). The SVS technique is applied by locating a single voxel 

(volume of tissue) within region of interest (Faghihi et al., 2017; Grover et al., 2015; 

Tognarelli et al., 2015). Meanwhile, MVS locates a larger volume consisting of several 

smaller divided voxels in a region of interest to simultaneously generate all voxels' 

spectrum (Faghihi et al., 2017; Grover et al., 2015).  

The advantage of SVS lies in its ability to achieve a high SNR per unit volume 

and unit time, making it ideal for obtaining detailed metabolic information from a 

specific area (Dydak, Weiger, Pruessmann, Meier, & Boesiger, 2001). This heightened 

sensitivity allows for precise characterization of metabolites within the defined region. 

However, precise localization requires meticulous attention to voxel placement (Fayad, 

Barker, & Bluemke, 2007). 

Conversely, MVS offers the benefit of simultaneously providing quantitative 

information from multiple voxels (Chianca et al., 2021). This capability proves 

invaluable in studies aiming for a broader assessment of metabolite distribution. 

However, it does have its limitations, particularly in terms of susceptibility to field 

inhomogeneity and reduced SNR when compared to SVS  (Teixeira et al., 2015). These 

considerations underscore the importance of selecting the appropriate technique based 

on the specific research objectives and spatial requirements of the study. 
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The procedures for MRS acquisition using SVS technique begin with the 

acquisition of MRI images of the region of interest. Prior to running the spectroscopy, 

the water signal is suppressed using the chemical shift selective (CHESS) technique 

(Hoa, 2016). This step is essential so that the peak of the metabolite of interest is not 

obscured by the abundant hydrogen signal in the human body's water signal (Hoa, 

2016). Subsequently, a tissue volume would be meticulously chosen from the images 

from which the MRS spectrum is acquired (Hoa, 2016). Figure 2.10 illustrates an 

example of the region involved in the selection of the voxel of interest (VOI).  

 

Figure 2.10 An example volume of interest (VOI) placement measured at 13mm x 
13mm x 13mm in the visual cortex.   
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The MRS signal from the selected voxel can be acquired using two distinct 

sequences: stimulated echo acquisition mode (STEAM) or point resolved spectroscopy 

(PRESS) (Grover et al., 2015; Hoa, 2016; Tognarelli et al., 2015). STEAM and PRESS 

generate signals differently, with STEAM generating a stimulated echo signal and 

PRESS generating a spin echo signal (Tognarelli et al., 2015; Wilson et al., 2019). In 

the STEAM sequence, three slice-selective 90-degree radiofrequency pulses are 

simultaneously applied in conjunction with three orthogonal gradients (x, y, z) (Allen 

D. Elster, 2023b; Mandal, 2007). The collected stimulated signals originate exclusively 

from protons that have undergone all three radiofrequency pulses (Mandal, 2007). 

Figure 2.11 illustrates the timing diagram of STEAM pulse sequence.  

 

 
Figure 2.11 The STEAM pulse sequence schematic diagram(Allen D. Elster, 2023b) .  

In the PRESS sequence, three slice selective radiofrequency pulses of 90 

degrees, 180 degrees, and 180 degrees are applied simultaneously with three orthogonal 

gradients (x, y, z) (Allen D. Elster, 2023a). At time TE, the PRESS signal is a double 

spin echo that has experienced all the three radiofrequency pulses (Mandal, 2007). 

Figure 2.12 The PRESS pulse sequence timing diagram (Allen D. Elster, 2023a) 

.illustrates the timing diagram of PRESS pulse sequence.  
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Figure 2.12 The PRESS pulse sequence timing diagram (Allen D. Elster, 2023a) .  

The signal intensity of PRESS is double to that of STEAM, resulting in a 

spectrum with a higher SNR than that of STEAM (Mandal, 2007; McRobbie et al., 

2006; Tognarelli et al., 2015). However, with the same hardware as PRESS, STEAM 

produces a shorter echo time, which subsequently allows more metabolites to be reliably 

detected than a longer echo time (Bulakbasi, 2004; Mandal, 2007; McRobbie et al., 

2006). The comparative details of STEAM and PRESS sequences are presented in Table 

2.1.  

Table 2.1 The comparison between STEAM and PRESS (Mandal, 2007).  

STEAM PRESS 
Similarities   

• Both pulse sequences involve three orthogonal gradients to select slices. 
• Both can be applied with phase encoding gradients 

Differences  
• Less sensitive to T2 relaxation 

effects (no T2 relaxation occurs) 
• Higher sensitivity by factor of 

two, given the same echo time.  
• With same hardware, STEAM 

can achieve shorter TE than 
PRESS.  

• Amount of power deposited 
(SAR) twice as high for PRESS 
compared to STEAM.  

• Better water suppression  
• Less spurious water signals  
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The comparison of the methods and sequences for MRS data acquisition 

discussed in this section may enables researchers to select the most appropriate 

techniques for the conduct of research, particularly in situations where different MRI 

protocols are available. 

2.6.2 MRS Spectrum 

The MRS spectrum comprises a set of peaks that denote the resonance of metabolites 

in the structure or location being probed (McRobbie et al., 2006). Each metabolite has 

its pattern of resonance in the spectrum which provides in vivo metabolite information 

(Soares & Law, 2009). The x-axis represents the frequency chemical shift in parts per 

million (ppm) of metabolites in a tissue (Soares & Law, 2009). The varying height of 

the peaks plotted on the y-axis of the graph, which is arbitrary, represents the strength 

of the detected signal from metabolites (Blüml, 2013; Gujar et al., 2005). The detected 

signal signifies the concentration of the detected metabolites (McRobbie et al., 2006; 

Sprawls, 2001).  Figure 2.13  depicts the resonances that are distributed along the x-axis 

and labelled as ppm, while Table 2.2 provides the value of the chemical shift of several 

resonances. The most common metabolites resonances, as shown in the graph, are the 

NAA, Cr, Cho, and mI (Grover et al., 2015; McRobbie et al., 2006). The graph usually 

is shown up until 4.0 ppm only, as anything beyond 4.7 ppm is considered unreliable. 

Beyond that, the neighbouring portion of the spectrum will be destroyed by water 

suppression (McRobbie et al., 2006).  

 

Figure 2.13 An example of a normal metabolite peak in MR spectrum, edited from 
(McRobbie et al., 2006) 
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Table 2.2 The location (ppm) of common detectable metabolites.   

Metabolite Chemical shift (ppm) 

N-acetyl Aspartate 2.02 

Glutamate Glutamine 2.1-2.5 

Creatine 3.02 

Choline 3.2 

Myo-Inositol 3.56 

2.6.3 Spectroscopy Data Processing 

Processing the MRS's raw data is necessary for non-expert users to interpret or draw 

conclusions by technically determining the signal strength of each metabolite in a 

spectrum (Ernst & Linda, 2006). In an MRS spectrum, the area beneath a metabolite 

peak that represents the signal strength of a metabolite is directly proportional to the 

concentration of the metabolites being measured (Buonocore & Maddock, 2015; 

Jansen, Backes, Nicolay, & Kooi, 2006). The process of determining the concentration 

of metabolite signal is commonly referred to as quantitation, and it can be accomplished 

with MRI scanner manufacturer software or advanced software such as linear 

combination model (LCModel) or jMRUI (Blüml, 2013; Near et al., 2021).  

There are several approaches that can be used to describe, and report quantified 

metabolite concentration values (Buonocore & Maddock, 2015; Jansen et al., 2006; Lin 

et al., 2021; Near et al., 2021). Commonly, metabolite peak integration is used to give 

a value from the process of summation and subtraction of a frequency range containing 

the metabolite peak of interest (Buonocore & Maddock, 2015; Lin et al., 2021; Near et 

al., 2021). Typically, this metabolite peak integration process can be performed in 

manufacturer software immediately after MRS data acquisition in order to determine 

the integral value of each metabolite (Buonocore & Maddock, 2015). 
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Second most used approach is by using the metabolite fitting method that can 

provide more accurate quantitation value (Buonocore & Maddock, 2015). This method 

matches the integral value of the important metabolite in the spectrum to a 

mathematically defined model metabolite spectrum (Buonocore & Maddock, 2015). 

The optimal combination value from the matched spectrum is then calculated iteratively 

for each metabolite in the set (Buonocore & Maddock, 2015). Analyses of this 

metabolite fitting can be performed with the jMRUI-integrated Advanced Method for 

Accurate, Robust, and Efficient Spectral (AMARES) algorithm, which generates the 

amplitude as the main parameter of interest of fitted metabolite signal intensity that 

scales in direct proportion to concentration (Buonocore & Maddock, 2015; Near et al., 

2021).  

The other approach is by using the LCModel software (Provencher, 2001), 

which is widely used commercially, employs the most comprehensive method which 

requires simulation of the exact scanning using in-vitro phantoms (Buonocore & 

Maddock, 2015). The simulation scanning will generate basis spectra that constrain the 

iterative peak fitting calculation used to quantify metabolite signal intensity values in 

the actual in vivo scanning (Buonocore & Maddock, 2015; Ernst & Linda, 2006).  

 The value derived from the quantitation approaches described above can 

directly represent metabolite concentration or can be further quantified to obtain 

absolute metabolite concentration and metabolite ratio (Buonocore & Maddock, 2015; 

Ernst & Linda, 2006; Jansen et al., 2006). The absolute metabolite concentration 

requires additional steps during data acquisition and calculations during data 

quantitation, thus require more time and setting  (Buonocore & Maddock, 2015; Jansen 

et al., 2006). These steps include acquiring a reference signal from a phantom solution 

of known metabolite concentrations, using this reference signal to calibrate the MRS 

data and calculate absolute concentrations of the metabolites of interest (Buonocore & 

Maddock, 2015; Near et al., 2021). Despite requiring more steps to calculate, absolute 

metabolite concentration is preferred to metabolite ratio for use in scientific research 

because it provides more accurate and clear measurements (Ernst & Linda, 2006; Jansen 

et al., 2006).  
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Meanwhile in clinical setting, the metabolite concentration is usually 

represented as integral value and metabolite ratio (Blüml, 2013; Ernst & Linda, 2006). 

On the assumption that the Cr pool is relatively constant in both healthy and diseased 

individuals, Cr has been used as the reference metabolite in the ratio normalisation 

method (Blüml, 2013; Buonocore & Maddock, 2015). This metabolite ratio will enable 

the evaluation of changes in the balance of different metabolites in the body that may 

be caused by certain diseases (Holmes & Nicholson, 2007). The interpretation of the 

metabolites' concentration in the form of ratio has been claimed as the fastest and the 

most employed method in clinical practices (Currie et al., 2012). In contrast to absolute 

metabolite concentration, which can be affected by factors such as the quantitation 

method employed, the type of tissue analysed, and the characteristics of the study's 

subject, metabolite ratios are less sensitive to the differences in the aforementioned 

factors; as a result, metabolite ratios can be more robust and standardised for 

comparisons across studies (Wishart, 2008; Wishart et al., 2022). The arguments that 

absolute concentration has more advantages than metabolite ratio continues to fuel 

debates regarding the optimal method for interpreting the spectrum (Blüml, 2013; Ernst 

& Linda, 2006; Jansen et al., 2006).  

While the methods for quantifying metabolite concentrations in MRS studies 

have advanced significantly, the choice of approach introduces important 

considerations. The widely used metabolite peak integration method, despite being 

convenient and straightforward, may overlook fine details in the spectral data. This 

raises questions about its sensitivity to subtle shifts in metabolite concentrations, 

especially in cases where metabolite peaks may overlap or exhibit non-standard shapes. 

In contrast, the metabolite fitting method, which employs mathematically defined 

models, offers a more refined approach to quantification. However, this method relies 

heavily on the accuracy of the chosen model, which may not always perfectly match 

with the in vivo spectrum.  
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Additionally, the application of LCModel, despite being comprehensive, 

demands meticulous simulation steps with in-vitro phantoms, potentially introducing 

an additional layer of complexity and room for error. Moreover, the preference for 

absolute metabolite concentration over ratios in scientific research is well-founded, 

given its potential for higher accuracy. However, the practicality of implementing 

absolute quantification in clinical settings may be limited due to the additional time and 

resources required. Therefore, the choice of quantitation method should be carefully 

considered in light of the specific research objectives, available resources, and the level 

of precision required for the study. 

2.7 MRS IN STUDIES OF GLAUCOMA 

The ability of the MRS method to non-invasively assess the level of metabolites in the 

brain in neurodegenerative diseases has become an essential option for metabolite 

assessment in glaucoma studies. Whilst published studies on the application of MRS to 

evaluate metabolites in brain diseases have been available for some time, the published 

studies on the application of MRS to evaluate metabolites in glaucoma diseases remain 

inconclusive. 

Relevant articles from database such as MEDLINE, CINALH and SCOPUS 

were screened by keywords, title, abstract or text words containing the search terms: 

“metabolites concentration” OR “metabolites”, “magnetic resonance spectroscopy” OR 

“proton magnetic resonance spectroscopy” OR “1-HMRS” OR “spectroscopy” OR “ 

MR spectroscopy”, “ocular disease” OR “glaucoma” OR “chronic glaucoma” OR 

“open-angle glaucoma” OR “suspected glaucoma”, “vitreous” OR “visual cortex” OR 

“optic nerve” OR “radiation optic”. The Boolean term “AND” and “OR” were 

employed with the search term in the ‘Advanced Search’ section in each database for 

comprehensive retrieval.  
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The systematic search of the mentioned electronic databases pertaining to the 

use of MRS in studies of human glaucoma diseases then yielded 178 relevant articles. 

From the 178 reports, only eight articles are genuinely related to the empirical 

application of MRS in human glaucoma diseases (Table 2.2). Three of the included 

articles were from Europe (37.5%), three from Asia (37.5%) and two from the United 

States of America (USA) (25%). In keeping with bibliometric trends in this research 

area, Figure 2.14 highlights a substantial chronological increase in the number of 

published studies including review article relating to glaucoma and MRS. The trend 

shows that studies in this research area continue and keep expanding with times.    

 

Figure 2.14 Published studies by year. 

Each of the eight studies had its own participant group category combination. 

Former study by Rucker et al., (2003) consisted of only five subjects, one of whom was 

a patient with optic neuropathy, because its purpose was to explore the feasibility of 

using MRS in glaucoma studies. Majority of the studies (Aksoy et al., 2018; Boucard 

et al., 2007; Doganay et al., 2012; Murphy et al., 2016; Sidek et al., 2016) however, 

focused on the changes of metabolite concentration between control groups and 

glaucoma group with different type and severity.  
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In most of the cited studies, the number of subjects was greater than in the 

feasibility study, but the number of subjects in each group was unequal. Study 

conducted by Sidek et al., (2016) for example, investigated on the possibility of 

metabolites concentration changes in optic radiation between group of healthy, mild 

glaucoma and severe glaucoma with initial recruited subjects were fifteen for each 

group. Nevertheless, due to issues in their acceptable MRS spectrum, a substantial 

reduction to only 7 subjects in healthy group, 11 subjects in mild glaucoma group and 

5 subjects in severe glaucoma group were used for their statistical analysis.  

 Fiedorowicz, Dyda, Rejdak, & Grieb, (2011) suggested the visual pathway as 

options to study glaucoma using MRS, giving alternatives than the usual optic nerve 

and RGC location. Most of the studies chose the occipital region as the region of 

investigation (Aksoy et al., 2018; Boucard et al., 2007; Guo et al., 2018; Y. Zhang et 

al., 2013), while a few chose the vitreous (Doganay et al., 2012; Rucker et al., 2003), 

LGN (Aksoy et al., 2018; Doganay et al., 2012) and geniculocalcarine, also known as 

optic radiation related area (Sidek et al., 2016; Y. Zhang et al., 2013).  All regions of 

interest identified in the eight aforementioned studies were anatomical areas within the 

visual pathway, including the optic radiation, LGN, and VC. None of the studies utilised 

the MRS method on the optic nerve or RGC, most likely due to the small size of these 

structures, which made them less likely to fit within the minimum VOI size available in 

the MRS measurement setting. 
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The two types of spectroscopy technique that can be applied during the MRI 

scanning are SVS and MVS. Of all included studies, only one study (Y. Zhang et al., 

2013) used MVS technique while the remainder (Aksoy et al., 2018; Boucard et al., 

2007; Doganay et al., 2012; Guo et al., 2018; Murphy et al., 2016; Rucker et al., 2003; 

Sidek et al., 2016) used SVS technique. As anticipated, many studies preferred to use 

SVS method due to its short acquisition time and higher signal to noise ratio, hence 

provides good spectral quality (Anith Alfred J, Abubacker Sulaiman F, Divya Shree, 

Ashraf Ahmed & Prabhu, 2018). It was then argued that MVS also could offer more 

accurate information through its capability of yielding data from multiple adjacent 

voxels in a single measurement, thus avoiding error caused by multiple acquisitions 

times (Yang et al., 2011). The particularly small voxels within the multivoxel also 

enable the localisation of region of interest individually and independently, thus the 

metabolites concentration is relatively unaffected by adjacent different tissue (Yang et 

al., 2011).  

Even though some of the studies conducted experiments on the same region of 

interest, one of the important parameters that differ across all studies is the VOI size. 

For instance, Murphy et al. (2016), Guo et al. (2018), and Aksoy et al. (2018) used 

different VOI sizes of 20 x 20 x 20 mm3, 20 x 30 x20 mm3, and 20 x 25 x 30 mm3 

respectively, but those studies aimed to study the changes of metabolites in the VC. 

While Aksoy et al. (2018) and Doganay et al. (2012) studied metabolite changes in LGN 

using VOI sizes of 13 x 13 x 13 mm3 and 12 x 12 x 12 mm3, respectively. With the 

smallest and quickest measurement time, high spatial resolution and a sufficient SNR 

remain the goals of optimization in MRS, but in reality, it is difficult to obtain a perfect 

result with ideal parameters’ values (Hartmann et al., 2017). Therefore, the choice of 

spectroscopy will usually be based on the readily available MRS configuration at the 

location where the researchers are conducting their studies, with some consideration 

given to adjusting the experiment's parameters in order to achieve the optimum results. 
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 A processing software could enable the raw spectroscopy data being presented 

in an interpretable or quantitative data (Ernst & Linda, 2006). Almost all studies (Aksoy 

et al., 2018; Boucard et al., 2007; Doganay et al., 2012; Guo et al., 2018; Rucker et al., 

2003; Y. Zhang et al., 2013) used a variety of embedded scanner manufacturer software 

except one study (Sidek et al., 2016) which used external processing software, named 

LCModel that apparently could yield more metabolites during the MRS spectrum 

processing.  The variation types of manufacturer scanner software implies that the 

findings of these studies must be interpreted with caution as it might not be directly 

transferable or extrapolated to other studies.    

Majority of the included studies measured the concentration of NAA, followed 

by Cr, Cho, Glx, and mI.  Cr concentration is stable in normal or in pathological tissues, 

hence it is taken as a reference for normalisation. For that, these four studies (Doganay 

et al., 2012; Guo et al., 2018; Sidek et al., 2016; Y. Zhang et al., 2013) took Cr as a 

reference and thus used metabolite ratio to Cr for their study measurement and 

interpretation. Although other studies did not used this metabolites ratio to Cr as their 

study measurement, they do have their own justification. For instance, the other two 

studies (Aksoy et al., 2018; Boucard et al., 2007) might use the theory of an abnormal 

tissue could still have different level of Cr than normal tissue and that made them to 

only consider perhaps the integral value of each metabolite displayed on the spectrum 

from MRI console.  

Based on the findings of the earlier research, there are several important factors 

that need to be taken into consideration. Table 2.3 provides a concise overview of the 

previous studies discussed in this section. The components that are included should 

make it easier to compare the analysis of different studies and provide a roadmap for 

creating a research design that is more innovative and useful. 
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Table 2.3 The summary of MRS glaucoma studies. 

Authors Participants Aim Region studied 
with VOI size 

MRS 
Method 

Processing 
Software 

Metabolites 
studied 

Magnetic 
strength 

Rucker 
et al. 
(2003)  

4 
healthy, 
1 optic 
neuropat
hy 
 

feasibility Vitreous 
(10x10x10 
mm3) 

SVS 
(PRESS) 

Philips NT 
software 

Lactate 1.5 T 

Boucar
d et al. 
(2007)  
 

7 POAG, 
7 AMD 

changes occipital 
region 
(elongated 
PRESS box) 

SVS 
(PRESS) 

Philips Intera 
software 

NAA, Cho, 
Cr 

3.0 T 

Dogan
ay et 
al.  
(2012)  

29 
Glaucoma
, 13 
controls 

changes Vitreous (13 x 
13 x 13 mm3) 
& laterale 
geniculate 
body (12 x 12 
x 12 mm3) 

SVS 
(PRESS) 

Philips 
Gyroscan 
software 

NAA, Cho, 
Cr, Glx,  

1.5 T 

Zhang 
et al. 
(2013)  

20 
controls 
20 
primary 
Glaucoma 

changes Geniculo-
calcarine & 
striate area of 
occipital lobe 

MVS 
FOV 
(18x1
8cm) 

GE Signal 
Excite 
software 

NAA, Cho, 
Cr, Glx 

3.0 T 

Sidek 
et al. 
(2016)  

15 
controls 
15 mild 
POAG, 
15 severe 
POAG 
 

comparison optic 
radiation 
(20 x 20x 20 
mm3) 

SVS 
(PRESS) 

LCModel 
Version 6.2 

NAA, 
NAAG, Cr, 
PCr, GPC, 
PCh, Gln, 
Glu 

3.0 T 

Aksoy 
et al. 
(2018)  

30 
controls, 
25 OAG, 
16 GS 
16 OHT 

changes corpus 
geniculatum 
laterale (13 x 
13 x 13 mm3) 
& visual 
cortex (20 x 
20x 20 mm3) 

SVS 
(PRESS) 

Siemens 
Syngo MR 
version B17 
software 

NAA, Cho, 
Cr, 

1.5 T 

Guo et 
al. 
(2018)  

23 
POAG, 
21 
controls 

changes visual cortex 
(20 x 30 x20 
mm3) 

SVS 
(PRESS) 

Siemens 
Syngo MR 
software 

NAA, Cho, 
Cr, Glx,                  
mI, 

3.0 T 

Murph
y et al., 
2016 

13 early 
glaucoma
, 13 
advanced 
glaucoma 
9 healthy 

changes Visual cortex 
(20x25x30 
mm3) 

SVS 
(STEAM) 

Syngo MR 
software 

NAA, Cr, 
Cho 

3.0 T 

Abbreviations: AMD = age-related macular degeneration; POAG = primary open angle glaucoma; OAG = open 

angle glaucoma; OHT = ocular hypertension; GS = glaucoma suspect; SVS = single voxel spectroscopy; MVS = 

multi-voxel spectroscopy; NAA = N-Acetyl Aspartate; Cho = Choline; Cr = Creatine, Glx = Glutamate-Glutamine; 

mI = Myo-Inositol; NAAG = N-acetyl aspartyl glutamate; PCr = Phosphocreatine; GPC = Glycerophosphocholine; 

PCh = Phosphocholine; Gln = Glutamine; Glu = Glutamate; T=Tesla, VOI=Voxel of interest. 
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2.8 METABOLITES MEASURED BY MRS IN GLAUCOMA  

Published MRS glaucoma studies commonly discussed five metabolites which includes 

N-acetyl aspartate, Creatine, Choline, Myo-Inositol, and Glutamate-Glutamine (Aksoy 

et al., 2018; Boucard et al., 2007; Doganay et al., 2012; Guo et al., 2018; Sidek et al., 

2016; Y. Zhang et al., 2013). As described in the preceding section, these metabolites 

were detected and measured by MRS in several brain regions associated with the visual 

pathway.  

Aksoy et al., (2018) reported a significant decrease in NAA in the VC of 

glaucoma group as compared to healthy group. The study also found a lower NAA level 

in the corpus geniculatum laterale (CGL), also known as LGN and VC of subjects with 

glaucoma relative to controls (Aksoy et al., 2018). This finding in the CGL suggested 

that there is neuronal tissue loss in glaucoma. Their findings were in agreement with 

previous study that reported a reduction in the NAA/Cr ratio in geniculocalcarine tract 

and striate area (also known as primary VC) of glaucoma group (Y. Zhang et al., 2013).  

Although glaucoma is one of neurodegenerative disease and lower NAA may 

mark the diseases, not all study found a lower NAA level in their glaucoma group 

(Doganay et al., 2012; Y. Zhang et al., 2013).  Doganay et al., (2012) found no 

significant statistical difference although the levels of NAA/Cr ratio were lower in the 

LGN of glaucoma subjects compared to healthy individuals. However, they were 

confident that if a larger number of glaucoma patients could be recruited, the decrease 

in NAA indicating neuron loss would be demonstrated (Doganay et al., 2012). 

Additionally, (Boucard et al., 2007) also found no variation in NAA and claimed that 

the progression of necrosis or apoptosis was slow among their patient groups and thus 

the NAA level was not detectable.  
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 The increase in Glx level in the area of VC in a study by (Guo et al., 2018) 

suggesting of cortical plasticity in patient with open angle glaucoma. The condition is 

believed due to a disrupted metabolism within the area of investigation (Vrabec & 

Levin, 2007). In addition, a pioneer study found a higher level of Glx in the vitreous 

and LGN in patient with glaucoma (Doganay et al., 2012). Their findings were in favour 

with the apoptosis theory of the neurotoxic effect of Glx (Vrabec & Levin, 2007). The 

Glx neurotoxic effect may cause nerve damage in the vitreous and LGN thus leading to 

the increase of the Glx level in the area.  

Cr is one of the primary metabolites in the brain, and it is measured by MRS in 

all glaucoma studies involving the brain regions. It is expected that there will be no 

significant differences in Cr between glaucoma studies, as Cr is typically constant 

throughout the brain. However, one study cautions against using absolute metabolite 

concentration rather than metabolite ratio to Cr (Boucard et al., 2007). This is due to the 

fact that, during tissue necrosis, Cr variation occurs as a general loss alongside other 

metabolites (Gujar et al., 2005). As a result, for instance, both metabolites’ compounds 

will decrease, leading to unreliable evaluation results. 

In cases of glaucoma, as discussed in section 2.2, the decrease in Cho 

concentration was interpreted as an indication of deteriorating cell integrity and 

apoptosis in neuronal tissue. Cho was significantly reduced in the LGN of glaucoma 

group compared to healthy group as reported by Aksoy et al., (2018) and Cho was also 

reported to decrease in the VC in glaucomatous group in a study by Zhang et al., (2013). 

Apoptosis, the process of programmed cell death that results in the degradation of 

intracellular organelles, has been identified in numerous neurodegenerative diseases 

(Zhang et al., 2013). Both studies concluded that the observation of reduction in Cho in 

their respective study regions was due to the neuron apoptosis of RGCs in those regions.  
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On the basis of investigating whether metabolism turbulence in a VC is 

associated with the brain's ability to reorganise and adapt in response to changes or 

damage (cortical plasticity), a recent study reported a lower level of mI in the early open 

angle glaucoma group compared to the healthy group (Guo et al., 2018). The reduction 

in mI level may be led by osmotic stress whereby the increase in Glx level in the 

extracellular space triggers a mechanism that results in more mI transport across the cell 

membrane into the intracellular cytoplasm, thus leading to a decrease in mI level in the 

extracellular space (Guo et al., 2018). Guo et al. (2018) concluded that the changes in 

metabolites might reflect adaptive changes in response to the disease, which indicate 

the brain's attempt to maintain visual function despite glaucoma-related damage. 

Despite the fact that the reviewed studies offer valuable insights into the 

metabolic markers associated with glaucoma, it is essential to acknowledge the 

variability in findings regarding NAA levels. The discrepancy, particularly evident in 

the studies by Doganay et al. (2012) and Boucard et al. (2007), raises questions about 

the consistency of NAA as a reliable marker for neuronal loss in glaucoma. Doganay et 

al. (2012) precisely pointed out the potential influence of sample size on detecting such 

nuanced changes, implying that a larger cohort might yield more conclusive evidence. 

Moreover, the contrasting results on NAA levels may be attributed to the pace of 

necrosis or apoptosis, as speculated by Boucard et al. (2007). This underscores the need 

for a detail examination of how things would change over time in glaucoma progression.  

Similarly, the increase in Glx levels observed in the study by Guo et al. (2018) 

prompts an intriguing discussion regarding cortical plasticity. While this finding 

indicates a potential compensatory mechanism, it also raises questions about the 

underlying metabolic disturbances within the visual cortex. Additionally, the consistent 

decrease in Cho levels across studies aligns with the notion of deteriorating cell integrity 

and apoptosis in glaucomatous neuronal tissue. However, the broader implications of 

this reduction in terms of functional outcomes and potential interventions warrant 

further investigation. These critical discussions highlight the complexity of metabolic 

changes in glaucoma and emphasize the need for methodological accuracy and larger 

sample sizes in future studies. 
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2.9 SELECTED RESEARCH APPROACH AND JUSTIFICATION 

In conducting this research, the selection of SVS with STEAM technique played a 

pivotal role in uncovering possible subtle metabolite changes within the anatomical 

structures associated with the visual pathway. This method was chosen for its 

demonstrated effectiveness in giving higher SNR, allowing precise characterisation, 

and yielding detailed metabolite information from a specific region of interest (Dydak 

et al., 2001; Fayad et al., 2007). While considering alternative approaches, such as SVS 

with PRESS technique, it became evident that SVS with STEAM offered distinct 

advantages. Specifically, it can be applied with a shorter TE in conjunction with long 

TR, resulting in superior resolution and higher SNR, along with improved water 

suppression and lower SAR power deposition (Blüml, 2013; Mandal, 2007).  However, 

it is essential to acknowledge its limitations, such as its lower sensitivity compared to 

the PRESS technique (Mandal, 2007). Despite these constraints, the judicious 

application of the STEAM technique provided a robust foundation for this study. Its 

utilization not only drew valuable findings for previous published studies on alterations 

in brain region metabolites, but also serves as a reference model for current and future 

investigations in this domain.  

2.10 RESEARH GAPS 

When this study commenced, it was evident that only a limited number of investigations 

had addressed metabolite variations within the LGN, and merely a handful had extended 

their view to the VC, each employing distinct methodological parameters and yielding 

divergent outcomes, such as the variability of NAA findings as that critically 

acknowledged in section 2.8. Given the complex nature of glaucoma as a 

pathophysiological entity, these preliminary studies represent an initial step towards 

resolving its metabolic foundation via MRS. The complexity of the condition originates 

from its multifactorial etiology, encompassing not only elevated intraocular pressure 

but also intricate vascular, inflammatory, and neurodegenerative components. This 

intricate relationship makes it difficult to delineate the precise metabolic changes 

associated with the disease. This further emphasizes the need for larger cohort studies, 

possibly investigating temporal changes in glaucoma progression, to potentially 

contribute to more the conclusive findings.  



 

50 

 Consequently, there is a compelling need for a more nuanced investigation. 

This requires a comprehensive evaluation of metabolite concentration changes, the 

intentional manipulation of parameters, and the inclusion of subjects with a range of 

glaucoma severity. Such a stratified approach has the potential to yield a more nuanced 

understanding of the metabolic signatures that correspond to the various stages of the 

disease, which could provide crucial insights for the development of targeted 

therapeutic interventions. Given the uncertain future within this methodological 

framework, it is evident that additional research is necessary and holds great promise 

for shedding light on previously obscure aspects of glaucoma's metabolic foundations. 

Moreover, given the increasing global prevalence of glaucoma and its potential for 

further expansion, a thorough investigation of its metabolic profile is of heightened 

importance. This research project not only marks an important advance in our 

understanding of glaucoma but also opens up fresh opportunities for the creation of 

diagnostic and therapeutic modalities that will improve patient care and outcomes over 

the long term. 

2.11 CHAPTER SUMMARY 

This chapter has reviewed on study of metabolites, the potential of the study of 

metabolite interaction in glaucoma studies, the modality and method that can be used 

for studying metabolite interaction in brain structures of people with glaucoma.  It is 

concluded that SVS with STEAM technique through MRS method using MRI can be 

the best approach for the evaluation of metabolite changes in brain structures associated 

with visual pathway in people with glaucoma.  
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CHAPTER THREE 

 GENERAL METHODOLOGY 

3.1 INTRODUCTION 

This section outlines the methodology used in this study in detail. 

3.2 RESEARCH METHOD FRAMEWORK 

Every experiment in this current study used a cross-sectional study design. Generally, 

the study recruited four distinct groups to achieve all the outlined objectives. The groups 

include young healthy adults group, elderly healthy adults group, mild glaucoma group, 

and severe glaucoma group. The healthy elderly groups possessed a similar age to those 

subjects in the glaucoma groups.  It should be noted that gender-matched criteria were 

not considered in this study following the findings in the literature (Grachev & 

Apkarian, 2000; Raininko & Mattsson, 2010) that reported no significant metabolites 

differences between sexes in various brain regions, with the exception in the 

orbitofrontal cortex and sensorimotor cortex. The primary focus of our investigation 

lies in examining metabolic trends across the LGN and VC, which do not encompass 

the areas of the orbitofrontal cortex and sensorimotor cortex. Therefore, it was deemed 

prudent to rationalize our analytical approach. It is crucial to acknowledge that while 

gender is undoubtedly a crucial variable in numerous biomedical investigations, its 

specific relevance to the metabolic trends examined in this study, as substantiated by 

the existing literature, led us to the conclusion that it was not a primary factor warranting 

consideration. 
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This data collection in the current study was conducted in two phases. The first 

phase comprised of subjects’ recruitment and eye screening. In this initial phase, 

recruitment was conducted through various advertisements strategies, including the 

WhatsApp messenger and invitation calls. These methods especially were used in 

recruiting young healthy adults, mainly among the students in the International Islamic 

University Malaysia Kuantan Campus (IIUM), where they were then brought for 

measurement in Sungai Buloh. The elderly healthy subjects on the other hand were 

recruited from Kuala Lumpur and Selangor using the similar advertisement approach. 

Participants with glaucoma were recruited from the patients who attended the 

Ophthalmology Clinic in the Universiti Teknologi MARA (UiTM) Specialist Hospital 

Sungai Buloh. Following recruitment, subjects' eye conditions and medical histories 

were screened and evaluated. Eye screening was conducted at the Ophthalmology 

Department of the UITM Specialist Hospital Sungai Buloh. All subjects were deemed 

acceptable following a list of inclusion and exclusion criteria which will be elaborated 

in the following section. 

The second phase of the study involved acquisition and analysis of the magnetic 

resonance spectroscopy (MRS) spectrum data. In the second phase, all subjects who 

underwent eye screening and medical history evaluation undergone a MRI scan for the 

MRS acquisition. The MRS acquisitions for all subjects were performed at the radiology 

department of the same hospital. After the MRS acquisition, raw spectra obtained from 

the MRS were processed using the jMRUI software (version 6.0 beta)(Stefan et al., 

2009) for metabolite quantification. The metabolite concentration values are in arbitrary 

units. The metabolite concentration values were then analysed using IBM SPSS 

software version 23 (SPSS Inc., Chicago, IL, USA). Figure 3.1 depicts the framework 

of the research method framework. 
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Figure 3.1 The research method framework. 
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3.3 ETHICS AND CONSENT FORM 

The study protocol with reference code 600-IRMI (5/1/6) was reviewed and approved 

by the UiTM Research Ethics Committee in accordance with the International Council 

for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use 

(ICH) Good Clinical Practice Guidelines, Malaysia's Good Clinical Practice Guidelines, 

and Declaration of Helsinki (Appendix E).  

All subjects were ensured to fulfil the inclusion criteria. Participants were also 

informed of the study's protocols and procedures, benefits, safety measures, and 

possible risks. Participants were recruited on a voluntary basis only after they grasped 

the information provided. Following their agreement to participate in the study and prior 

to MRI acquisition, the participant was given a consent form to complete and sign. The 

subject information details (Appendix B) together with consent form (Appendix C) are 

attached in this thesis.  

3.4 STUDY GROUP CATEGORY CRITERIA 

Several criteria for inclusion, exclusion, and diagnosis were determined based on 

previous studies (Aksoy et al., 2018; Doganay et al., 2012; Sidek et al., 2016). These 

criteria were necessary to ensure that the sampling was of high quality. Participants 

were eligible to participate if they met the following inclusion criteria: no history of 

brain trauma, neurological diseases, schizophrenia, central nervous system infection, 

chronic metabolic disturbance, uncontrolled diabetes, and uncontrolled hypertension. 

On the other hand, subjects who have any of the study's exclusion criteria were 

excluded to participate. The exclusion criteria were as follows: have presence of other 

retinal diseases besides glaucoma, having secondary glaucoma or history of central 

nervous system disorder, had previous ocular surgery, had laser therapy, have trauma 

history, having corneal and lens pathologies preventing ocular fundus examination, 

have uveitis and posterior segment pathologies, have uncontrolled systemic diseases 

such as diabetes and hypertension, on pregnancy, have claustrophobia, and have 

implanted electronic objects such as cardiac pacemakers, cochlear implants, or other 

ferromagnetic body implants.  
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Group-specific selection criteria were also applied. The histories and their most 

recent glaucoma follow-up reports received from the Ophthalmology Clinic of the 

UITM Specialist Hospital Sungai Buloh were evaluated. The Hodapp-Parrish-Anderson 

(Hodapp E, Parrish RK II, 1993) categorization method was used to divide the mild and 

severe glaucoma groups. Table 3.1 lists the group-specific characteristics that were 

considered. 

Table 3.1 Specific criteria of each group 

Group Criteria 
Healthy young • Age of 19 to 20 years old 

• Intraocular pressure (IOP) of 21 
mmHg or less 

• Normal visual field 
• Normal optic nerve head 

 
Healthy elderly • Over 40 years old 

• IOP of 21 mmHg or less 
• Normal visual field 
• Normal optic nerve head 

  
Mild glaucoma • Over 40 years old 

• Mean deviation score of Humphrey 
visual testing less than -6dB 

• loss of less than half of the visual field 
 

Severe glaucoma • Over 40 years old 
• Mean deviation score of Humphrey 

visual testing greater than -12dB 
• more than half of the visual field lost 

in either eye 
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3.5 EYE SCREENING 

All healthy subjects underwent eye screening conducted by the same dedicated 

clinician consistently, prior to MRS acquisition. The screening comprehensively 

evaluated the IOP, the posterior segment of the eye, and the visual field.  

The Goldman applanation tonometer was utilized to assess the IOP. For the 

healthy subjects, only those with IOP of less than 21mmHg were accepted into the 

study.  

The posterior segment of the eye was examined using a digital retinal camera 

(model CR-2 AF, Canon Medical System Europe B.V.). The fundus camera allows 

examination of the retinal structures including the optic nerve head, and macula. 

Evaluation of the optic nerve head was especially important for glaucoma screening by 

scrutinizing of any glaucomatous cupping, neuroretinal rim appearance and retinal 

nerve fiber layer appearance. It should be noted that,  

The frequency-doubling technology (FDT) perimeter was used to screen the 

visual field of the healthy subjects. Any abnormality indicated by FDT were assessed. 

The selected healthy subjects were considered into the study if their visual field is 

deemed normal by the test. To ensure that only healthy eyes were included in the healthy 

group, any eyes with a mean deviation (MD) score equal to or greater than -6.00 dB 

were considered ineligible for the study and were therefore removed from the list of 

eyes for MRS acquisition (Table 3.2). The Humphrey Visual Field Analyzer (HVFA) 

on the other hand was used to measure the visual field for subjects with glaucoma. The 

Hodapp-Parrish-Anderson (HPA) classification system was used to determine the 

severity of glaucoma (Table 3.2) and hence determined the grouping for the subjects. 

Upon ophthalmologist diagnosis, subjects with severe glaucoma were considered for 

subjects with MD score of greater than -12.00 dB, and mild glaucoma groups was when 

the MD was less than -6.00 dB.   
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Table 3.2 Hodapp-Parrish-Anderson (HPA) classification system 

 

MD: mean deviation; CPSD: Corrected pattern standard deviation; PSD: Pattern 
standard deviation; GHT: Glaucoma hemifield test; dB: decibel; POAG: primary open 
angle glaucoma; VA: visual acuity.   

Note. Retrieved from. Clinical decisions in glaucoma, pp. 52–61 by Hodapp E, Parrish 
RK II, Anderson DR, 1993, St Louis: The CV Mosby Co. 
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3.6 SAMPLE SIZE 

The sample size was calculated based on spectrums using data from (Doganay et al., 

2012). The choice to use spectra as the sample unit, rather than the number of subjects, 

stems from the nature of the data collection process. Given that multiple spectra were 

acquired from each individual subject, this approach allows for a more detail 

examination of metabolite variations within the constraints of available resources. The 

number of spectrum was calculated using the mean and standard deviation of the Glx/Cr 

ratio in the LGN from the glaucoma group (1.29±1.21) and the healthy group 

(0.38±0.35).  The sample size calculation was performed using the Power and Sample 

Size Calculation software (version 3.9.1.4)(Faul, Erdfelder, Lang, & Buchner, 2007). 

The comprehensive breakdown of the calculations is attached in Appendix F.   

From the calculation, the study required a sample size of ten (n=10) spectrums 

for each group (i.e., a total sample size of 20, assuming equal group sizes) to achieve a 

power of 80% and a level of significance of 5% (one-sided) to detect a true difference 

in means between the test (glaucoma) and the reference (healthy) groups. The number 

of spectrums that were successfully obtained and available for analysis in this study 

from healthy young adults was n=26, from healthy adults of similar age (n = 17), from 

those with mild glaucoma (n = 14), and from those with severe glaucoma (n = 6). 

It is preferable to have an equally divided sample size between groups to ensure 

the highest statistical power in a study (Karen Grace-Martin, 2020). Nevertheless, the 

number of metabolites obtained in each group in this study showed an unequal sample 

size. Moreover, the severe glaucoma group sample size in this study did not meet the 

minimum required sample size. However, the unequal and the small sample size in the 

glaucoma group was deemed acceptable for analysis considering it was challenging and 

difficult to achieve a larger number, sufficient sample size and match the sample size. 

The rarity and severity of glaucoma cases, compounded by the stringent ethical 

considerations surrounding patient recruitment, significantly limited the available pool 

of subjects (Läkens, 2022). Consequently, despite the uneven distribution of spectra 

across groups, the small sample size in the glaucoma group was considered acceptable 

for analysis. 
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It's important to emphasize that this study battled the inherent challenges 

associated with the disease's prevalence and the availability of eligible subjects. While 

the sample size may be smaller than ideal, it is crucial to acknowledge that it reflects 

the contextual realities of conducting clinical research. Moreover, methodological 

detail, careful data analysis, and the adherence to ethical guidelines were maintained 

throughout the study to mitigate potential biases. Given these constraints, the inclusion 

of the available six spectra for severe glaucoma was a deliberate decision made to derive 

valuable insights within the limits of feasibility. This approach allows for an exploratory 

examination of metabolite variations in this subgroup, providing a foundation for future 

studies to build upon. It is essential to recognize that while the sample size may be 

modest, the findings may contribute to the evolving body of knowledge in this critical 

area of research.  

3.7 MAGNETIC RESONANCE IMAGING (MRI) PROCEDURES  

The following MRI procedures applies to every experiment carried out in this study. 

All subjects must complete the MRI safety checklist (Appendix D). All subjects were 

scanned using a 1.5 Tesla MRI scanner (Siemens Magnetom Aera 1.5T) with a magnet 

bore size of 70 cm. Prior to entering the MRI suite, the subjects were asked to remove 

all ferromagnetic materials from their bodies and provide an MRI technologist with 

their height and body weight. The height and weight of the subjects were required to 

allow the MRI pulse sequence to adhere to the specific absorption rate (SAR) limitation. 

The SAR, measured in watts per kilogram (W/kg), is the rate at which electromagnetic 

energy from the radio frequency pulse is absorbed by body tissues during the MRI scan 

(Murphy & Chang, 2019). The International Electrotechnical Commission and the Food 

and Drug Administration (in the United States) specifies that the electromagnetic energy 

absorbed by the head during a single examination must be less than 3.2 W/kg and that 

any pulse sequence must not cause a temperature rise of more than 1o C (Joseph P. 

Hornak, 2020). The SAR estimate is displayed on the scanner console prior to initiating 

any scanning to allow the MRI technologist to manage any SAR reduction approaches 

if needed. It is important to note here that in this study, SAR data and temperature rise 

were not collected, however, comprehensive steps which includes protocol adherence 

and real-time monitoring were implemented to ensure that both SAR levels and 

temperature rise remained well within established safety limits.  
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Participants were instructed to lie head-first on the MRI examination table. To 

make the subjects comfortable, a blanket was given to protect their bodies from the 

extreme cold in the MRI suite. In addition, a headphone was also provided to the 

subjects to protect their ears from loud noise. In addition, the subjects were given an 

emergency push button to alert the MRI technologist outside in the event of an 

emergency, such as shortness of breath. Each participant was assured of the MRI staff's 

concern for comfort and safety. A head coil with 20 receiver channels was then set 

around the participant's head. The subjects were also cautioned against moving their 

heads or eyeballs, as this could result in unwanted spectrum results that could 

compromise the quality of the spectrum produced for spectrum processing. The MRI 

examination table is positioned within the gantry of the scanner. 

3.8 MAGNETIC RESONANCE SPECTROSCOPY (MRS) ACQUISITION 

The following MRS acquisition procedures applies uniformly to every experiment 

conducted in this study. The MRS protocol started with the key-in of the subjects’ 

details in the MRI control panel system. An automated positioning and alignment of 

slices using the anatomical landmark (AAHScout) sequence was used. This AAHScout 

sequence automatically generated three dimensional T1 weighted (3DT1W) images in 

a three-plane localizer display loaded into three windows to facilitate slice prescription. 

The parameters of this protocol were: TR = 4.52 ms, TE = 2.38 ms, field of view (FOV) 

= 260 mm x 260 mm, matrix = 160x160, slice thickness = 1.6 mm, flip angle (FA) = 8o, 

number of excitation (NEX) = 1 with slice overlap = 0.  The images produced by this 

sequence served as anatomical references for the placement of the voxels in the region 

to be studied, which were performed during the spectroscopy sequence. 
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In this study, the SVS with stimulated echo acquisition mode (STEAM) 

technique was utilized as the MRS method. Because the installed spectroscopy 

technique in the MRI suite of the Radiology Department was the only SVS technique, 

it is important to note that only the SVS technique was used in this study and no MVS 

study was conducted. The parameters in the sequence were as follows: TR = 1500 ms, 

TE = 30 ms, voxel of interest (VOI) size = 13 mm × 13 mm × 13 mm, and slice thickness 

= 13 mm. The VOI placement was confirmed based on the axial, coronal, and sagittal 

anatomical 3DT1W images produced in the previous sequence. The VOI placement for 

the LGN was at the rear end of the thalamus (Figure 3.2), while the VOI placement for 

the VC was placed as close as possible to the posterior position of the VC, and each 

case was standardized along the calcarine sulcus, towards the midline of the brain 

(Figure 3.3). Any contact of the VOI placement with the bone, subcutaneous fat, 

vasculature, or any other tissue was also avoided. It is important to note here that, the 

steps taken for VOI placement were based on study by (Aksoy et al., 2018; Doganay et 

al., 2012) for reference as well as recommendations from publication by (Lin et al., 

2021). It is also important to note that throughout the study, the VOI placement was 

consistently performed by a single dedicated radiographer with extensive expertise in 

neuroimaging techniques.    

 

Figure 3.2 The VOI for LGN was placed at the rear end of the thalamus. 
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Figure 3.3 The VOI for VC was placed as close as possible to the posterior position of 
the VC. 

Prior to the STEAM sequence, after proper placement of the VOI, shimming 

and water suppression were performed using an automated manufacturer’s protocol. 

These two automated protocols were executed to guarantee that no field distortion 

occurred, to prevent the generation of spectral inhomogeneity, and to obtain an optimal 

metabolite signal that does not originate from protons in water (Aksoy et al., 2018; 

Brief, 2000; Doganay et al., 2012; Sidek et al., 2016). 

3.9 MRS ANALYSIS  

The jMRUI processing software was selected for each experiment’s MRS analysis in 

this study. Compared to other software such as the LCModel software, jMRUI requires 

user interaction for data analysis in the time domain. jMRUI divides MRS data analysis 

into two stages, namely the pre-processing stage and analysis and quantification stage 

(Near et al., 2021).  
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As MRS acquisition generated spectra in this study, a radiologist visually 

examined each spectrum displayed on the MRI console. Any spectrum passed by the 

radiologist was regarded as raw spectral data and underwent MRS data analysis. The 

raw spectra from the MRS were then pre-processed to eliminate residual water signals 

in the spectrum and visually inspected a second time before spectral analysis and 

quantification. Subsequently, the chosen spectra were analysed using the Advanced 

Method for Accurate, Robust, and Efficient Spectral (AMARES) algorithm in the 

jMRUI software to provide a more unambiguous interpretation which is less prone to 

error (Jansen et al., 2006).  

3.9.1 Spectral Data Pre-Processing  

MRS data must be pre-processed to eliminate certain imperfections to the MRS data 

that could be due to receiver imperfection, physiologic motion, fast decaying signal, 

overlapping signals, truncation of data and presence of residual water peaks   (Mandal, 

2012). Before pre-processing, the raw spectroscopy data obtained from the MRI 

scanning system were stored on an external storage device and exported as IMA files 

to a personal computer. The raw data was then transferred into the jMRUI software for 

pre-processing. The pre-processing started with mounting the data into the jMRUI 

SpectrIm (a combined analysis of magnetic resonance spectroscopy and imaging) 

plugin. Conventionally, preprocessing involved noise filtering, residual water removal, 

peak extraction, and phase correction (Mandal, 2012). The steps were conducted 

manually based on the knowledge of the individual performing the process (Mandal, 

2012; Pedrosa de Barros, McKinley, Knecht, Wiest, & Slotboom, 2016). This process 

is not only time-consuming but also has the potential to introduce variation between 

processes (Pedrosa de Barros et al., 2016).  
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In this study, however, the jMRUI SpectrIm plugin enables MR spectroscopy 

imaging data to automatically exclude residual water and set the spectrum phase 

directly. The evaluation of the spectral quality of raw spectroscopy could therefore be 

performed immediately prior to the analysis of the spectrum. At this stage, a spectrum 

is deemed suitable and would be selected for quantification if it has the desired shape 

of a narrow and upright spectral peak(Kreis, 2004). All pre-processed spectrum 

containing peaks with an abnormal phase or unusual line shape in this study was deemed 

unsuitable and would not be selected for quantification (Kreis, 2004). An example of a 

suitable and unsuitable spectrum is shown in Figure 3.4 and Figure 3.5.  

 

Figure 3.4 Example of unacceptable spectrum due to the undesirably biphasic 
waveform shown between 1.0 ppm and 2.0 ppm. 

 

Figure 3.5 Example of acceptable narrow and upright spectrum.  
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3.9.2 Spectral Analysis and Quantification 

Following the automatic process of the spectral pre-processing, the AMARES 

algorithm was used to quantify the selected quality spectra. The quantification started 

with the identification of metabolites, including the NAA, Glx, Cr, Cho, and MI, to fit 

the metabolite contribution in the water-suppressed spectrum.  The top of each 

metabolite peak and line width (width of spectral line at half of the top height) were 

defined at the start of the quantification step (Graveron-demilly, 2016). In this study, all 

analyses peaks (NAA, Glx, Cr, Cho, and mI) positions were set at 2.05 ppm and 0.5 line 

width, 2.23 ppm and 0.5 line width, 3.05 ppm and 0.5 line width, 3.24 ppm and 0.5 line 

width and 3.58 ppm and 0.5 line width, respectively. The precise adjustment of peak 

positions at specified ppm values, along with setting the line width, was crucial for 

ensuring accurate spectral fitting (Ernst & Linda, 2006; Stefan et al., 2009). These steps 

guided the processing software in using the most appropriate basis set and fitting 

algorithm that align with the expected spectral pattern (Ernst & Linda, 2006; Stefan et 

al., 2009) . Figure 3.6 shows the identification that was performed during the starting 

of the spectral analysis process.  

  

Figure 3.6 Identification of the top and line widths of a metabolite. 



 

66 

After identifying the metabolites and their values, the next step was to 

incorporate prior knowledge into the process to improve quantification (Graveron-

demilly, 2016). Prior knowledge incorporated in this study defines the soft constraints 

of the selected metabolites, as shown in Figure 3.7. The respective peaks of the five 

metabolites were set with soft constraints at 2.02-2.04 ppm, 2.1-2.5 ppm, 3.02-3.08 

ppm, 3.2-3.3 ppm and 3.5-3.65 ppm as shown in Figure 3.7. This step is required to 

account for the possibility of overlapping metabolite signals in quantitative analysis, as 

a combined or overlapping metabolite signal could result in unreliable quantification 

(Cudalbu, Cristina Ramona; Lanz, B.; Duarte, J. M.; Kunz, N.; Gruetter, 2011). This 

objective automated software analysis obviated the need for inter-observer 

comparisons. There are other parameters of metabolite peaks that can be imposed in 

prior knowledge, such as the line width and phase of the metabolite, as shown in  Figure 

3.7. However, for simplicity, the other parameters were left at their default values, as 

this step is optional and only recommended when the relationship between spectral 

parameters is known (Graveron-demilly, 2016). 

 

Figure 3.7 Soft constrains for each metabolite. 



 

67 

Phase definition is the third step prior to launching quantification (Graveron-

demilly, 2016). This step is also optional; therefore, the 'Overall Phases' tab in the 

AMARES window (Figure 3.7) was left at its default value. The final step was to press 

the "Quantify" button to initiate calculation. The calculation then yielded the amplitude 

of each metabolite, which was defined in the first step of this quantification procedure. 

In this study, based on the review of quantification approaches in Chapter Two, 

we decided to use the signal amplitude value, which is in the arbitrary unit generated by 

the AMARES for the statistical analysis. For statistical analysis, the amplitude values 

were also quantified further to obtain the metabolite ratio. The purpose of the statistical 

analysis based on metabolite ratio was to provide more opportunities for gaining 

additional insights regarding any changes in the balance of different metabolites 

(Kantarci et al., 2000). It is important to note that the amplitude was proportional to the 

concentration of the metabolite peaks; and therefore, the term 'concentration amplitude' 

of metabolite is used throughout experiment’s chapters when discussing metabolite 

concentration. Metabolite concentration amplitudes were taken for use in statistical 

analysis.  

3.10 PATIENT CARE 

Patient care is an important part of health care that goes beyond undergoing medical 

procedures or treating symptoms. By putting patient care first, medical health 

practitioners can make sure that their patients feel valued, heard, and safe. Careful 

management of medications, medical advice, and assurance are important measures that 

can keep people from getting hurt and improve the quality of healthcare. 
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3.10.1 Eye Care 

Since a dilation procedure was performed during the eye screening, it's crucial to take 

specific steps to care for the eyes. Firstly, protecting the eyes from the sun is essential. 

Dilation can lead to temporary blurry vision and increased sensitivity to light. 

Therefore, subjects were advised to wear sunglasses with full UV protection after the 

eye screening for several hours until their pupil come back normal again. This was to 

help prevent any eye discomfort or strain. Subjects were also advised to have someone 

else drive them home or to refrain from driving until their pupils returned to their normal 

size before driving themselves. This precaution ensures safety for both subjects and 

others on the road. 

After the screening, subjects were also advised to give their eyes a break. They 

were encouraged to avoid prolonged screen time or tasks that require close focus. They 

should find a comfortable spot to relax, gently close their eyes, and allow them to 

recover. This simple step was recommended to enhance overall eye comfort and 

recovery. Lastly, subjects were reminded to observe anything unusual or experience 

significant pain, sudden vision changes, or prolonged discomfort after the screening. 

They should promptly contact an eye care professional, seeking advice or treatment 

when needed. 

3.10.2 MRI Care 

Throughout the MRI procedures, patient care was prioritized. As concurrently described 

in section 3.7, this involved paying close attention to their safety, comfort, and overall 

well-being. Strict protocols for aseptic techniques were also adhered to, ensuring all 

equipment was properly sterilized, and precautions were taken to confirm that everyone 

was free from ferromagnetic objects. This hands-on approach was pivotal in minimizing 

any potential infection risks and demonstrated a strong commitment to patient safety. 
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Additionally, clear, and easy-to-understand information about the MRI 

procedure was provided to subjects. This included explaining the purpose of the MRI, 

detailing the steps of the procedure, advising on preparations for the MRI, and giving 

subjects an idea of what to expect during and after the scan. This was complemented 

together with the completion of the MRI safety screening form, as illustrated in 

APPENDIX D. Such direct communication not only fostered a collaborative 

atmosphere but also empowered patients with a greater sense of control and confidence 

throughout the MRI procedures for the MRS acquisition.  

3.11 STATISTICAL ANALYSIS 

The data taken for analysis were the metabolite concentration in the context of its 

amplitude.  All data in this study were analysed using IBM SPSS software version 23 

(SPSS Inc., Chicago, IL, USA) licensed under the university. 

3.11.1 Repeatability Test 

Using a paired t-test, the variation between two consecutive measurements of the 

metabolite signal amplitude in the same young, healthy subjects under identical 

conditions and by the same examiner was analysed (Statistics, 2015). The normality of 

data was tested using the Shapiro-Wilk test. The data were considered to conform to the 

normality assumption if p>0.05. The metabolite data that does not meet the normality 

assumption was analysed using Wilcoxon Signed-Rank Test. The Bland-Altman plot 

was also used to visually assess the repeatability of the two consecutive metabolite 

measurements using SVS technique. The repeatability coefficient (RC) and coefficient 

of variation (CV) were calculated.  
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3.11.2 Mean Metabolites Differences Test (Independent T-Test) 

All data are presented as mean ± SD. The normality of data was tested using the 

Shapiro-Wilk test. The data were considered to conform to the normality assumption if 

p>0.05. Data homogeneity of variance was determined using Levene's test. All 

metabolite data that met the assumption of homogeneity of variances were compared 

(between young and elderly groups) using an independent sample t-test. However, the 

metabolite data that violated the homogeneity of variance assumption were interpreted 

using the Welch t-test. The mean metabolite amplitude was compared using the Mann-

Whitney U test for data did not conform to the normality assumption. Statistical 

significance was set at p ≤ 0.05.  

3.11.3 Mean Metabolites Differences Test (One Way-ANOVA) 

All data are presented as mean ± SD. Normality of the data was tested using the Shapiro-

Wilk test. The data were considered to conform to the normality assumption if p>0.05. 

Data homogeneity of variance was determined using Levene's test. All metabolite data 

that met the assumption of homogeneity of variances were compared (healthy controls, 

mild glaucoma group and severe glaucoma group) using one-way Analysis of variance 

(ANOVA), whereas data with violated homogeneity of variance were compared using 

Welch ANOVA. Statistical significance was set at p ≤ 0.05.   

3.12 CHAPTER SUMMARY 

This chapter elaborates on the methodology employed, from participant recruitment and 

data collection to spectroscopic data analysis. The sample size calculation was also 

explained. The specific methodologies pertaining to each objective is outlined in the 

subsequent chapters. 
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CHAPTER 4 

 REPEATABILITY OF METABOLITES MEASUREMENT IN 
LATERAL GENICULATE NUCLEUS AND VISUAL CORTEX 

USING MAGNETIC RESONANCE SPECTROSCOPY IN 
HEALTHY YOUNG ADULT 

Abstract  
 
Purpose 

To assess the repeatability of measurement of N-Acetyl Aspartate (NAA), Creatine 

(Cr), Choline (Cho), Glutamate (Glx) and Myo-Inositol (mI) in the lateral geniculate 

nucleus (LGN) and visual cortex (VC) using proton magnetic resonance spectroscopy 

(MRS) among healthy subjects. 

Materials and methods 

Using 1.5 Tesla magnetic resonance imaging (MRI), two consecutive scans were 

performed on fifteen healthy young subjects (19.0 ± 0.2 years). On each occasion, the 

spectroscopy data were measured bilaterally in the LGN and VC using single voxel 

spectroscopy (SVS) technique. Using jMRUI (version 6.0 beta)Click or tap here to enter 

text.fitting software, the metabolites NAA, Glx, Cr, Cho, and mI were quantified as 

concentration amplitudes in arbitrary units for use in statistical analysis. The paired 

sample t-test, repeatability coefficient (RC), and coefficient of variation (CV) were 

utilised to evaluate the repeatability between the first and second consecutive 

measurements of metabolites. Normality of data were tested using the Shapiro-Wilk 

normality test.  The Wilcoxon Signed-Rank test was used for data that did not conform 

to normality. The Bland-Altman plot was also conducted to visually assess the level of 

agreement between the two consecutive metabolite measurements.  

Results 

The NAA, Glx, Cr, Cho, and mI concentration values in the LGN and VC showed no 

significant differences (p>0.05). The RC% ranges from 30.76% to 106.33% for all 

metabolites in the LGN and from 13.03% to 50.71% for all metabolites in the VC. The 

CV% ranges from 11.10% to 38.36% for all metabolites in the LGN and from 4.7% to 

18.29% for metabolites in the VC. The Bland-Altman plots revealed small biases and 

narrow limits of agreement for NAA, Cr, and Cho in both the LGN and VC regions, 
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indicating good agreement and small variability between the consecutive measurements 

of these metabolites. 

Conclusion 

The MRS technique using the 1.5 tesla MRI is repeatable in determining the 

concentration of metabolites in the LGN and VC. 

Keywords: proton magnetic resonance spectroscopy, repeatability, single voxel 

spectroscopy, N-Acetyl Aspartate, Creatine, Choline, Glutamate, Myo-Inositol 
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4.1 INTRODUCTION 

MRI of the visual pathway and its related anatomy has become an important procedure 

that is utilized for diagnosis, follow-up, and treatment of many ocular diseases (H. D. 

H. Brown, Woodall, Kitching, Baseler, & Morland, 2016). The involved anatomy may 

include important brain structures, such as the LGN and VC, that are out of reach of the 

routine ophthalmological imaging tools such as the optical coherence tomography. Of 

late, there a few studies of the LGN and VC were conducted using the MRS, a subsidiary 

technique of the MRI. 

MRS is a relatively new method for evaluating brain metabolite levels in vivo. 

MRS has increasingly gained attention and being used in research and clinical settings 

in investigating tissues various metabolites compounds (Barta et al., 2018; Boussida et 

al., 2022; Gujar et al., 2005; Haddadin et al., 2009; Maudsley et al., 2009). Albeit of a 

handful published studies on MRS, comparison and interpretation of findings of the 

literature is difficult as published studies may have different MRI protocols. There has 

yet a consensus on the metabolite’s measurement unit. Most of the studies reported of 

their own unique measurement unit, or specifically termed as the ‘institutional unit’ 

(Schmitz et al., 2018). For instance,  (Harris et al., 2009) reported their metabolite 

absolute concentration using the water signal normalization in arbitrary institutional 

unit while (Doganay et al., 2012) reported their metabolite concentration as integral 

value using the Cr signal normalization in arbitrary institutional unit. The variation of 

reported measurement units places a challenge to compare these studies. In addition, a 

different MRI machine may yield a different measurement outcome, albeit the used 

MRI machines may have the same brand but differs in their models and having different 

strengths and parameters. Given that each MRI machine uses a different set of 

proprietary algorithms for data acquisition, depiction, and quantification, it is becoming 

increasingly crucial to confirm that the MRS test procedures chosen are sufficiently 

reliable to be used in subsequent tests in this study. 
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The MRS also involves operator-dependent technicalities. The location of the 

region of interest (ROI) on the selected anatomy for metabolites measurement is 

conducted subjectively. This operator-dependent bias, need the operator to determine 

the ROI, and the placement of ROI may place a challenge with underlying biological 

variation (Bunting et al., 2019). Therefore, in this respect, MRS metabolite 

measurements may be prone to variable repeatability, dependent to the operator 

(Bunting et al., 2019).  

Given that each researcher's machine or environment uses a different set of 

proprietary algorithms for data acquisition, depiction, and quantification, it is becoming 

crucial to confirm that the test procedures chosen are reliable enough to be used in 

subsequent tests in this study. 

Variations in measurements can be attributed to measurement accuracy, with a 

smaller variation indicating a more reliable result (Bunting et al., 2019). Repeatability 

of measurement refers to the variation in repeated measurements taken on a same 

subject under identical conditions (Bartlett & Frost, 2008). In this chapter, the 

repeatability of the MRS in measuring the metabolites concentration in the LGN and 

VC was examined. 

4.2 SPECIFIC METHODOLOGY 

4.2.1 Subjects 

The subjects were recruited among the first-year Medical Imaging students (19.0 ± 0.2 

years) from the International Islamic University Malaysia (Kuantan Campus) using 

convenience sampling. All 15 subjects were ensured to be in good health and were able 

to follow safety procedures for the MRI scan procedures.  
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4.2.2 MRS Acquisition 

Two consecutive MRS scans using the Single-Voxel Spectroscopy (SVS) technique 

were performed on both sides of the LGN and VC at a magnetic field strength of 1.5 

Tesla. The SVS with stimulated echo acquisition mode (STEAM) technique as outlined 

in chapter three was performed on four locations: in the right and left regions of the 

LGN, located at the rear end of the thalamus, and in the right and left regions of the VC 

along the calcarine sulcus as close as possible to the posterior position. Each participant 

underwent two repeated spectroscopic measurements of the bilateral LGN and VC. The 

total spectroscopy examinations performed and accepted for raw spectral review were 

60 for LGN and 60 for VC from the 15 young healthy adults.  

4.2.3 MRS Analysis 

Following the spectral review after removal of residual water, 52 out of 60 raw spectra 

in LGN and 52 out of 60 raw spectra in VC demonstrated a good and acceptable 

spectroscopic curve (Table 4.1).  

Table 4.1 The raw spectrum scan number from healthy young group for analysis after 
the spectral evaluation 

Both right and 
left sides 

Young 
(n = 15) 

Eliminated 
spectrum 

Total spectrum 
evaluated 

LGN 
spectrums 30 4 26 

VC spectrums 30 4 26 

Total 60 8 52 
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4.2.4 Statistical Analysis 

Descriptive data are presented as mean ± standard deviation (SD). All data were 

analyzed using the IBM SPSS software version 23.0 (SPSS Inc., Chicago, IL, USA) 

licensed under the International Islamic University Malaysia. Normality of data were 

analysed using the Shapiro-Wilk test, and data with a p value of more than 0.05 is 

considered as normally distributed. Using a paired t-test, the variation between repeated 

measurements of the metabolite signal amplitude in the same young, healthy subjects 

under identical conditions and by the same examiner was analysed (Statistics, 2015). 

The metabolite data that does not meet the normality assumption was analysed using 

Wilcoxon Signed-Rank Test. Statistical significance was set at p<0.05. 

The Bland-Altman plot was also conducted to visually assess the level of 

agreement between the two consecutive metabolite measurements. The RC and CV 

values were calculated to verify the accuracy of the repeatability study. RC (in 

concentration amplitude arbitrary unit) was calculated as below, where WSD is the 

within-subject standard deviation (Ross et al., 2023). 

Equation 4.1 Repeatability coefficient (RC) 

RC = √2 𝑥𝑥1.96 x WSD (in arbitrary unit)  

 

WSD was calculated as following below, where WMS is the within mean square 

(Lexell & Downham, 2005). 

Equation 4.2 Within standard deviation (WSD) 

WSD = √𝑊𝑊𝑊𝑊𝑊𝑊                               

 

For comparison with other published studies, the RC% and CV % were then 

calculated. The RC% was calculated by dividing the RC by the mean of the two sets of 

metabolite measurements, and then multiplying the result by 100 to obtain a percentage 

value (Lexell & Downham, 2005), the equation is as below.  

 

 



 

77 

Equation 4.3 Repeatability Coefficient percentage (RC%) 

RC% = RC
MEAN (𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)

× 100        

 The CV% was calculated by dividing the WSD by the mean of the two sets of 

metabolite measurements, and then multiplying the result by 100 to obtain a percentage 

value (Lexell & Downham, 2005), the equation is as below. 

Equation 4.4 Coefficient Variation percentage (CV%) 

CV% = WSD
MEAN (𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)

× 100            
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4.3 RESULTS 

Paired t-test revealed that there is no statistically significant mean difference between 

the metabolite concentration amplitude for NAA (p=0.812), Glx (p=0.056), 

Cr(p=0.399) and Cho (p=0.530) when two consecutive measurements for each 

metabolite were conducted (Table 4.2). Wilcoxon Signed-Rank Test revealed that there 

is no statistically significant mean difference between the metabolite concentration 

amplitude for mI (p=0.694) at the two consecutive measurements (Table 4.2).  

Table 4.2 Mean ± SD metabolite concentration amplitude of the quantified 
metabolites in the LGN.  

Metabolites 

(n=26) 

LGN (Mean ±SD) 
p 

Session 1 Session 2 

Paired t-test 

NAA 61.41 ± 6.44 60.95 ± 8.82 0.812 

Glx 340.54 ± 142.69 416.88 ± 150.86 0.056 

Cr 30.97 ± 7.97 32.14 ± 7.95 0.399 

Cho 18.10 ± 6.45 18.84 ± 5.19 0.530 

Wilcoxon Signed-Rank Test 

mIa 448.22 ± 178.83 419.00 ± 181.13 0.694 
aThe Wilcoxon Signed-Rank Test was used to assess the mean difference as Shapiro-
Wilk test indicated that the normality assumption was not met for this variable.  
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Paired t-test revealed that there is no statistically significant mean difference 

between the metabolite concentration amplitude for NAA (p=0.428), Glx (p=0.940), 

Cho (p=0.421) and mI (p=0.851) when two consecutive measurements for each 

metabolite were conducted (Table 4.3). Wilcoxon Signed-Rank Test revealed that there 

is no statistically significant mean difference between the metabolite concentration 

amplitude for Cr(p=0.238) at the two consecutive measurements (Table 4.3).  

Table 4.3 Mean ± SD metabolite concentration amplitude of the quantified 
metabolites in the VC. 

Metabolites 

(n=26) 

VC (Mean ±SD) 
p 

Session 1 Session 2 

Paired t-test 

NAA 58.23 ± 6.44 57.62 ± 6.08 0.428 

Glx 723.51 ± 235.37 724.67 ± 234.24 0.940 

Cho 13.76 ± 1.71 13.27 ± 2.28 0.421 

mI 240.40 ± 59.32 238.05 ± 56.17 0.851 

Wilcoxon Signed-Rank Test 

Cra 40.80 ± 5.53 40.58 ± 4.94 0.238 
aThe Wilcoxon Signed-Rank Test was used to assess the mean difference as Shapiro-
Wilk test indicated that the normality assumption was not met for this variable.  
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In the LGN, the mean difference, or bias, in Glx, Cr, and Cho was positive, with 

values of 76.34, 1.17, and 0.75, respectively (Table 4.4). On the other hand, the bias for 

NAA and mI was negative, with values of -0.46 and -29.21, respectively (Table 4.4). 

The negative bias values for NAA and mI suggest a tendency for lower metabolite 

concentration in the second measurement. Among all the metabolites, NAA had the 

smallest bias value of -0.46, indicating that the two consecutive measurements were 

essentially equivalent. Cho and Cr had bias values of 0.75 and 1.17, respectively, 

suggesting a small difference between the measurements. Glx had the largest bias value 

of 76.34, while mI had a negative bias value of -29.21, indicating a larger difference 

between the consecutive measurements for these metabolites.  

Moreover, the narrow limits of agreement (LOA) for NAA (-19.63 to 18.71), 

Cho (-10.99 to 12.49), and Cr (-12.42 to 14.76) indicate that the measurement variability 

was minimal, suggesting good agreement between the consecutive measurements for 

these metabolites (Table 4.4). In contrast, the wider LOA for Glx (-304.93 to 457.61) 

and mI (-452.16 to 393.73) suggest that the measurement variability for Glx and mI is 

larger, indicating less agreement between the consecutive measurements (Table 4.4).  

Table 4.4 The Bland-Altman bias and limit of agreement in LGN. 

Metabolites 

(n=26) 
Bias 95% LOA (95% CI) LB 95% LOA (95% CI) UB 

NAA -0.46 -19.63 (-26.47 to -12.79) 18.71 (11.87 to 25.55) 

Glx 76.34 -304.93 (-440.96 to -168.89) 457.61 (321.57 to 593.64) 

Cr 1.17 -12.42 (-17.27 to -7.57) 14.76 (9.91 to 19.60) 

Cho 0.75 -10.99 (-15.18 to -6.80) 12.49 (8.30 to 16.68) 

mI -29.21 -452.16 (-603.82 to 544.63) 393.73 (242.82 to 544.63) 
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The Bland-Altman plots are shown below for each pair of metabolites in the 

(Figure 4.1 to Figure 4.5). Most data points lie within the upper limit of agreement 

(LOA) and lower LOA for each metabolite.  

 

 

Figure 4.1 Bland and Altman difference plots using NAA concentration amplitude in 
the LGN in the first and second sessions of the MRS technique. 
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Figure 4.2 Bland and Altman difference plots using Glx concentration amplitude in 
the LGN in the first and second sessions of the MRS technique. 

 

 

Figure 4.3 Bland and Altman difference plots using CR concentration amplitude in 
LGN in the first and second sessions of the MRS technique. 
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Figure 4.4 Bland and Altman difference plots using Cho concentration amplitude in 
the LGN in the first and second sessions of the MRS technique. 

 

 

Figure 4.5 Bland and Altman difference plots using mI concentration amplitude in the 
LGN in the first and second sessions of the MRS technique. 
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Table 4.5 shows that in the VC region, the mean difference (bias) for Glx was 

positive, with a value of 1.16. Conversely, NAA, Cr, Cho, and mI had negative bias 

values of -0.61, -0.22, -0.49, and -2.35, respectively, indicating a tendency for lower 

metabolite concentration in the second measurement. Of all the metabolites, Cr had the 

smallest bias value of -0.22, with a narrow LOA range of (-8.90 to 8.46), indicating that 

the two consecutive measurements of Cr were essentially equivalent, with minimal 

measurement variability (Table 4.5). Cho and NAA had bias values of -0.49 and -0.61, 

respectively, with narrow LOA ranges (Cho: -6.49 to 5.50 and NAA: -8.21 to 6.99), 

suggesting a small difference and good agreement between the consecutive 

measurements for these metabolites (Table 4.5). In contrast, mI had the largest negative 

bias value of -2.35, while Glx had a positive bias value of 1.16, with wider LOA ranges 

(mI: -125.96 to 121.26 and Glx: -149.82 to 152.14), indicating a larger difference and 

less agreement between the consecutive measurements for these metabolites (Table 

4.5).  

Table 4.5 The Bland-Altman bias and limit of agreement in VC.  

Metabolites 

(n=26) 
Bias 95% LOA (95% CI) LB 95% LOA (95% CI) UB 

NAA -0.61 -8.21 (-10.92 to -5.50) 6.99 (4.27 to 9.70) 

Glx 1.16 -149.82 (-203.69 to -95.95) 152.14 (98.27 to 206.00) 

Cr -0.22 -8.90 (-11.99 to -5.80) 8.46 (5.36 to 11.56) 

Cho -0.49 -6.49 (-8.62 to -4.35) 5.50 (3.34 to 7.64) 

mI -2.35 -125.96 (-170.06 to -81.85) 121.26 (77.16 to 165.34) 
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The Bland-Altman plots are shown below for each pair of metabolites in the VC 

(Figure 4.6 to Figure 4.10). Most data points lie within the upper limit of agreement 

(LOA) and lower LOA for each metabolite. 

 

 

Figure 4.6 Bland and Altman difference plots using NAA concentration amplitude in 
the VC in the first and second sessions of the MRS technique. 
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Figure 4.7 Bland and Altman difference plots using Glx concentration amplitude in 
the VC in the first and second sessions of the MRS technique. 

 

 

Figure 4.8 Bland and Altman difference plots using Cr concentration amplitude in VC 
in the first and second sessions of the MRS technique. 
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Figure 4.9 Bland and Altman difference plots using Cho concentration amplitude in 
VC in the first and second sessions of the MRS technique. 

 

 

Figure 4.10 Bland and Altman difference plots using mI concentration amplitude in 
the VC in the first and second sessions of the MRS technique. 
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In the LGN, the mI concentration amplitude is the highest RC=418.66 

(RC%=96.55%), followed by the concentration amplitude of Glx (RC=402.69) 

(RC%=106.33%), NAA (RC=18.82) (RC%=30.96%), Cr (RC=13.52) (RC%=42.84%),  

and Cho (RC=11.60) (RC%=62.83%) (Table 4.6). The highest CV% were 38.36% for 

Glx, followed by mI (CV=34.83%), Cho (CV=22.67%), Cr (CV=15.45%) and NAA 

(CV=11.10%) (Table 4.6).  

Table 4.6 Repeatability statistics for metabolites measurement in LGN. 

Metabolites 

(n=26) 

Overall 

mean 
WSD RC RC 95% CI 

RC 

(%) 
CV (%) 

NAA 61.18 6.79 18.82 14.82 to 25.79 30.76 11.10 

Glx 378.71 145.28 402.69 317.13 to 551.86 106.33 38.36 

Cr 31.55 4.88 13.52 10.644 to 18.52 42.84 15.45 

Cho 18.47 4.19 11.60 9.14 to 15.90 62.83 22.67 

mI 433.61 151.04 418.66 329.70 to 573.75 96.55 34.83 
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In VC, the measurement of Glx concentration amplitude had the highest 

RC=148.06 (RC%=20.42%), followed by concentration amplitude of mI (RC=121.30) 

(RC%=50.71%), Cr (RC=8.52) (RC%=20.74%), NAA (RC=7.55) (RC%=13.03%),  

and Cho (RC=5.96) (RC%=44.08%) (Table 4.7). The highest CV were 18.29% for mI, 

followed by Cho (CV=15.90%), Cr (CV=7.55%), Glx (CV=7.38%) and NAA 

(CV=4.70%) (Table 4.7). 

 Table 4.7 Repeatability statistics for metabolites measurement in VC. 

Metabolites 

(n=26) 

Overall 

mean 
WSD RC RC 95% CI 

RC 

(%) 
CV (%) 

NAA 57.93 2.72 7.55 5.94 to 10.34 13.03 4.70 

Glx 724.09 53.42 148.06 116.60 to 202.91 20.45 7.38 

Cr 40.69 3.07 8.52 6.71 to 11.68 20.74 7.55 

Cho 13.51 2.15 5.96 4.69 to 8.16 44.08 15.90 

mI 239.22 43.76 121.30 95.52 to 166.23 50.71 18.29 
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4.4 DISCUSSION 

This experiment was conducted to determine whether the MRS is repeatable and 

reliable method to measure metabolites. From the results, the metabolite measurements 

in two sessions on a same subjects yield no significant difference. The data suggest the 

SVS technique is a reliable method that provide repeatable measurements. It is crucial 

to emphasize that this repeatability study was conducted using only two consecutive 

measurements. This approach aligns with the study by Ross et al., (2023),which also 

employed just two consecutive measurements of other MRI parameters and has 

evidently considered sufficient for evaluating the consistency and reliability of a given 

measurement. While a larger number of measurements may provide more data points, 

the utilization of two consecutive measurements has been established as a valid and 

efficient method in assessing repeatability. This is particularly relevant in situations 

where acquiring a large number of measurements may be logistically challenging or 

impractical due to constraints in time or resources. 

 From the paired t-test and Wilcoxon signed-ranked test, there were no 

systematic differences in the metabolite measurements between the first and second 

sessions. The results also showed that all the 95 percent confidence intervals (CIs) in 

the paired sample t-test contained zero, indicating that the true mean differences 

between all pairs of metabolites in LGN and VC may indeed be zero. This indicated a 

non-statistically significant increase or decrease in the mean difference (p > 0.05) 

between all pairs of metabolites in the LGN and VC. However, the tests did not provide 

information on individual differences but rather on systematic differences between the 

means of two different sets of data. As a result, (Bruton, Conway, & Holgate, 2000) 

emphasized that this test alone was insufficient to determine the reliability of a study, 

and it cannot be used in isolation to make such an estimation. Therefore, the Bland-

Altman agreement test was implemented to augment the results obtained by this 

parametric test.  
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Each Bland-Altman plot in the results section provides graphical displays of the 

difference between the two sets of quantified metabolite measurements (Y-axis) against 

the average of the two sets of quantified metabolite measurements (X-axis). Each plot 

also presented 95% limits of agreement together with its confidence interval. According 

to (Kalra, 2017), 95% of the data points should lie within ± 1.96 SD of the mean 

difference to indicate that there is agreement between the two measurements. However, 

it was also emphasized that it is important to set a priori the acceptable limit of the data 

before interpreting the related results (Kalra, 2017). This is due to the fact that different 

techniques or methods of application may have a different limit of any measurement 

that they can accept, depending on whether the measurement is appropriate for the 

subject's biological or clinical goals that were set.  

The results indicated that most data points for all measured metabolites in the 

LGN and VC region fell within the limits of agreement, suggesting good agreement 

between the consecutive measurements. The Bland-Altman plots (Figure 4.1 to Figure 

4.10) showed only a few outliers and no systematic trends in measurement error, 

indicating that the measurements were precise and reliable. However, it is important to 

note that while all measured metabolites showed good agreement between the 

consecutive measurements, the bias and LOA of each paired measurement differed, 

indicating variability in the range of difference between the consecutive measurements 

for each metabolite (Bland & Altman, 1999; Giavarina, 2015; Kalra, 2017). Therefore, 

while the overall agreement between the measurements was good, the specific 

characteristics of each paired measurement should be considered when interpreting the 

results. 

In this current study, the consecutive measurements of NAA, Cho, and Cr in the 

LGN and VC regions showed a small bias with narrow LOA indicating strong 

agreement between the measurements. These results suggest that there is good 

consistency and minimal variability between the consecutive measurements of NAA, 

Cho, and Cr in both regions. The narrow LOA indicates that the range of differences 

between the consecutive measurements is small, suggesting that the measurements are 

precise and reliable (Bland & Altman, 1999; Giavarina, 2015). 
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This level of agreement underscores the reliability of the measurement 

technique used in this experiment. It provides confidence in the accuracy of the data 

collected, laying a robust foundation for the subsequent experiment in this current study 

and conclusions drawn from this experiment. Additionally, it aligns with previous 

studies that have demonstrated the effectiveness of similar measurement methods (Ross 

et al., 2023). It is important to note that the assessment of repeatability is a critical aspect 

of any measurement technique. Confirming the consistency of the measurements instils 

greater confidence in the validity of the findings, ultimately enhancing the overall 

robustness of this study.  

In contrast, the consecutive measurements of Glx and mI in the LGN and VC 

regions showed a larger bias with wider limits of agreement (LOA), indicating less 

agreement between the measurements. These results suggest that there is greater 

variability and less precision between the consecutive measurements of Glx and mI in 

both regions.  The wider LOA indicates that the range of differences between the 

consecutive measurements is larger, suggesting that the measurements may be less 

reliable (Bland & Altman, 1999; Giavarina, 2015). These findings and interpretations 

underscore the importance of understanding the potential variability in measuring Glx 

and mI.  

Although, the larger bias values may indicate that there is a significant 

difference between the consecutive measurements of these metabolites, which may 

affect the accuracy of the results, it is crucial to note that there was actually no 

significant mean difference in the consecutive measurements proven by paired t-test 

and Wilcoxon signed rank test conducted in this current study. Moreover, the CIs 

around the bias of paired metabolite measurements did include zero as explained in the 

earlier paragraph, indicating that the difference between the two measurement is not 

statistically significant. This is a critical finding as it suggests that the consecutive 

measurements for Glx and mI in LGN and VC, despite their larger bias, still exhibited 

good agreement and were measuring the same underlying quantity. These results shed 

light on the nuances of measuring Glx and mI and highlight the need for a nuanced 

interpretation of bias and LOA. They also serve as a valuable contribution to the broader 

understanding of metabolite measurements in these regions and provide important 

insights for future studies examining Glx and mI in the context of glaucoma. 
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The reliability of a study can be evaluated using many forms of measurement 

indices. (Duda et al., 2021) discussed their result for repeatability and reliability with 

more than one variation index using CV for repeatability and ICC for reliability. (Gu et 

al., 2008) and (Marshall, Wardlaw, Cannon, Slattery, & Sellar, 1996) in their 

reproducibility study that was conducted to evaluate reliability used only CV to describe 

the variation in their findings. Meanwhile, studies such as (Puri, Egan, Wallis, & 

Jakeman, 2018), which show repeatability studies employing RC in addition to CV and 

ICC, were quite uncommon. Given the types of measurement indices discussed above, 

this condition contributes to the claim made by (Bruton et al., 2000) that evaluating 

reliability is a challenging task.  

In this study, the reliability of the implemented MRS acquisition and associated 

quantified data were systematically evaluated from the repeatability study. To the best 

of our knowledge, there have been no studies on the repeatability of MRS single voxel 

in the in vivo measurement of NAA, Glx, Cr, Cho, and mI levels in the LGN and VC at 

a magnetic field strength of 1.5T.  

The reproducibility of in vivo MRS utilizing single voxel methods has been 

widely studied, as reported by (Gu et al., 2008), (Marshall et al., 1996), and (Schirmer 

& Auer, 2000). However, there have been relatively few studies on the repeatability of 

MRS measurements. Two recent studies by (Duda et al., 2021) and (Puri et al., 2018) 

specifically examined repeatability, demonstrating the reliability of the MRS method 

for measuring metabolite concentrations. The findings of Duda et al. (2021) cannot be 

compared to those of this study because they focused on gamma-aminobutyric acid 

metabolites.  
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Marshall et al. (1996) conducted a repeatability test as part of their 

reproducibility study; they took six consecutive measurements from the voxel of interest 

in the parietal white matter. The repeated measurements were then analyzed, giving the 

CV of metabolite peak areas and area ratios from the spectroscopic data that were 

quantified by the two software programs. The CV of the repeated measurements using 

the manufacturer’s software were 6.7% for NAA, 11.1 % for Cho and 9.3 % for Cr 

through successive metabolite measurements in parieto-occipital cortex region. 

Meanwhile, the CV for the repeated measurements from the data point that was 

quantified using external software were 4.4% for NAA, 8.2 % for Cho and 17.2 % for 

Cr.  

Puri et al., (2018) reported CV and RC index for their repeatability study of 

human cerebral choline-containing compounds measurement using multi voxel 

spectroscopy technique. They discovered that the CV for Cho measurement ranged 

from 2.75% to 33.99%, while the RC index ranged from 5.68 % to 600 % (based on the 

ratio of Cho to Cr for each of the 64 voxels). They implied that their findings were found 

to be acceptable and produced an outstanding reproducibility.  

The CV% data for the metabolite concentrations in this study were found to vary 

widely. Despite this variability, the CV values for NAA, Cho, and Cr, especially in the 

VC, were found to be comparable to those reported by Marshall et al. (1996) and Puri 

et al. (2018), as discussed in the previous paragraph. Specifically, the CV values for 

NAA, Cr, and Cho in the VC in the current study were found to be within the ranges 

reported by Marshall et al. (1996). Additionally, the CV value for Cho in the VC and 

LGN in the current study was found to be within the range reported for cerebral Cho by 

Puri et al. (2018). Notably, the VC area used in this study is included in the regions 

studied by Marshall et al. (1996) and Puri et al. (2018), indicating that the CV values in 

this study are comparable. Thus, despite the wide range of CV values observed in this 

study, the results suggest that the protocol used in this study is reliable for measuring 

metabolite concentrations in the brain.  
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The observation of comparable CV values to established studies indicates the 

robustness and reliability of the measurement protocol employed in this research. This 

finding underscores the validity of the methodology and instills confidence in the 

accuracy of the metabolite concentration measurements. It also provides a valuable 

reference point for future studies employing similar protocols, contributing to the 

advancement of research in this field. 

The current study also found that there was a wide range of RC% data for the 

metabolite concentrations in both the LGN and VC regions. This variability in RC% 

values highlight the complexity of metabolite measurements. Despite this variability, it 

is noteworthy that the RC% values for Cho, especially in the VC, were found to be 

comparable to those reported by Puri et al. (2018), as discussed in the previous 

paragraph. Specifically, the RC% value for Cho in both LGN and VC in this current 

study fell within the range reported for cerebral Cho by Puri et al. (2018). This 

observation suggests that the RC% values for Cho in this study are in line with 

established research in the field. Moreover, it is worth noting that the LGN and VC 

areas studied in this research overlap with those studied by Puri et al. (2018), suggesting 

that the RC% values in this study are comparable to previous research. 

The wide range of RC% values observed in this study underscores the need for 

careful consideration when interpreting metabolite concentration data. It highlights the 

importance of understanding the potential variability in these measurements and 

emphasizes the need for robust measurement protocols. This finding contributes to the 

broader understanding of metabolite measurements in the LGN and VC regions, 

providing valuable insights for future studies in this area. 

4.5 CONCLUSION 

The MRS appears repeatable enough to provide longitudinal measurement of 

metabolites. The results agree for the utilization of MRS in a 1.5 Tesla MRI as a 

scientific technique to investigate metabolites concentration in vivo, at least in the LGN 

and VC.   
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CHAPTER FIVE 

 METABOLITE COMPARISON IN THE LATERAL 
GENICULATE NUCLEUS AND VISUAL CORTEX OF HEALTHY 

YOUNG AND HEALTHY ELDERLY SUBJECTS 

Abstract 

Purpose 

The aim of this chapter is to compare the metabolites, particularly the N-acetyl aspartate 

(NAA), creatine (Cr), choline (Cho), glutamate glutamine (Glx), and myo-inositol (mI) 

levels in the lateral geniculate nucleus (LGN) and visual cortex (VC) using magnetic 

resonance spectroscopy (MRS) between healthy young and healthy elderly subjects.  

Materials and methods 

An MRS acquisition using single-voxel spectroscopy (SVS) technique was performed 

using 1.5 Tesla MRI on 15 healthy young subjects (19.0 ± 0.2 years) and nine healthy 

elderly subjects (50.8 ± 7.6 years). All related metabolites were measured bilaterally in 

the LGN and VC. A standardized volume of interest (VOI) of 13 × 13 × 13 mm was 

used for measurement. Spectral editing for metabolites was conducted for each scan. 

Using jMRUI fitting software, metabolites were quantified as concentration amplitudes 

in arbitrary units and then quantified further to obtain metabolite ratios for use in 

statistical analysis. Normality of data were tested using the Shapiro-Wilk normality test. 

Data homogeneity of variance was determined using Levene's test. An independent 

sample t-test was used to compare metabolite concentration between the young and the 

elderly groups. The Mann-Whitney U test was used for data that did not conform to 

normality.  

Results 

In the LGN, the NAA concentration was 61.41±6.44 in the young and 53.33±6.83 in 

the elderly group (p<0.001). The Glx was 340.54±142.69 in the healthy young and 

439.92±134.06 in the elderly (p=0.027). The Cr concentrations were 30.97±7.97 and 

38.03±10.90 in healthy young and healthy elderly respectively (p=0.018). The 

concentrations of Cho were 18.09±6.45 and 23.91±7.02 in healthy young and healthy 

elderly respectively (p=0.008). The mI concentrations were not significantly different 

(p=0.143) in healthy young (419.00±181.13) and healthy elderly (458.26±104.14).   
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In the VC, the NAA concentration was 58.23±6.44 in the young and 56.17±9.50 in the 

elderly group (p=0.441). The Glx was 724.67±234.24 in the healthy young and 

745.00±109.27 in the elderly p=0.398). The Cr concentrations were 40.70±5.53 and 

45.90±5.91 in healthy young and healthy elderly respectively (p=0.006). The 

concentrations of Cho were 13.76±1.71 and 16.41±3.24 in healthy young and healthy 

elderly respectively (p=0.005). The mI concentrations were 240.39±59.32 in healthy 

young and 239.03±46.55 in healthy elderly (p=0.004). 

Conclusion 

Age affects certain concentration of metabolites in the LGN and VC, as measured by 

MRS. Metabolites reading in a certain disease or condition should be coupled with 

metabolites concentration reading of the healthy in the respective age.   

Keywords: proton magnetic resonance spectroscopy, glaucoma, lateral geniculate 

nucleus, single voxel spectroscopy, N-Acetyl Aspartate, Creatine, Choline, Glutamate, 

Myo-Inositol 
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5.1 INTRODUCTION 

The non-invasive investigation of brain metabolites has been facilitated by the 

development of MRS. Various human body parts, both pathologically and in a healthy 

state, have been studied using this technology. The potential of MRS to identify 

pertinent metabolites in the brain has been extensively employed, particularly in 

neurodegenerative studies in numerous regions of the brain (Graff-Radford & Kantarci, 

2013; Jones & Waldman, 2004; Öz et al., 2014).  

The effect of age on metabolite concentrations in a healthy brain is a topic of 

ongoing research and is not yet fully understood. While some studies have reported age-

related changes in metabolite concentrations, others have found no significant 

differences (Bracken et al., 2011; Duda et al., 2021; Haga, Khor, Farrall, & Wardlaw, 

2009; Raininko & Mattsson, 2010; Rigotti et al., 2007, 2011; Wiebenga et al., 2014; 

Wijtenburg et al., 2019) . For instance, (Raininko & Mattsson, 2010) conducted a study 

on the effect of aging on metabolite concentrations in the supraventricular white matter 

using magnetic resonance spectroscopy (MRS) with a short TE (22 ms) and long TR 

(6000 ms). The study aimed to investigate how age affects the levels of different 

metabolites in the brain. The authors recruited 57 healthy subjects aged 13 to 72 years 

and measured the concentrations of several metabolites, including N-acetyl aspartate 

(NAA), creatine (Cr), lactate, glutamate glutamine (Glx), and myo-inositol (mI). The 

results showed that mI levels increased, and NAA levels decreased with age in the 

supraventricular white matter. These findings suggest that changes in metabolite 

concentrations may be indicative of age-related changes in brain function or structure.  

In this study, the LGN and VC have been chosen as the locations of 

measurement. It is purposive to measure the metabolite concentrations in healthy young 

and elderlies subjects, where differences may be read as due to aging effects. This study 

is also important in establishing the normative value of metabolites concentrations in 

both LGN and VC, in both young and elderly age groups. Using the data in this study, 

valid and safe conclusions can be made later for latter chapters of this thesis upon 

analysis of subjects with glaucoma.  The main metabolites including the NAA, Glx, 

Cho, Cr, and mI, were selected for quantification in this study.  
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5.2 SPECIFIC METHODOLOGY 

5.2.1 Subjects 

Fifteen healthy young subjects (19.0 ± 0.2 years) were recruited consisting of 

undergraduate students from the International Islamic University Malaysia (Kuantan 

Campus) via purposive sampling. Nine elderly subjects (50.8 ± 7.6 years) were recruited 

through advertisement in Kuala Lumpur and Selangor.   

5.2.2 MRS Acquisition 

Single-Voxel Spectroscopy (SVS) technique was performed on LGN and VC from both 

hemispheres of each subject’s brain. The SVS with stimulated echo acquisition mode 

(STEAM) technique as outlined in chapter three was performed on four locations in 

each subject; in the right and left regions of the LGN, located at the rear end of the 

thalamus (Figure 5.1) , and VC, as close as possible to the posterior VC position and 

along the calcarine sulcus in each case (Figure 5.2). The total spectroscopy 

examinations performed and accepted for raw spectral review were from 30 exams in 

the LGN and VC of healthy young group and 18 exams in the LGN and VC of healthy 

elderly group.  

 

Figure 5.1 The VOI (red box) location in the right (a) and left (b) regions of the LGN. 
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Figure 5.2 The VOI (red box) location in the right (a) and left (b) regions of the VC. 

5.2.3 MRS Analysis  

Following the spectral review, 86 out of 96 raw spectra demonstrated a good and 

acceptable spectroscopic curve (Table 5.1). 

Table 5.1 The raw spectrum scan number in healthy young and elderly groups after 
the spectral evaluation 

Both right 
and left 
sides 

Young 
(n = 15) 

Eliminated 
spectrum 

Elderly  
(n = 9) 

Eliminated 
spectrum 

Total 
spectrum 
evaluated 

LGN 
spectrums 30 4 18 1 43 

VC 
spectrums 30 4 18 1 43 

Total 60 8 36 2 86 
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5.2.4 Statistical Analysis 

Descriptive data are presented as mean ± standard deviation (SD). All data in this study 

were analyzed using IBM SPSS software version 23 (SPSS Inc., Chicago, IL, USA) 

licensed under the International Islamic University Malaysia (IIUM). The normality of 

data was tested using the Shapiro-Wilk test.  The data were considered to conform to 

the normality assumption if p>0.05. All metabolite data that met the assumption of 

homogeneity of variances were compared (between young and elderly groups) using an 

independent sample t-test. However, the metabolite data that violated the homogeneity 

of variance assumption were interpreted using the Welch t-test. The mean metabolite 

concentration amplitude was compared using the Mann-Whitney U test for data did not 

conform to the normality assumption. Statistical significance was set at p ≤ 0.05.  
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5.3 RESULTS 

In the LGN, healthy young subjects recorded a mean concentration of 61.41±6.44 for 

NAA, while the elderly show a significantly lesser value of 53.31±6.83 (p<0.01). The 

Glx concentration is 340.54±142.69 in healthy young while recorded a significantly 

higher 439.92±134.06 concentration value in the elderly group (p=0.027). The Cr 

concentrations are 30.97±7.97 and 38.03±10.93 for young and elderly groups, 

respectively, showing a significant increasing trend (p=0.018). The Cho concentrations 

are recorded as 18.09±6.44 and 23.91±7.02 in healthy young and healthy elderly 

respectively, also showing a significant increasing trend (p=0.008). In the LGN, the 

healthy young mI concentration which is recorded as 419.00±1.81.13 is not 

significantly different to the concentration in healthy elderly subjects (p=0.143).Table 

5.2 summarizes the data recorded in the LGN for both age groups.  

Table 5.2 Comparison of metabolite concentration amplitude between healthy young 
group and healthy elderly group in LGN. 

 Healthy young 

(n=26) 

Healthy elderly 

(n=17) p 

 M sd M sd 

Independent sample t-test result 

NAA 61.41 6.44 53.31 6.83 <0.01* 

Glx 340.54 142.69 439.92 134.06 0.027* 

Cr 30.97 7.97 38.03 10.90 0.018* 

Cho 18.09 6.45 23.91 7.02 0.008* 

Man-Whitney U test 

mIb 419.00 181.13 458.26 104.14 0.441 

 M: mean, sd: standard deviation.  
bThe Man-Whitney U test was used to compare the data as Shapiro-Wilk test indicated 
that the normality assumption was not met for this variable.  
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In the VC, healthy young and elderly subjects recorded a nonsignificant 

difference in concentration of NAA at 58.23±6.44 and 56.17±9.50 respectively 

(p=0.441). The mean Cr concentration is 40.70±5.53 in the healthy young subjects 

while recorded a significantly higher 45.90±5.91 concentration value in the elderly 

subjects (p=0.006). The Cho concentrations are recorded as 13.76±1.71 and 16.41±3.24 

in healthy young and healthy elderly respectively, also showing an increasing trend with 

age (p=0.005). The mI concentration shows a significantly higher value in the healthy 

elderly subjects with 293.03 ±46.55 relative to the 240.39±59.32 of the healthy young 

subjects (p = 0.004). The Glx concentration in the VC recorded at 724.67±104.14 in the 

healthy young group is not significantly different to the value in the elderly subjects of 

745 ±3.24 (p=0.398).   Table 5.3 summarizes the data recorded in the VC for both age 

groups. 

Table 5.3 Comparison of metabolite concentration amplitude between healthy young 
group and healthy elderly group in VC. 

 
Healthy young 

(n=26) 

Healthy elderly 

(n=17) p 

 M sd M sd 

Independent sample t-test result 

NAAa 58.23 6.44 56.17 9.50 0.441 

Cr 40.70 5.53 45.90 5.91 0.006* 

Choa 13.76 1.71 16.41 3.24 0.005* 

mI 240.39 59.32 293.03 46.55 0.004* 

Man-Whitney U test 

Glxb 724.67 234.24 745.00 109.27 0.398 

M: mean, sd: standard deviation. 
aThe Welch test is reported because Levene’s test indicated that the homogeneity of 
variances assumption was not met for this variable.  
bThe Man-Whitney U test was used to compare the data as Shapiro-Wilk test indicated 
that the normality assumption was not met for this variable.  
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5.4 DISCUSSION 

This study provides evidence that aging causes metabolic concentration changes in the 

LGN and VC. Specifically, in the LGN, it was observed that there is a notable decrease 

in NAA concentration with advancing age, suggesting a potential decline in neuronal 

density or integrity (Currie et al., 2013; Hajek & Dezortova, 2008) . It was also observed 

that Glx was concurrently increase, that may be indicative of alterations in 

glutamatergic neurotransmission (Ramadan et al., 2013; Zhou & Danbolt, 2014). 

Furthermore, Cr and Cho increase in concentrations may indicate alterations in energy 

metabolism and membrane turnover, respectively (Cecil, 2014). Collectively, these 

alterations suggest a subtle metabolic reconfiguration occurring in the LGN with aging, 

potentially reflecting a complex interaction of neuronal and glial activities. In contrast, 

a different observation was pointed out in the VC where Cr, Cho, and mI exhibited a 

significant increase with age.  This could be attributed to various biochemical processes. 

For instance, the rise in Cr may point towards alterations in energy metabolism or 

cellular stress responses(Faghihi et al., 2017). The elevated Cho levels could be 

indicative of increased membrane turnover or inflammation, while the higher mI 

concentrations might suggest glial activation or osmoregulatory changes (Grover et al., 

2015). 

A direct comparison of the findings in this study to the existing literature body 

may be challenging considering the different anatomy of interests. Raininko and 

Mattsson (2010) in their study on supraventricular white matter using the MRS reported 

a decrease level of NAA and an uptake of mI levels following age, somehow in line 

with the current study. Supraventricular white matter is a region of white matter located 

above the lateral ventricles that is composed primarily of axons that serve to connect 

various regions of the brain, including the cortex, thalamus, and other white matter 

tracts (Azevedo et al., 2009; Tournier, Calamante, & Connelly, 2012). The 

supraventricular white matter is not directly adjacent to the LGN and VC, but the white 

matter tract, such as optic radiation within the supraventricular white matter, may be 

involved in the connectivity between the visual pathway's anatomical structures 

(Gennatas et al., 2017; Toosy, Mason, & Miller, 2014). 
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Interestingly,  Raininko and Mattsson (2010) reported a U-shaped age 

dependence of Glx concentrations that peaks in their youngest and oldest age group. In 

their study, the subjects were binned into seven unequal age categories, with the most 

subjects landed in the 41-50 years age bin (14 subjects) and the least in 71-72 years age 

bin (two subjects). Concurrently with their objectives, linear regression analysis 

generated a relationship between age and metabolite concentrations. They concluded 

that some metabolite concentrations are slightly age-dependent, and that age 

dependency can be nonlinear. Furthermore, their warning about the inapplicability of 

their results as reference values for other techniques or regions underscores the 

importance of contextualizing findings within the specific experimental parameters. 

To note, with 1.5 Tesla MRI, they used the SVS technique using a point resolved 

spectroscopy (PRESS) sequence with a TR of 6000 ms and a TE of 22 ms, while in this 

current study, the SVS technique using a STEAM sequence with a TR of 1500 ms and 

a TE of 30 ms was used. The selection of TE and TR in MRS can influence the obtained 

spectral data and the accuracy of metabolite concentration (Choi et al., 2013; 

Govindaraju et al., 2000). The findings in this current study, together with the findings 

by Raininko and Mattsson (2010) emphasizes the need for meticulous consideration of 

acquisition parameters in MRS studies, especially when exploring age-related effects. 

Pouwels and Frahm (1998) reported metabolite concentrations in different areas 

of healthy human brain. They reported a higher concentration of NAA in the white 

matter compared to the grey matter, and an increasing concentration caudally. They also 

reported that a lesser concentration of Cr, mI, and Glx in the white matter, relative to 

the grey matter. In their study, 34 healthy volunteers of 27±4 years of age were scanned 

using a 2.0 Tesla MRI with different VOI sizes. It is interesting to note that their 

experiment involves measurement of metabolite concentrations in the occipital brain 

where the VC is located, and in the thalamus where the LGN is located. It may not 

entirely accurate to compare their study to the current findings considering the 

difference in the MRS acquisition parameters (VOI size, scan region), however the 

findings from Pouwels and Frahm (1998) indirectly, but not exclusively, may support 

that NAA in the LGN of the healthy young group is consistently higher than that of the 

NAA in the healthy elderly group. 
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Study by Grachev & Apkarian (2000) revealed significant differences in the 

level of NAA, Cr, Cho, and mI across six different brain regions, including thalamus 

and cingulate, insula, sensorimotor, dorsolateral prefrontal, and orbital frontal cortices. 

In their study, nineteen healthy volunteers of 19 to 31 years of age were scanned using 

a 1.5 Tesla MRI with different VOI sizes for each region. It is interesting to note that 

their experiment showed significant increase of NAA and Glx in subjects 25 to 31 years 

of age compared to those in 19 to 20 years of age in the orbital frontal cortices and 

sensorimotor cortex. Their subsequent experiment comparing the nineteen healthy 

young subjects to sixteen middle-aged healthy subjects of 46.6±3.4 years of age then 

revealed a significant decrease in NAA and Glx in the middle-aged group (Grachev & 

Apkarian, 2001). Grachev and Apkarian's (2000, 2001) research sheds light on 

metabolite variations across various brain regions and age groups. Notably, the 

significant changes in NAA and Glx levels observed in the orbital frontal cortices and 

sensorimotor cortex with age underscore the dynamic nature of metabolite 

concentrations in the brain. 

In this current study, there were significant differences in the concentrations of 

several metabolites between the healthy young group and the healthy elderly group. 

These findings show that the chemical composition of the healthy human brain varies 

depending on age and brain area, which is in agreement with previous studies (Grachev 

& Apkarian, 2000; Pouwels & Frahm, 1998). In other words, the metabolites in the 

LGN and VC are age dependent, similar to metabolites in other brain regions, as evident 

in many studies (Grachev & Apkarian, 2000; Pouwels & Frahm, 1998; Raininko & 

Mattsson, 2010). However, it is essential to acknowledge the challenges of direct 

comparison with existing literature due to anatomical differences. The findings 

emphasize the complicated interplay of age, metabolite concentrations, and regional 

specificity. Understanding these nuances not only enriches our comprehension of 

glaucoma pathophysiology but also highlights the critical importance of meticulous 

methodology in MRS studies. 
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 The discussion rightly emphasizes the significant variability inherent in 

spectroscopic studies of the brain, largely stemming from the specific techniques 

employed. There are several factors that can affect the results of this current study, 

which vary from other findings as discussed above. One of the main factors that can 

affect the results of MRS studies is the choice of spectroscopic technique (SVS or 

MVS). Each technique has its own strengths and limitations.  

For example, SVS, which was chosen as the technique used in this current study, 

is a commonly used technique that allows for the acquisition of spectra from a single 

voxel within the brain. While SVS can provide high spectral resolution and sensitivity, 

it is limited in its ability to accurately target small structures and may be subject to 

contamination from extraneous tissues (Buonocore & Maddock, 2015; Grover et al., 

2015; Tognarelli et al., 2015). In this current study, however, optimum measures were 

taken by localising the voxel with care by avoiding any contact with bone, vessels, air, 

or fat. 

In contrast, MVS allows for the acquisition of spectra from multiple voxels 

within the brain, providing a more comprehensive picture of metabolic changes (Blüml, 

2013). However, MVS may have lower spectral resolution and sensitivity compared to 

SVS (Anith Alfred J, Abubacker Sulaiman F, Divya Shree, Ashraf Ahmed & Prabhu, 

2018; Buonocore & Maddock, 2015). The mention of these factors highlights the 

critical importance of methodological choices in spectroscopic studies. 

 Another factor that can cause variation in metabolite concentration is the 

combination of TE and TR parameters, which can have a significant impact on the 

sensitivity and specificity of metabolite measurements in spectroscopic studies (Kreis, 

Slotboom, Hofmann, & Boesch, 2005). TE determines the degree of spectral resolution, 

while TR determines the time between consecutive excitations of protons in the brain, 

and it plays a key role in determining the signal-to-noise ratio (SNR) of the 

spectroscopic measurement (Blüml, 2013). A combination of short TE and long TR, 

which was applied in the study by Raininko and Mattsson (2010) and in this current 

study, could result in more accurate metabolite measurement because short TE provides 

better resolution while long TR can result in higher SNR (Blüml, 2013).  
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However, it is imperative to acknowledge the potential trade-offs associated 

with TE and TR selection. For instance, a very short TE may result in reduced sensitivity 

to certain metabolites that take more time to decay over time, while a very long TR may 

lead to an increase in the acquisition time of the measurement (Blüml, 2013; Choi et al., 

2013). This understanding of TE and TR implications highlights the meticulous 

approach required in spectroscopic studies. 

It is important to note that, with similar combinations, but different values of TE 

and TR used in spectroscopic studies, such as those conducted by Raininko and 

Mattsson (2010) and in this current study, draws attention to the potential variations in 

the measured metabolite concentrations, even these studies involved similarly healthy 

subjects. This is because different TE and TR values affect how the signals from the 

brain molecules decay over time (Blüml, 2013). Therefore, changes in TE and TR can 

affect the signal intensity of the brain molecules, which can impact the accuracy of the 

measurements. This observation not only highlights the importance of consistent 

methodology but also underscores the need for careful consideration of acquisition 

parameters across studies. 

In conclusion, this discussion elucidates the critical impact of methodological 

choices, particularly with respect to spectroscopic techniques and TE/TR parameters, 

in the present study. The current study's meticulous methodology and comparisons to 

previous research highlight the significance of these considerations. Such attention to 

detail not only improves the accuracy and reliability of findings, but also contributes to 

the field of spectroscopic studies as a whole. 

5.5 CONCLUSION 

The differences of metabolite concentrations in the LGN and VC between young and 

elderly healthy subjects were shown in this study. Comparing metabolite concentration 

in a human brain should be done cautiously with consideration of the aging effects and 

the impact of MRI protocols on measurements.   
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CHAPTER SIX 

 METABOLITES CONCENTRATION IN THE LATERAL 
GENICULATE NUCLEUS OF GLAUCOMA PATIENTS 

Abstract 

Purpose 

The aim of this chapter is to determine the metabolite concentrations, particularly the 

N-acetyl aspartate (NAA), creatine (Cr), choline (Ch), glutamate (Glx), and myo-

inositol (mI) in the lateral geniculate nucleus (LGN) in subjects with glaucoma using 

the magnetic resonance spectroscopy (MRS). The study also aimed to compare the 

metabolite concentrations between groups of healthy subjects, subjects with mild 

glaucoma, and subjects with severe glaucoma. 

Materials and methods 

An MRS acquisition using a single-voxel spectroscopy (SVS) technique was performed 

using 1.5 Tesla MRI on nine healthy subjects (50.8 ± 7.6 years), seven subjects with 

mild glaucoma (59.4 ± 10.2 years), and three subjects with severe glaucoma (52.0 ± 

11.8 years). Glaucoma severities were categorized based on the Hodapp-Parrish-

Anderson (HPA) classification. A standardized volume of interest (VOI) of 13 × 13 × 

13 mm was placed in the region of the lateral geniculate nucleus in both brain 

hemispheres. Spectral editing for metabolites was conducted for each scan.  Using 

jMRUI fitting software, metabolites were quantified as concentration amplitudes in 

arbitrary units and then quantified further to obtain metabolite ratios for use in statistical 

analysis.  Normality of data were tested using the Shapiro-Wilk normality test. Data 

homogeneity of variance was determined using Levene's test. Metabolites 

concentrations and ratios were compared between groups using one-way ANOVA and 

Welch ANOVA. Post-hoc test was conducted to test all possible group comparisons. 
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Results 

The metabolites concentration amplitude in the LGN in group with mild glaucoma are 

60.71±9.15, 439.54±110.08, 33.55±6.61, 377.07±103.72 and 22.63±4.23 for NAA, 

Glx, Cr, mI and Cho, respectively. Group with severe glaucoma recorded metabolite 

concentrations amplitude of 65.03±14.66 (NAA), 433.30±122.80 (Glx), 31.13±12.47 

(Cr), 424.01±99.41 (mI) and 14.09±5.07 (Cho).  Healthy controls recorded metabolite 

concentrations amplitude of 53.31 ± 6.83 (NAA), 439.92 ± 134.06 (Glx), 38.03 ± 10.90 

(Cr), 458.26 ± 104.14 (mI), 23.91 ± 7.02 (Cho). A significant increase in the NAA 

concentration amplitude (Tukey HSD, p=0.03) and a significant decrease in the Cho 

concentration amplitude (Games-Howell, p=0.016) are found in group with severe 

glaucoma compared to the same area in healthy control group. No significant mean 

differences are found for Glx, Cr and mI concentration amplitude between the groups 

(one-way ANOVA p>0.05). The NAA/Cr ratio is significantly higher in the mild 

glaucoma group relative to the healthy group (Games-Howell, p=0.038) while the 

Cho/Cr ratio is significantly lower in the severe glaucoma group relative to the group 

of mild glaucoma (Tukey HSD, p=0.023). No significant mean differences are found 

for Glx/Cr and mI/Cr ratios between the groups (p>0.05).  

Conclusion 

Glaucoma may cause shift in the metabolite concentration amplitudes and ratio in the 

LGN.  Severe glaucoma subjects showed higher NAA concentrations and lower Cho 

concentrations in the LGN than in healthy eyes, while mild glaucoma subjects show 

higher NAA/Cr ratio relative to healthy subjects, and higher Cho/Cr ratio relative to 

severe glaucoma subjects.   

Keywords: proton magnetic resonance spectroscopy, glaucoma, lateral geniculate 

nucleus, single voxel spectroscopy, N-Acetyl Aspartate, Creatine, Choline, Glutamate, 

Myo-Inositol 
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6.1 INTRODUCTION 

Glaucoma is a disease that is chronic in nature and indistinctive at an early stage, leading 

to late detection. It has become a major public health problem and a leading cause of 

irreversible blindness worldwide (Kapetanakis et al., 2016; Nduaguba & Lee, 2006).  

Among the main pathological characteristics of glaucoma is apoptosis of the retinal 

ganglion cell (RGC) (Christopher Bowd; Linda M. Zangwill; Charles C. Berry; Eytan 

Z. Blumenthal; Cristiana Vasile; Cesar Sanchez-Galeana; Charles F. Bosworth; Pamela 

A. Sample; Robert N. Weinreb et al., 2001) Ninety percent of the RGCs terminate at 

the lateral geniculate nucleus (LGN), a major relay station between the retina and visual 

cortex (Bressloff, 2005). Injury to the RGC due to glaucoma may result in atrophy of 

the optic nerve and optic tract, which in turn results in degeneration and atrophy of the 

LGN (You et al., 2021).  

Magnetic resonance spectroscopy (MRS) has been used to evaluate common 

neurologic disorders, including brain tumours, inherited metabolic disorders, 

demyelinating disorders, and infectious brain lesions (Öz et al., 2014). As previously 

discussed in the literature review chapter regarding the atrophy of anatomical structures 

associated with the visual pathway, which results in neurodegeneration of the involved 

anatomy in glaucoma brain, it seems necessary to conduct additional research on 

metabolite interactions in related anatomy. As a non-invasive spectroscopic technique, 

MRS may yield the ability to detect early onset metabolic changes in the brain, which 

may be indicative of diseases such as glaucoma. The aim of this study was to investigate 

the metabolite concentrations and any metabolites difference in the LGN which may be 

stemmed from glaucoma. 
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6.2 SPECIFIC METHODOLOGY 

6.2.1 Subjects 

Subjects were recruited to form three study groups namely the healthy controls, mild 

glaucoma group and severe glaucoma group. Ophthalmological data that included IOP, 

visual field, and cup disc ratio (CDR) for glaucoma subjects were obtained from the 

most recent ophthalmology routine checkup. Glaucoma severity is based on Hodapp-

Parrish-Anderson (HPA) classification system as described in Chapter 3. All subjects 

were determined based on the inclusion and exclusion criteria as described in Chapter 

3.  Nine healthy subjects (50.8 ± 7.6), seven subjects with mild glaucoma (59.4 ± 10.2), 

and three subjects with severe glaucoma (52.0 ± 11.8), were recruited (Table 6.1).    

Table 6.1 The demographics of all subjects following the respective groups. 

 
Healthy 

Mild 

glaucoma 

Severe 

glaucoma 

Number of scanned LGN 17 14 6 

Age (mean ± SD in years) 50.8 ± 7.6 59.4 ± 10.2 52.0 ± 11.8 

Visual field MD  

(mean ± SD in dB) 
-1.07±1.5 -2.85±1.4 -18.06±3.3 

IOP (mean ± SD in mmHg) 14.12±1.5 13.79±0.6 19.33±1.6 

CDR (mean ± SD) N/A 0.65±0.1 0.87±0.1 

LGN lateral geniculate nucleus, SD standard deviation, MD mean deviation, dB decibel, 
IOP intraocular pressure, CDR cup disc ratio, N/A not applicable   

6.2.2 MRS Acquisition 

Single-Voxel Spectroscopy (SVS) with stimulated echo acquisition mode (STEAM) 

technique was performed on LGNs from both hemispheres of each subject’s brain. The 

total spectroscopy examinations performed and accepted for raw spectral review were 

from 18 from the healthy group, 14 from the mild glaucomatous group, and six from 

the severe glaucomatous group.  
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6.2.3 MRS Analysis 

Following the spectral review after removal of residual water, 37 out of 38 raw spectra 

demonstrated a good and acceptable spectroscopic curve.  

6.2.4 Statistical Analysis 

Descriptive data are presented as mean ± standard deviation (SD). All data in this study 

were analysed using IBM SPSS software version 23 (SPSS Inc., Chicago, IL, USA) 

licensed under the International Islamic University Malaysia. Normality of data were 

tested using the Shapiro-Wilk normality test. The data were considered to conform to 

the normality assumption if p>0.05. Data homogeneity of variance was determined 

using Levene's test. Metabolites concentrations and ratios data with homogeneity of 

variance were compared using one-way Analysis of variance (ANOVA), whereas data 

with violated homogeneity of variance were compared using Welch ANOVA.   

Statistical significance was set at p < 0.05.  
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6.3 RESULTS 

The NAA concentration amplitude values are 53.31±6.83, 60.71±9.15, and 65.03±14.66 

for healthy group, mild glaucoma group, and severe glaucoma group respectively. One-

way ANOVA revealed that there is a significant mean difference (p=0.018) between 

the groups (Table 6.2). Tukey post-hoc test revealed the NAA concentration amplitude 

is significantly higher in the severe glaucoma group relative to the healthy group 

(adjusted p=0.03) (Figure 6.1). No significant differences in the metabolite 

concentration amplitudes are recorded for Glx (p=0.993), Cr (p=0.253), and mI 

(p=0.108) (Table 6.2).  

The Cho concentration amplitude values are 23.91 ± 7.02, 22.63±4.23, and 

14.09±5.07 for healthy group, mild glaucoma group, and severe glaucoma group 

respectively. Welch ANOVA revealed significant mean difference (p = 0.006) between 

the groups (Table 6.2). The Games-Howell post-hoc test revealed the Cho concentration 

amplitude is significantly lower in the severe glaucoma group compared to mild 

glaucoma group (adjusted p=0.016) and healthy group (adjusted p = 0.008) (Figure 6.2). 

Table 6.2 Comparison of metabolites concentration amplitude in the LGN between 
groups. 

Metabolites 

Scanned LGN (mean ± SD) 
p 

value Healthy 
(n=17) 

Mild glaucoma 
(n=14) 

Severe glaucoma 
(n=6) 

One-way ANOVA 

NAA 53.31 ± 6.83 60.71±9.15 65.03±14.66 0.018* 

Glx 439.92 ± 134.06 439.54±110.08 433.30±122.80 0.993 

Cr 38.03 ± 10.90 33.55±6.61 31.13±12.47 0.253 

mI 458.26 ± 104.14 377.07±103.72 424.01±99.41 0.108 

Welch ANOVA 

Choa 23.91 ± 7.02 22.63±4.23 14.09±5.07 0.006* 
*The mean difference is significant at the 0.05 level 
aThe Welch ANOVA test was used to compare means as Levene’s test indicated that 
the homogeneity of variances assumption was not met for this variable.  
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Figure 6.1 The box and whiskers plot illustrating a significantly higher NAA amplitude 
in the LGN of severe glaucoma group compared to the healthy group. There is an 
increase in NAA amplitudes from 53.31 ± 6.83 in the healthy group to 65.03±14.66 in 
the severe glaucoma group, an increase of 11.72 (95% CI, 0.95 to 22.49) (p=0.03). 

 

Figure 6.2  The box and whiskers plot illustrating the significant difference in mean of 
Cho between groups.There is a decrease in Cho amplitudes from 23.91 ± 7.02 in the 
healthy group to 14.09±5.07 in the severe glaucoma group, a decrease of 9.82 (95% 
CI, 2.68 to 16.95) (p=0.008).There is also a significant decrease in Cho amplitudes 
from 22.63±4.23 in the mild glaucoma group to 14.09±5.07 in the severe glaucoma 
group, a decrease of 8.54 (95% CI, 1.82 to 15.26) (p=0.016). 
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The NAA/Cr ratio values are 1.49±0.37, 1.86±0.41, and 2.43±1.25 for healthy 

group, mild glaucoma group, and severe glaucoma group, respectively. Welch ANOVA 

revealed that there is a significant mean difference (p = 0.04) between the groups (Table 

6.3). Games-Howell post-hoc test revealed the NAA/Cr ratio is significantly higher in 

the mild glaucoma group relative to the healthy group (adjusted p = 0.038) (Figure 6.3). 

No significant difference in the metabolite ratio is recorded for Glx/Cr (p=0.255) (Table 

6.3). 

The Cho/Cr ratio values are 0.64±0.15, 0.70±0.18, and 0.48±0.14 for healthy 

group, mild glaucoma group, and severe glaucoma group, respectively. One-way 

ANOVA revealed significant mean difference (p = 0.029) between the groups (Table 

6.2). The Tukey post-hoc test revealed the Cho/Cr ratio is significantly higher in the 

mild glaucoma group compared to severe glaucoma group (adjusted p = 0.023) (Figure 

6.4). No significant difference in the metabolite ratio is recorded for mI/Cr (p=0.346) 

(Table 6.3). 

Table 6.3 Comparison of metabolites ratio in the LGN between groups. 

Metabolites 

Scanned LGN (mean ± SD) 

p value Healthy 

(n=17) 

Mild glaucoma 

(n=14) 

Severe glaucoma 

(n=6) 

Welch ANOVA 

NAA/Cra 1.49±0.37 1.86±0.41 2.43±1.25 0.040* 

Glx/Cra 11.80±2.72 13.15±2.47 15.20±6.09 0.255 

One-Way ANOVA 

Cho/Cr 0.64±0.15 0.70±0.18 0.48±0.14 0.029* 

mI/Cr 13.52±6.16 11.99±4.86 16.47±8.97 0.346 

*The mean difference is significant at the 0.05 level 
aThe Welch ANOVA test was used to compare means as Levene’s test indicated that 
the homogeneity of variances assumption ware not met for these variables.  
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Figure 6.3 The box and whiskers plot show a lower NAA/Cr ratio in healthy group 
compared to the mild glaucoma group. There is an increase in NAA/Cr ratio in LGN 
from 1.49±0.37 in the healthy group to 1.86±0.41 in the mild glaucoma group, an 
increase of 0.37 (95% CI, 0.02 to 0.73) (p=0.038). 

 

Figure 6.4 The box and whiskers plot show a decrease in Cho/Cr in the severe glaucoma 
group compared to the mild glaucoma group. There is a decrease in the Cho/Cr ratio in 
the LGN from 0.70±0.18 in the mild glaucoma group to 0.48±0.14 in the severe 
glaucoma group, a decrease of 0.22 (95% CI, 0.03 to 0.41), (p=0.023). 
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6.4 DISCUSSION 

This current study adapted two approaches for quantitation of the metabolite 

concentrations in the LGN. The first method involves calculating the concentration 

amplitudes of metabolites using a method that matches spectrum integral value with a 

mathematically defined spectrum. The second method for metabolite concentration 

quantification was taken as the metabolite ratio, which data style is presented in the 

works of (Aksoy et al., 2018; Doganay et al., 2012). This metabolite concentration data 

value is similar to that reported by Aksoy et al. (2018).  

The current study has established that glaucoma may yield different metabolite 

concentrations, by means of different metabolite concentration amplitude values or 

different metabolite ratio values, relative to the healthy controls. It was observed that 

the NAA concentration amplitude in the LGN of severe glaucoma group was 

significantly higher (65.03±14.66) than the healthy subjects (53.31 ± 6.83) (p=0.03). In 

addition, it was found that the NAA/Cr ratio was recorded higher in the LGN of mild 

glaucoma group (1.86±0.41) compared to the NAA/Cr ratio of the healthy group 

(1.49±0.37) (p=0.038). 

Different to the current findings, Aksoy et al. (2018) reported a lower NAA 

value in their glaucoma and suspected glaucoma groups, relative to the healthy control. 

To note, Aksoy et al. (2018) uses VOI size of 13x13x13mm on a 1.5 Tesla MRI, similar 

to the current study. However, it's worth noting that the mean ages of the healthy control 

and glaucoma groups in Aksoy et al.'s study were different from those in the current 

study. Specifically, Aksoy et al.'s healthy controls had a mean age of 49.27±13.17 years, 

while the glaucoma group had a mean age of 53.80±12.0 years. In contrast, the current 

study used healthy controls with a mean age of 50.8±7.6 years and subjects with severe 

glaucoma with a mean age of 52.0±11.8 years. These differences in age distribution 

may contribute to the discrepancies in NAA values observed between the two studies. 

Thus, the differing age distributions in the study populations should be taken into 

account when comparing NAA values. Moreover, other factors such as differences in 

the severity or duration of glaucoma and spectral analysis methods may also affect the 

results. To note, Aksoy et al. (2018) used software in their workstation to generate the 

MRS spectra and automatically quantify metabolite values.  



 

119 

On the other hand, Doganay et al. (2012) found no significant difference in the 

NAA/Cr ratio between glaucomatous group and the healthy group. They reported 

1.15±0.56 NAA/Cr ratio in glaucoma group and 1.44±0.57 in healthy controls, a value 

not far to those in the current study. They placed the region of interest (ROI) size of 

12x12mm in the LGN using point resolved spectroscopy technique on a group of older 

subjects with a mean age of 65.8±5.4 in glaucoma subjects and 62.8±4.2 in healthy 

controls. With the MRI capability used in the current study, the smallest VOI size that 

could be applied was 13x13x13 mm3, which is slightly larger than the 12x12x12 mm3 

VOI size used in the study by (Doganay et al., 2012).  

It's worth noting that the specific VOI size that can be used in an MRS study 

depends on several factors. Differences in variables such as VOI size, MRI field 

strength, voxel localization method, and acquisition parameters (including TE and TR) 

can all contribute to variations in MRS results. For instance, the MRS acquisition 

parameters used in Doganay et al.’s study was different from this current study. 

Specifically, the TE and TR used in MRS acquisition can affect the spectral quality and 

signal-to-noise ratio of the data. The different in TE (136 ms) values in (Doganay et al., 

2012)  compared to the current study (TE =30 ms) could have allowed (Doganay et al., 

2012)  to use a smaller VOI size without sacrificing spectral quality or signal-to-noise 

ratio. Another factor that could affect the ability to use a smaller VOI size is the voxel 

localization method used. Different localization methods, such as point-resolved 

spectroscopy (PRESS) or STEAM have different sensitivities to voxel placement and 

geometry, which can affect the optimal VOI size that can be used. To note (Doganay et 

al., 2012) used PRESS localisation method, which is different from the STEAM used 

in the current study. Therefore, it is essential to acknowledge these potential sources of 

variability when contextualizing the findings. 
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It is uncertain what may be causes of the current study’s observation on the 

increased NAA concentration in glaucoma subjects. But one may postulate the 

followings;  (i) brain tissue being heterogeneous may lead to different metabolite 

concentrations findings (Grachev & Apkarian, 2000; Minati et al., 2010; Pouwels & 

Frahm, 1998), (ii) it is typical for the thalamus to have a very high concentration of 

NAA (Moffett et al., 2007), (iii) glaucoma is associated with reduction of the LGN’s 

volume and size ((Kosior-Jarecka et al., 2020; J. Y. Lee et al., 2014), (iv) increase in 

NAA concentration may reflect a compensatory mechanism in response to the damage 

caused by glaucoma (Reichardt et al., 2022). 

 Taking all the postulations together, there is a possibility of the current study’s 

VOI of 13×13×13mm3 may be occupying more than the LGN area within the thalamus. 

This in turn may increase the likelihood of observing a stronger NAA concentration 

signal in the spectroscopy technique. Albeit a great care has been taken in placing the 

VOI at the desired LGN tissue area, the reduced LGN size due to glaucoma may 

overestimates the NAA concentration findings. Applying the multi-voxel spectroscopy 

(MVS) technique may improve measurement as MVS may be better suited for 

measuring heterogeneous, diffuse, and extensive areas of pathological changes in the 

brain (Jansen et al., 2006). With its large field of view, which can reflect the spatial 

distribution of metabolites, the MVS technique can increase signals while reducing the 

number of other tissues that are unintentionally included in the voxel (partial volume 

effect).  

In some cases, the LGN may not be clearly visible on standard T1-weighted 

contrast imaging. Previous studies have suggested that in order to obtain a more distinct 

LGN image, a proton density-weighted image should be obtained (N. Gupta et al., 2009; 

Horton, Landau, Maeder, & Hoyt, 1990; M. Li et al., 2012).  For example, (Fujita et al., 

2001) highlighted that the LGN was not well defined by standard T1-weighted contrast 

imaging and suggested the use of a double-echo turbo spin echo sequence for proton 

density-weighted imaging, which provides better contrast between the LGN and 

surrounding white matter.  
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In this current study, only a three-dimensional T1-weighted (3DT1W) image 

was obtained for anatomical reference prior to the examination. While subjective bias 

of volume of interest (VOI) placement is always a possibility, particularly for small 

structures such as the LGN, extensive care was taken in this study to ensure the VOI 

placement in the LGN excluded any bones, subcutaneous tissues, vasculatures, or other 

tissues that could have potentially interfered with the measurements. Although proton 

density-weighted images were not obtained in this study, the careful VOI placement 

reduces the likelihood of any potential bias in the results due to imperfect imaging.  

The NAA has been suggested as a marker of neuronal integrity (Moffett et al., 

2007). Considering NAA has the greatest peak in the adult brain spectrum, it was 

suggested that its reduction may be indicative of neuronal and axonal damage. On a 

different note, there are reports of NAA levels elevation in the brain corresponding to 

certain pathologies. As elaborated earlier in the second chapter of this thesis, increased 

NAA concentration may be associated to disease such as the sickle cell illness or 

Canavan disease (Moffett et al., 2007; Steen & Ogg, 2005). In addition, there was also 

report of an animal study of spiking NAA concentrations upon administration of 

haloperidol, an anti-psychotic drug (Harte, Bachus, & Reynolds, 2005).  

The observed increase in NAA concentrations in the LGN of glaucoma subjects 

may be indicative of a compensatory response to the ongoing damage caused by the 

condition. The grounding of these findings was made based on a previous study that 

suggested that increased NAA levels in the brain may be a compensatory response to 

improve brain function (Reichardt et al., 2022).  Reichardt et al., (2022) found a 

significant increase of NAA concentration in frontal white matter in patients with 

neuropsychiatric symptoms in hepatitis C (7.05±1.11), autoimmune hepatitis 

(7.06ׅ±1.00), and primary biliary cholangitis (7.30±0.83) compared to healthy control 

(6.16±0.89). In this current study, the higher NAA levels observed in the LGN of 

glaucoma groups may reflect an attempt by the brain to maintain neuronal integrity or 

function in the face of ongoing damage from glaucoma. Further research is needed to 

clarify the mechanisms underlying the observed differences in NAA levels in the LGN 

between healthy controls and glaucoma groups. 
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In this current study, a noteworthy finding emerged regarding Cho concentration 

amplitude within the LGN among subjects with varying degrees of glaucoma severity. 

Cho concentration amplitude demonstrated a statistically significant reduction in the 

LGN of subjects with severe glaucoma compared to those with mild glaucoma 

(p=0.016) and is lower in the mild glaucoma group relative to the healthy controls 

(p=0.008). Similarly, the Cho/Cr ratio shows significant decrease in the LGN of 

subjects with severe glaucoma compared to the mild glaucoma group (p=0.023). These 

reduction in Cho may be interpreted as a sign of deteriorating cell integrity due to 

apoptosis in neuronal tissues in the LGN of the glaucoma patients. These findings are 

consistent with those of Aksoy et al. (2018), where they reported of a decreased Cho 

levels in the LGN of their glaucoma group.  

Doganay et al., (2012) on the other hand reported no significant changes in the 

Cho levels in their glaucoma group. Reduction of Cho in glaucoma patients may suggest 

of a neuronal loss in the LGN region (Y. Zhang et al., 2013). Cho plays an important 

role in the synthesis and degradation of cell membranes and is one of the key substances 

that regulate cell apoptosis (Y. Zhang et al., 2013). In contrast to necrosis, apoptosis is 

a process of programmed cell death that results in destruction of intracellular organelles. 

Therefore, a decline in Cho levels may indicate neuronal apoptosis. Y. Zhang et al., 

(2013) concluded in their study that the decrease in Cho in the geniculocalcarine tract 

of glaucoma patients is the cause of neuronal apoptosis in this region. 

There have been several reports of decreased Cho levels in various regions of 

the brain. For example, a study by Cecil, Lenkinski, Gur, & Gur, (1999) found 

significantly lower Cho/Cr (p=0.0059) levels in the temporal lobes of patients with 

schizophrenia disorder compared to healthy controls. Similarly, a study by (Kumar et 

al., 2021)reported decreased Cho/Cr levels in the dorsolateral prefrontal cortex in 

hyperthyroid patients (0.249±0.036) compared to healthy controls (0.290±0.047). 

These findings suggest that measuring Cho levels using magnetic resonance 

spectroscopy has the potential to provide valuable insights into the pathophysiology of 

different brain disorders. 
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 In summary, the observed reduction in Cho levels bears significant implications 

for understanding the underlying pathological processes associated with glaucoma. Cho 

is a pivotal component involved in the synthesis and degradation of cell membranes, 

exerting a crucial role in regulating cellular apoptosis. The decline in Cho levels may 

serve as a sensitive marker indicative of neuronal loss in the LGN region. It is 

noteworthy to acknowledge the discrepancies in findings across different studies. This 

discrepancy underscores the importance of considering various methodological factors, 

including VOI size, field strength, and acquisition parameters, which may contribute to 

variations in MRS results. Additionally, the potential impact of age-related changes on 

metabolite concentrations should not be overlooked, as it may account for some of the 

observed differences. By considering methodological variations and potential 

confounding factors, future studies can further elucidate the role of Cho in glaucoma 

pathogenesis, potentially opening new avenues for therapeutic intervention and early 

detection strategies. 

6.5 CONCLUSION 

This current study demonstrated alterations in the LGN metabolites of subjects with 

glaucoma. The data from this current study adds evidence to the molecular changes that 

takes place in the LGN of glaucomatous subjects.  Further improvement to the MRS 

technique may aid a non-invasive analysis of the metabolites in the LGN, which in turn 

may add clinical value for glaucoma detection and management.  
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CHAPTER SEVEN 

 METABOLITES CONCENTRATION IN THE VISUAL CORTEX 
OF GLAUCOMA PATIENTS 

Abstract 

Purpose 

This study aimed to determine the metabolite concentrations of N-acetyl aspartate 

(NAA), creatine (Cr), choline (Ch), glutamate (Glx), and myo-inositol (mI) in the visual 

cortex (VC) in subjects with glaucoma using magnetic resonance spectroscopy (MRS). 

The study also aimed to compare the metabolite concentrations between groups of 

healthy subjects, subjects with mild glaucoma, and subjects with severe glaucoma. 

Material and methods 

MRS acquisition using a single-voxel spectroscopy (SVS) technique was performed 

using 1.5 Tesla MRI on nine healthy subjects (50.8±7.6 years), seven subjects with mild 

glaucoma (59.4±10.2 years), and three subjects with severe glaucoma (52.0±11.8 

years). Glaucoma severities were categorized based on the Hodapp-Parrish-Anderson 

(HPA) classification. A standardized volume of interest (VOI) of 13 × 13 × 13 mm was 

placed in both (bilateral) VCs of each subject. Spectral editing for metabolites was 

conducted for each scan.  Using jMRUI fitting software, metabolites were quantified as 

concentration amplitudes in arbitrary units and then quantified further to obtain 

metabolite ratios for use in statistical analysis. Normality of data were tested using the 

Shapiro-Wilk normality test. Data homogeneity of variance was determined using 

Levene's test. Metabolites concentrations and ratios were compared between groups 

using one-way ANOVA and Welch ANOVA. The Kruskal–Wallis test was used for 

comparing data that did not conform to normality. Post-hoc test was conducted to test 

all possible group comparisons.  
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Results 

The metabolites concentration amplitude in the VC in group with mild glaucoma are 

57.93±7.44, 713.21±216.61, 41.34±6.05, 17.12±4.81 and 296.85±93.74 for NAA, Glx, 

Cr, Cho, and mI, respectively. Group with severe glaucoma recorded metabolite 

concentrations amplitude of 54.78±7.78 (NAA), 604.93±93.55 (Glx), 43.37±6.84 (Cr), 

12.92±2.92 (Cho), and 424.01±99.41 (mI).  Healthy controls recorded metabolite 

concentrations amplitude of 56.17±9.50 (NAA), 745.00±109.27 (Glx), 45.90±5.91 

(Cr), 16.41±3.24 (Cho), and 293.03±46.55 (mI). A significant decrease in the Glx 

concentration amplitude (Games-Howell, p=0.031) is recorded in the severe glaucoma 

group relative to the healthy control group. No significant mean differences are found 

for NAA, Cr, Cho, and mI concentration amplitudes between the groups (one-way 

ANOVA p>0.05). The Cho/Cr ratio shows a significant decrease in the severe glaucoma 

group relative to the mild glaucoma group (Tukey HSD, p=0.031). No significant mean 

differences are found for Glx/Cr and mI/Cr ratios between the groups (p>0.05). 

Conclusion 

Glaucoma causes shift in the metabolite concentration amplitudes and ratio in the VC. 

Severe glaucoma subjects showed lower Glx concentrations and lower Cho/Cr ratio in 

the VC relative to the healthy groups and mild glaucoma groups respectively.  

Keywords: proton magnetic resonance spectroscopy, glaucoma, visual cortex, single 

voxel spectroscopy, N-Acetyl Aspartate, Creatine, Choline, Glutamate, Myo-Inositol 
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7.1 INTRODUCTION 

The VC is located along the superior and inferior sides of the calcarine fissure in the 

occipital lobe, which is located in the posterior region of the brain (Huff et al., 2022; 

Sheffield, 2022). Visual information from the retina is conveyed to the VC through the 

LGN where it is received, integrated, and processed (Huff et al. 2022). Glaucoma is 

disease that causes a progressive visual field defect that may prevent normal stimulation 

of the VC (Boucard et al., 2007). The degeneration and atrophy of the VC may be the 

direct result from glaucomatous related atrophy of the optic nerve and visual tract, 

caused by the apoptosis of retinal ganglion cells (RGC) (You, Rong, Zeng, Xia, & Ji, 

2021). Apoptosis of the RGCs is a hallmark for glaucoma pathological characteristics 

(H. A. Quigley, 1999).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

 Glaucomatous damage on the VC may be primarily due to trans neuronal 

degeneration, evidenced with the decline of neuronal activity in the retinal-lateral 

geniculate nucleus (LGN)-VC pathway (You et al., 2021). A significant loss of LGN 

relay neurons terminating in the VC was reported in glaucoma induced-affected 

monkeys which resulted in VC damage (YüCel, Zhang, Gupta, Kaufman, & Weinreb, 

2000; Yücel et al., 2003). Animal study involving glaucomatous marmosets reported a 

reduction in the VC volume using the magnetic resonance imaging (MRI), matches the 

degeneration of the LGN and VC that they found using histological analyses (Noro et 

al., 2019). The depression of brain-derived neurotrophic factor (BDNF) and 

tropomyosin receptor kinase B (TrkB), which play important roles in neuroprotection 

for RGCs, was evident in glaucomatous marmosets. These findings reinforce the claims 

made by You et al. (2021) that atrophy of the central visual system occurs in glaucoma 

animal models, and that trans neuronal degeneration in the visual pathway appears to 

be one of the sources of damage to the VC. 



 

127 

Human studies reported the similar observations on glaucoma patients. Studies 

have reported of reduced VC thickness and volume, functional abnormalities, and 

connectivity disruption among glaucoma patients (Giorgio, Zhang, Costantino, De 

Stefano, & Frezzotti, 2018; T. Li et al., 2020; Nuzzi et al., 2018b). Murphy et al. (2016) 

reported a compromised integrity in the optic radiation of subjects with severe 

glaucoma, together with compromised anatomical findings at the retinal level. They 

also reported changes at the VC level that matches the peculiarities at the LGN and 

retina. Gupta et al. (2006) evaluated the VC area under the sulcus calcarine using Nissle 

staining on cadaver brain of patients with severe glaucoma.  They reported a significant 

thinning of the VC relative to control brain that was correlated with visual field loss, 

retinal optic nerve head damage and functional visual field defect. These findings 

suggest that glaucoma causes structural, and functional changes to both ocular and brain 

particularly the VC, which may as well cause metabolic changes in the area.  

It appears necessary to conduct further research on metabolite interactions in 

VC, as atrophy of anatomical structures associated with the visual pathway results in 

neurodegeneration of the involved anatomy in glaucoma brain, as discussed in the 

literature review chapter. Early onset metabolic changes in the brain may be indicative 

of diseases like glaucoma, and MRS, as a non-invasive spectroscopic technique, may 

make this possible. The aim of this study was to determine the characteristics of 

metabolites in the VC on glaucoma subjects. The results of this study may contribute to 

a better understanding of glaucoma pathogenesis involving the VC. 
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7.2 SPECIFIC METHODOLOGY 

7.2.1 Methodological Variation 

In this experiment, the subjects, the methodology for conducting spectroscopy 

acquisition, and the approach to analysing spectroscopy data closely mirror those 

outlined in Chapter Six. The primary deviation in this experiment pertains to the specific 

location of the Single-Voxel Spectroscopy (SVS) technique with stimulated echo 

acquisition mode (STEAM) technique, which was conducted within the VC from both 

hemispheres of each subject’s brain. 

7.2.2 Statistical Analysis 

Descriptive data are presented as mean ± standard deviation (SD). All data in this study 

were analysed using IBM SPSS software version 23 (SPSS Inc., Chicago, IL, USA) 

licensed under the International Islamic University Malaysia. Normality of data were 

tested using the Shapiro-Wilk normality test. Data homogeneity of variance was 

determined using Levene's test. Metabolites concentrations and ratios data with 

homogeneity of variance were compared using one-way Analysis of variance 

(ANOVA), whereas data with violated homogeneity of variance were compared using 

Welch ANOVA. The Kruskal–Wallis test was used for comparing metabolite 

concentrations that did not conform to normality. Statistical significance was set at p < 

0.05.  
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7.3 RESULTS 

The Glx amplitude values are 745.00 ± 109.27, 713.21±216.61, and 604.93±93.55 for 

healthy group, mild glaucoma group, and severe glaucoma group respectively. Welch 

ANOVA revealed that there is a significant mean difference (p = 0.031) between the 

groups (Table 7.1). Games-Howell post-hoc test revealed the Glx amplitude is 

significantly lower in the severe glaucoma group relative to the healthy group (adjusted 

p = 0.031) (Figure 7.1). No significant differences in the metabolite amplitudes are 

recorded for NAA (p=0.721), Cr (p=0.131), Cho (0.092) and mI (p=0.843) (Table 7.1).  

Table 7.1 Comparison of metabolites concentration amplitude in the VC between 
groups. 

Metabolites 

Scanned VC (mean ± SD) 
p 

value 
Healthy 

(n=17) 

Mild glaucoma 

(n=14) 

Severe glaucoma 

(n=6) 

One-way ANOVA 

NAA 56.17 ± 9.50 57.93 ± 7.44 54.78 ± 7.78 0.721 

Cr 45.90 ± 5.91 41.34 ± 6.05 43.37 ± 6.84 0.131 

Cho 16.41 ± 3.24 17.12 ± 4.81 12.92 ± 2.92 0.092 

mI 293.03 ± 46.55 296.85 ± 93.74 312.56 ± 63.32 0.843 

Welch ANOVA 

Glxa 745.00 ± 109.27 713.21 ± 216.61 604.93 ± 93.55 0.031* 

*The mean difference is significant at the 0.05 level 
aThe Welch ANOVA test was used to compare means as Levene’s test indicated that 
the homogeneity of variances assumption was not met for this variable.  
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Figure 7.1 The box and whiskers plot illustrate a significantly lower Glx amplitude in 
the severe glaucoma group compared to the healthy group.  There is a decrease in Glx 
amplitudes in VC from 745.00 ± 109.27 in the healthy group to 604.93±93.55 in the 
subjects with severe glaucoma group, a decrease of 140.07 (95% CI, 13.13 to 267.03) 
(p=0.031). 
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The Cho/Cr ratio values are 0.36±0.08, 0.42±0.11, and 0.30±0.06 for healthy 

group, mild glaucoma group, and severe glaucoma group, respectively. One-way 

ANOVA revealed that there is a significant mean difference (p = 0.034) between the 

groups (Table 7.2). Tukey HSD post-hoc test revealed the Cho/Cr ratio is significantly 

higher in the mild glaucoma group relative to the severe glaucoma group (adjusted p = 

0.031) (Figure 7.2). No significant differences in the metabolite ratios are recorded for 

NAA/Cr (p=0.138), Glx/Cr (p=0.086) and mI/Cr (p=0.329) (Table 7.2). 

Table 7.2 Comparison of metabolites ratio in the VC between groups. 

Metabolites 

Scanned VC (mean ± SD) 

p value Healthy 

(n=17) 

Mild glaucoma 

(n=14) 

Severe glaucoma 

(n=6) 

Kruskal Wallis 

NAA/Cra 1.23±0.21 1.44±0.35 1.30±0.31 0.152 

Welch ANOVA 

Glx/Crb 16.45±3.00 17.40±5.14 14.11±2.14 0.086 

One-Way ANOVA 

Cho/Cr 0.36±0.08 0.42±0.11 0.30±0.06 0.034* 

mI/Cr 6.45±1.12 7.22±1.96 7.30±1.79 0.329 

*The mean difference is significant at the 0.05 level 
aThe Kruskal-Wallis test was used to compare means as data did not conform to 
normality.   
bThe Welch ANOVA test was used to compare means as Levene’s test indicated that 
the homogeneity of variances assumption was not met for this variable.   
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Figure 7.2 This box and whiskers plot illustrates the significant reduction in the mean 
Cho/Cr in the severe glaucoma group compared to the mild glaucoma group. There was 
a decrease in the Cho/Cr ratio in the VC from 0.42±0.11 in the mild glaucoma group to 
0.30±0.06 in the severe glaucoma group, a decrease of 0.12 (95% CI, 0.01 to 0.23) 
(p=0.031). 
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7.4 DISCUSSION 

The current study observes a significant reduction in the Glx concentrations amplitude 

in the VC of subjects with severe glaucoma (604.93±93.55), as compared to the healthy 

subjects (745.00 ± 109.27). Using data based on the metabolite ratio, Guo et al. (2018) 

reported a higher Glx/Cr ratio, and a lower mI/Cr ratio in the VC of their early open 

angle glaucoma group relative to the controls. To support their findings, Guo et al. 

(2018) argued that the spike in Glx concentration is due to the extended exposure of 

glutamate, a neurotransmitter, to the neuronal receptors. The extended exposure in turn 

results in neuronal death, closely relate to the apoptosis that occur in glaucoma 

pathophysiology. They further argued that observation in the VC was consistent with 

the other studies that observed brain’s Glx spike such that from Doganay et al. (2012), 

and Okuno et al. (2006). However, it is important to iterate that Doganay et al. (2012), 

and Okuno et al. (2006) saw the increment of Glx concentration not in the VC, but rather 

at the optic nerve and LGN, respectively.  

The possible explanation of the contradicting observation in this current study 

to that of Guo et al. (2018) may be stemmed from the recruited glaucoma subjects. 

Specifically, the pathological process in severe glaucoma patients, as recruited in this 

study, may not be as active compared to early glaucoma patients as recruited in Guo et 

al. (2018) study. This difference in disease stage could have led to a greater degree of 

neuronal death in early glaucoma patients, which may result in a higher Glx/Cr ratio, as 

observed in the Guo et al.’s study. Specifically, the current study recruited patients with 

severe glaucoma, whose disease may be at a more advanced stage and therefore 

characterized by a lower degree of active pathological changes compared to early 

glaucoma patients. This could result in a lower degree of excitotoxicity and glutamate 

release in the LGN in severe glaucoma patients, which may explain the observed 

reduction in Glx levels. In a different take, other MRS study on the VC which includes 

Boucard et al. (2007), Zhang et al. (2013), Murphy et al. (2016) and Aksoy et al. (2018) 

did not observed any changes in the Glx concentrations in the VC of their glaucoma 

subjects. Given to the inconsistent observations in the body of literature, it should be 

noted that the exact mechanisms underlying the changes in Glx/Cr ratio in different 

stages of glaucoma are still not fully understood, and further research is needed to 

elucidate these mechanisms. 
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To further reiterate, metabolite concentrations value disagreement among the 

literature could also be attributed to the site of measurement (Grachev & Apkarian, 

2000; Minati et al., 2010; Pouwels & Frahm, 1998). Metabolic concentration values 

across a typical brain structure may be reported differently as a direct result of 

heterogeneity of human brain tissue (Govindaraju et al., 2000). Other factors that may 

affect metabolite quantitation include MRS technique from different scanners 

employed, partial volume effect, and low signal-to-noise ratio, despite the fact that 

measures have been taken to ensure homogeneous magnetic field and suppression of 

water signal from tissue (Barker, 2001; Kreis, 2004). For instance, the current study 

used MRS technique with a small VOI measured at 13×13×13mm. Comparatively, Guo 

et al. (2018) used 20×30×20mm VOI, Zhang et al. (2013) used 18x18x10mm VOI, 

Murphy et al. uses 20x25x30mm VOI, and Aksoy et al. (2018) used 20x20x20mm VOI. 

The use of different VOI sizes may yield different observations on the metabolite 

concentrations.  

Cho is one of the most abundant metabolites in the brain and essential for cell 

membrane synthesis and degradation (Blusztajn, 1998; Zeisel & Da Costa, 2009)  In 

this current study, it was observed that the Cho/Cr ratio was lower in the VC of severe 

glaucoma group than those in with mild glaucoma group. The group with severe 

glaucoma recorded Cho/Cr concentration ratio of 0.30±0.06 while the group with mild 

glaucoma recorded 0.42±0.11. The healthy controls recorded a higher mean of 

0.36±0.08, higher than the severe glaucoma albeit statistical analysis revealed no 

significance between the two.  
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On the same note of the current study, Y. Zhang et al., (2013) reported a 

decreased in Cho/Cr ratio in the VC, using a multiple voxel technique MRS.  Y. Zhang 

et al., (2013) noted a reduction in the NAA/Cr in the glaucoma group. They concluded 

that Cho reduction in the VC as a sign of active neurodegenerative processes due to 

glaucoma.  Murphy et al. (2016) also recorded a lower level of Cho in the VC following 

the severity of glaucoma in their recruited subjects. They argued glaucoma leads to a 

reduced cortical cholinergic function, a similar observation in other neurodegenerative 

diseases such as Alzheimer’s (Miettinen et al., 2015; Rombouts, Barkhof, Van Meel, & 

Scheltens, 2002). Studies have shown that functional brain responses were improved 

with cholinergic stimulation in neurodegenerative diseases (Bentley, Driver, & Dolan, 

2008; Miettinen et al., 2015).  

Taking in a similar context (glaucoma is a neurodegenerative disease), a 

reduction in Cho concentration in the VC may indicate cholinergic neurotransmission 

involvement in the visual deterioration in the VC of subjects with glaucoma. Therefore, 

reduction in Cho may indicate that apoptosis, neuronal damage, and a slowing in 

cellular metabolism are already occurring. Boucard et al. (2007), Guo et al. (2018) and 

Aksoy et al., (2018) on the other hand, reported no significant change in the Cho 

concentration in the VC.  

In this current study, no significant changes between groups were recorded for 

NAA, Cr, and mI in the VC. The mean difference in NAA in the VC of the severe 

glaucoma groups (54.78±7.78) was, however, lower than that in the healthy group 

(56.17±9.50), despite of being not statistically significant, is noteworthy. A similar 

observation was reported by Zhang et al. (2013) and Aksoy et al. (2018), which noted 

a reduced NAA level in the glaucoma group relative to the healthy group. They 

advocated that the reduction in the NAA concentration in their glaucoma group may 

indicate functional or structural damages to neurons and axons, emphasizing the NAA 

as an important biomarker for evaluating the survival of both neurons and axons in the 

brain. 
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In summary, the present study provides valuable insights into the metabolic 

alterations occurring in the VC of subjects with severe glaucoma. While the observed 

changes in Glx and Cho concentrations suggest potential indicators of glaucoma 

pathophysiology, it is essential to consider disease severity and stage when interpreting 

MRS results. The discrepancies across studies underscore the need for further research 

to elucidate the precise mechanisms underlying these metabolic changes in glaucoma. 

7.5 CONCLUSION  

This current study shows evidence of metabolite changes in the VC of glaucoma 

patients, particularly the Glx and Cho. The information obtained in this study on the 

metabolites alteration in the VC may suggest that the VC of glaucomatous subjects   are 

experiencing continuing neurodegenerative processes. The MRS technique may be 

utilized as a non-invasive methodology for analysing molecular changes in the VC, 

which in turn may add clinical value for glaucoma detection and management.  
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CHAPTER 8 

 CONCLUSION 

8.1 GENERAL DISCUSSION 

The MRS technique being non-invasive have the potential as a clinical tool in aiding 

diagnosis and management of diseases.  The MRS enables an in vivo measurement 

allowing sensitive tissues, such as the brain, to be measured. The MRS has a potential 

to be an important clinical application in the future. The current study has demonstrated 

that the MRS is a repeatable and reliable technique in measuring the LGN and VC 

metabolites concentrations. Chapter 4 findings have indicated that the measurements of 

the NAA, Glx, Cr, Cho and mI metabolites were repeatable using the single voxel 

spectroscopy of a 1.5 Tesla MRI system in the LGN and the VC. It was shown that the 

range of repeatability coefficient (RC) percentage for Cho in LGN and VC and 

coefficient variation (CV) percentage for NAA, Cho and Cr in VC were comparable to 

previous published studies.    

  Chapter 5 of this thesis details the experiment comparing metabolites 

concentrations in the LGN and the VC between young and elderly. It was shown that in 

the LGN, all metabolites except the mI having significantly different values between 

the two age groups, with NAA shows reduction with age and the others reported the 

opposite. While in the VC, the Cr, Cho and mI were observed to be significantly higher 

in the elderly group. The significant difference between elderly’s concentrations to that 

of the younger group may indicate the healthy aging effect on metabolite 

concentrations. These data are important in this study as they serve as a baseline of 

metabolite concentration for both age groups.  The data also served as a baseline upon 

comparison to metabolic data of patients with glaucoma, the disease of interest in this 

study. 
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Chapter 6 of this thesis details the metabolic concentration comparison in the 

LGN between healthy controls to groups with mild glaucoma and severe glaucoma. It 

was found that the NAA concentration is significantly higher than those of healthy 

controls. One possible explanation for this observation is that the increased NAA 

concentration may reflect a compensatory mechanism in response to the damage caused 

by glaucoma. The Cho reduction following the severity of glaucoma was also observed. 

These reduction in Cho may be interpreted as a sign of deteriorating cell integrity due 

to apoptosis in neuronal tissues in the LGN of the glaucoma patients. 

  Chapter 7 of this thesis details the metabolic concentration comparison in the 

VC between healthy controls to groups with mild glaucoma and severe glaucoma. The 

current study observed a reduction in Glx concentration in the severe glaucoma group 

relative to the healthy controls, which may be explained by advanced stage glaucoma 

is characterized by a lower degree of active pathological changes compared to early 

glaucoma patients, hence result in a lower degree of excitotoxicity and glutamate release 

in the LGN. The current study also saw reduction of Cho in the severe glaucoma group, 

indicating apoptosis, neuronal damage, and a slowing in cellular metabolism are 

occurring. 
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Based on the findings, it appears that there are neurochemical changes 

associated with both healthy aging and severe glaucoma, but the specific patterns differ 

between the two conditions. The metabolite changes of healthy aging, as mentioned 

above, suggest alterations in neuronal health and metabolism. Meanwhile, the 

metabolite changes of severe glaucoma in LGN and VC, as mentioned above, may 

reflect the impact of glaucoma on the neurochemical environment in these brain areas 

involved in visual processing. Additionally, the variation in metabolite concentration 

observed in LGN and VC in this study means that the biochemical makeup and 

processes occurring in these two regions exhibit unique metabolite profiles. These 

indicate that the metabolite profiles obtained are actually based on specific functions or 

responses to various physiological or pathological conditions. These findings also 

suggest that metabolite changes associated with healthy aging may overlap with some 

of the metabolic changes seen in severe glaucoma. This implies that age-related 

metabolic shifts and brain regional differences should be considered when studying 

glaucoma. These aspects are crucial in contextualising a study’s findings, as they may 

confound or influence the interpretation of metabolic changes specific to the disease. 

In a general perspective, there is lacking in consensus of the exact metabolite 

concentrations in the LGN and VC of patients with glaucoma. With only handful 

literatures available, different observations were reported which may be stemmed to 

different MRS setting, anatomy of interest, and the imaging system the study applied. 

This current study adds to the body of knowledge on metabolite concentrations in 

glaucoma, especially involving the LGN and VC.   The findings in this current study, 

whether or not in line with the earlier research, open for new avenues of understanding 

the pathophysiological details of glaucoma, which may be beneficial in aiding its 

diagnosis and management. 
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8.2 CONTRIBUTION AND BENEFITS OF THE RESEARCH 

This comprehensive study makes notable contributions to both the field of neurobiology 

and clinical practice. By demonstrating the potential of MRS as a non-invasive clinical 

tool, it paves the way for improved disease diagnosis and management, with 

implications for enhanced healthcare outcomes globally. The research has established a 

standardised approach to conducting MRS acquisition that can serve as a resource for 

both clinicians and researchers alike. This research not only advances scientific 

knowledge but also has extensive societal benefits, potentially reducing the burden of 

visual impairments associated with glaucoma, thereby positively impacting public 

health and contributing to the overall well-being of the population. Additionally, the 

study's rigorous methodology and significant findings make it a noteworthy addition to 

the body of scientific literature, enhancing the national and international research 

landscape. 

The study’s findings also hold significant applications and implications across 

various domains. In clinical medicine, the insights of metabolite concentration change 

provide a crucial foundation for healthcare professionals. Understanding the subtle 

changes in metabolite concentrations associated with healthy aging and glaucoma 

equips clinicians with invaluable information to refine diagnoses and tailor treatment 

approaches for their patients. In addition, this research is poised to play a pivotal role in 

the field of geriatric medicine. By shedding light on the complexities of age-related 

metabolic shifts, it offers a deeper understanding of the healthcare needs specific to 

older individuals. Furthermore, this work has direct relevance within the field of 

ophthalmology. The identification of metabolite alterations in severe glaucoma 

represents a potential breakthrough in the understanding and management of this 

condition, potentially leading to more effective therapeutic strategies for patients 

affected by glaucoma.  
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8.3 THE LIMITATION OF THE STUDY RESULTING FROM THE IMPACT 
OF COVID-19 

This study was heavily affected by the pandemic Corona virus disease (COVID-19). 

During the data collection stage, the Malaysian government implemented the movement 

control order (MCO) on March 18, 2020, which severely restricted the movement of all 

civilians. To a greater difficulty, the data collection was conducted in the vicinity of 

Sungai Buloh, near the COVID-19 designated Sungai Buloh Hospital, which created 

pessimistic perceptions for subject recruitment. This significantly disrupted the data 

collection and limited the study's sample size, as both the researcher and subjects were 

unable to travel to the study site. The original aims of the study were restructured, and 

the study design was amended yet fitting a doctoral study workload and scope. Due to 

COVID-19, some amendments were made digressing from the intentional study plan. 

1. The initial plan of the study was to include different classes of glaucoma, apart of 

the current severe and mild glaucoma group. It was thought to include suspected 

glaucoma, and normal tension glaucoma as well into the study. The inclusion of 

these glaucoma subgroups may yield a deeper information of metabolite 

concentration in this disease. Future studies could employ all glaucoma subgroups 

for a more holistic research coverage.  

 

2. It was also originally planned for the study to include the 3.0 Tesla MRI system as 

a method of measurement. Nevertheless, due to logistical and sampling issues, 

exaggerated by the situation posed by the MCO, a 1.5 Tesla MRI system was 

deemed the best at the point of data collection. It would be interesting to obtain 

MRS reading from a powerful MRI system, such that can be obtained from a 3.0 

Tesla MRI system, yet this expedient could be conducted in the future studies.  

 

3. The original objective of the study was to recruit at least 15 subjects per group; 

however, due to the restrictions imposed by the pandemic, full recruitment was not 

possible, and the study had to proceed with a smaller sample size. Despite this 

setback, it was determined that the study's final sample size was sufficient for 

analysing the objectives of the study. However, future studies with larger sample 

sizes are highly recommended to expand these results. 
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The amendments made to the original study plan do not by any intention, reduce 

the academic prestige of the current study. As per the elaborations, any limitations in 

the current study shall be justified for an opportunity for future experiments.  

8.4 STUDY LIMITATION AND FUTURE STUDIES 

This study has several limitations. First, the sample size was relatively small. There 

were only mild glaucoma group and severe glaucoma group included in the study. The 

small sample may miss important observations such that that may be occurring in other 

glaucoma groups such as moderate glaucoma, suspected glaucoma, normal tension 

glaucoma, and ocular hypertensives. Future studies may incorporate these other 

glaucoma groups for a greater investigation on glaucoma.  

 Second, this current study used metabolite concentration amplitude that was 

obtained from the amplitude magnitude of the acquired spectra using jMRUI software 

for use in statistical analysis. Future research should consider using techniques that 

enable the computation of more accurate absolute metabolite concentrations, as it 

allows for a more precise quantification of metabolite concentrations, can provide a 

better understanding of the underlying biochemical changes and it can be useful in 

comparing metabolic changes between different studies.   

Third, it should be emphasized that single-voxel spectroscopy makes it 

impossible to choose an identical VOI that fits the geometry of the LGN and VC while 

also preventing extraneous tissue contamination, which could affect the metabolic 

concentration and may not exactly reflect degeneration or atrophic field. Future studies 

should investigate the performances of single- and multi-voxel spectroscopy. 

Fourth, one radiographer and one spectral reviewer were assigned to locate the 

VOI and measure the amount of each metabolite. Inter-operator repeatability of the 

spectral analysis was not investigated. A study with different radiographers and spectral 

reviewers under the same conditions need to be established in the future studies.  

Fifth, the measurements were taken only on the LGN and VC. Considering there 

are more areas involved in the visual pathway, metabolites measurements may be 

warranted in areas such as the vitreous, mid brain, or optic radiation. Such experiments 

may yield a deeper coverage on the effect of glaucoma on different areas of the brain. 
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Sixth, the MRS employed in this study was using 1.5 Tesla MRI scanner. While 

this is a widely used field strength for clinical MRI, higher field strengths, such as 3 

Tesla or 7 Tesla, may provide greater information on the metabolite concentrations in 

the brain. 

One general caveat to keep in mind regarding the overall elements of this work 

has to do with the selection process for healthy controls. The glaucoma patients were 

recruited from the Ophthalmology Clinic of the UiTM Specialist Hospital, whereas 

healthy controls were recruited by leaflet and poster exposure. As a result, glaucoma 

patients are driven by health issues, but healthy controls may be motivated by other 

factors. Whether or not this bias is significant is debatable. 
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APPENDIX B: INFORMATION SHEET 

Subjects Information Sheet 

CHARACTERISATION OF METABOLITES CONCENTRATION IN 
GLAUCOMATOUS EYES USING NARROWER SCAN AREA OF PROTON 

MAGNETIC RESONANCE SPECTROSCOPY (1H-MRS) 

Introduction of Study 

Glaucoma is one of the most common diseases that could lead to blindness. Commonly, 
it is a disease that people will only notice after certain area of their normal visual field 
has become limited. The screening methods that are currently used to detect the early 
stage of the disease are not as good as we would like them to be. Early detection of this 
disease is important to enable early treatment given to the patient. There is a technique 
that would use an imaging modality that may work better to detect the glaucoma at an 
early stage. 

Purpose of Study 

The reason we are doing this research is to find out if the technique could give 
information that would signify that a person would develop glaucoma. 

Study Procedure 
This research will involve a single imaging procedure of head area using Magnetic 
Resonance Imaging.  
 
Participant selection 
We are inviting all glaucoma patients from the Pusat Pakar Perubatan UITM to 
participate in the research on the new technique to detect a developing glaucoma. We 
are also inviting aged matched healthy individuals who are concerned with their eye 
condition to participate in this research.  
 
Procedures and Protocol 
For healthy participants, it is because we do not know if you are really free from this 
glaucoma disease, we will assess your eyes using several instruments to enable us 
categorizing you in the healthy control group.  
 
For participants who are already diagnosed with glaucoma or other certain ocular 
disease, it is because your eyes condition might change, we will also assess your eyes 
using several instruments to allow us obtaining the accurate conditions of your eyes 
prior the imaging procedures. 
 

 
Eye assessment 
The tests will be performed by qualified optometrists and ophthalmologists. You 
will be asked to sit before the instrument or the assessors for the eye assessment.  
 



 

175 

Your details of eye condition would be obtained from the tests prior the imaging 
procedure. The several instruments for the eye assessment are safe and not 
harmful; hence should not worry you.  
 
Imaging procedure 
This imaging procedure does not use x-rays or radiation but use magnetic field 
and radio waves to create an image of internal body structure.  
You will be asked to lie down on the MRI table while your test is being 
performed. Your head will be cradled on a headrest and your arms at your sides. 
The table will slowly move into the magnetic field. While the scanner is 
performing your scan, you will hear some humming and thumping sounds foe 
several minutes at a time. These are normal and should not worry you.  
 
Exam times may range from as short as 15 minutes to as long as 40 minutes, 
depending on the cooperation from you; to be relax and lie as still as possible. 
Any movement during the scanning will blur the image and interrupt the signals 
that that should be received by the system.  

 
 
Duration 
The research takes place over nine months in total. However, each participant will only 
need to come for eye assessment once and for imaging procedure in the radiology unit 
once. In total you will be asked to come 2 times to the hospital within the 9 months.  

Participation in Study 
 
Your participation in this research is entirely voluntary. It is your choice whether to 
participate or not. Nothing will change and all the services that you receive in the clinics 
of this hospital will continue whether you choose to participate or not.  Even if you 
agreed earlier, you may stop participating anytime if you change your mind.  

Benefit of Study 

Information obtained from this study will benefit the researchers, Government of 
Malaysia, doctors and individuals for the advancement of knowledge and practice of 
medicine in future. 
 
The outcome of this research will hopefully guide us to use MRI as a diagnosing tool 
for glaucoma, which in turn could provide better care for glaucoma patient.  

If you have any question about this study or your rights, please contact the investigator 
at the following:  

 
 
Researcher’s Name : Liyana Musa 
Contact Number : 013-9952346 
Address : Department of Diagnostic Imaging and Radiotherapy,  

Kulliyyah of Allied Health Sciences, 
International Islamic University Malaysia  
Kuantan Campus,  
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25200 Kuantan, Pahang 
 
Email   : liyanamusamumtaz@gmail.com/ liyanamusa@iium.edu.my  
 
OR 
 
 
Supervisor’s Name : Asst. Prof. Dr. Firdaus bin Yusof@Alias 
Contact Number : 09-571 6400 
Address : Department of Optometry and Vision Science,  

Kulliyyah of Allied Health Sciences, 
International Islamic University Malaysia  
Kuantan Campus,  
25200 Kuantan, Pahang 

Email   : yfirdaus@iium.edu.my  
 
OR 
 
Co-Supervisor’s Name : Dr. Sabrilhakim bin Sidek 
Contact Number : 03-6126 5000 
Address  : Medical Imaging Unit, 

Faculty of Medicine, 
Universiti Teknologi MARA, 
Sungai Buloh Campus, Selangor Branch, 
47000, Jln Hospital, Sungai Buloh 
Selangor.  

Email   : bhkimy_7@hotmail.com  

 

Study Risk 
Because of the magnetic field and radio frequencies, people with a heart pacemaker, 
brain aneurysm clips and some implanted metallic or electrical devices should not have 
an MRI. It is important that you inform the researcher or the technologist if you have 
any of these metallic appliances.  
 
Other than that, there are no risks involved in this research itself. 

Confidentiality 

Your medical information will be kept confidential by the investigators and will not be 
made public unless disclosure is required by law. 

By signing this consent form, you will authorize the review of records, analysis and use 
of the data arising from this study.  

mailto:liyanamusamumtaz@gmail.com/
mailto:liyanamusa@iium.edu.my
mailto:yfirdaus@iium.edu.my
mailto:bhkimy_7@hotmail.com
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APPENDIX C: CONSENT FORM 

_____________________________________________________________________ 
                                                       Consent Form 

To become a subject in the research, you or your legal guardian is advised to sign this 
Consent Form. 

I herewith confirm that I have met the requirement of age and am capable of acting on 
behalf of myself /* as a legal guardian as follows: 

 
1.  I understand the nature and scope of the research being undertaken. 
2.  I have read and understood all the terms and conditions of my participation in 

the   research. 
3.  All my questions relating to this research and my participation therein have been 

answered to my satisfaction. 
4.  I voluntarily agree to take part in this research, to follow the study procedures 

and to provide all necessary information to the investigators as requested. 
5.  I may at any time choose to withdraw from this research without giving reasons. 
6.  I have received a copy of the Subjects Information Sheet and Consent Form. 
7.  Except for damages resulting from negligent or malicious conduct of the 

researcher(s), I hereby release and discharge  UiTM and  all participating 
researchers from all liability associated with, arising out of, or related to my 
participation and agree to hold them harmless from any harm or loss that may 
be incurred by me due to my participation in the research. 

 
_____________________________________________________________________
Name of Subject/Legal Guardian                                             Signature 

_____________________________________________________________________
I.C No                                                                                       Date 

_____________________________________________________________________
Name of Witness                                                                       Signature 

_____________________________________________________________________
I.C No                                                                                        Date 

_____________________________________________________________________
Name of Consent Taker                                                             Signature 

_____________________________________________________________________
I.C No                                                                                        Date 
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APPENDIX D: MRI PATIENT SAFETY SCREENING FORM 

MAGNETIC RESONANCE IMAGING (MRI) SAFETY CHECKLIST 
NAME: 
ID: PHONE NO: 
WEIGHT HEIGHT: 

 
Please complete the questions by circling YES or NO 

I acknowledge to the best of my understanding; the answers are true. 
I have had the MRI scan explained to me and been given the opportunity to ask 
questions about this scan. I give my consent to undergo this procedure. 
 
Date ........... /........... /.............              Signature 

 
Date ........... /........... /............. Signature of Radiographer  

PLEASE REMOVE ALL JEWELLERY (WATCHES, CHAINS, EARRINGS ETC) IN 

PREPARATION FOR YOUR EXAMINATION. 

 
 
 
 

Do you (or have ever had) any of the following? 
Heart Attack Y / N  Intravascular coils, filters or stents Y / N 
Stroke Y / N Vascular clips or wires Y / N 
Peripheral Vascular Disease Y / N Brain shunt tube Y / N 
Pacemaker Y / N Metal pins, plates, rods, screws, 

prosthesis 
Y / N 

Pacing Wires/Defibrillator Y / N Ocular (eye) prosthesis Y / N 
Artificial Heart Valve Y / N Implanted pain relief pump Y / N 
Brain aneurysm clip Y / N Any other form of implant  Y / N 
Cochlear implant Y / N Ear Surgery Y  / N 
Stapes (ear) implant Y / N Brain Surgery Y  / N 
Neurostimulator / Biostimulator Y / N Heart Surgery Y / N 
Claustrophobia Y / N  Any previous MRI examination? Y  / N 

 
Do you have any of the following? 
Hearing aid Y / N  Shrapnel or bullet wounds Y / N 
Currently have transdermal (skin) 
patches? 
e.g. nicotine patches 

Y / N Dentures, braces including 
magnetically activated dentures Y / N 

A tattoo (or tattooed makeup) Y / N Any type of body piercing Y / N 
Have you had an operation in the last 6 weeks? If YES, what? 

................................................................................................... 
Y / N 

Female patient: Could you be pregnant? Y  / N 
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APPENDIX E: ETHICS APPROVAL 
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APPENDIX F: DETAILED SAMPLE SIZE CALCULATION 

 
 
 
 
The number of participants recruited for this study was calculated using mean and 
standard deviation of Glx/Cr ratio in lateral geniculate body from glaucoma group 
(1.29±1.21) and healthy group (0.38±0.35) in the study by Doganay, Cankaya, & Alkan, 
(2012).  The calculation was done using Power and Sample Size Calculation software 
(version 3.9.1.4) (Faul, Erdfelder, Lang, & Buchner, 2007).  
 
SD within each group = (SD group 1 + SD group 2)/2 
                                      = (1.21 +0.35)/2  

 = 0.78 
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