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Glossary of terms 

DSM – diagnostic and statistical manual of mental disorders 

BBB – blood brain barrier 

ATP – adenosine triphosphate  

ATPase – adenosinetriphosphatase 

GABA – gamma-aminobutyric acid 

NMDA – N-methyl-D-aspartic acid 

POD – postoperative delirium 

NCD – non-communicable disease 

LOC – level of consciousness 

CI – confidence interval 

ADL – activities of daily living 

APOE - apolipoprotein E 

APOE4 – apolipoprotein E 4 

DNA – deoxyribonucleic acid 

cDNA – complimentary deoxyribonucleic acid 

RNA – ribonucleic acid 

mRNA – messenger ribonucleic acid 

A,G,C,T - adenine, guanine, cytosine, and thymidine 

CpG – 5’ – cytosine-phosphate-guanine 

CRP – C-reactive protein 

DMP – differentially methylated positions 

DMR – differentially methylated regions 

RBM8A – RNA-binding protein 8A gene 
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NIPAL3 – NIPA-like domain-containing 3 gene 

COMT – catechol-O-methyltransferase gene 

MAOA – monoamine oxidase A gene 

NR4A2 – nuclear receptor subfamily 4 group A member 2 gene 

NR4A3 – nuclear receptor subfamily 4, group A, member 3 - also known as 

neuron-derived orphan receptor 1 gene 

GAPDH – glyceraldehyde 3-phosphate dehydrogenase gene 

POLR2A – DNA-directed RNA polymerase II subunit RPB1 gene, also known 

as RPB1 

RPL13A – ribosomal protein L13a gene 

CNTN2 – contactin 2 gene 

ZNF426 – zinc finger protein 426 gene 

SCRT2 – scratch family transcriptional repressor 2 gene 

GOLGA8B – golgin A8 family member B gene 

DBF4 – dumbbell former 4 protein gene 

INPPL1 – inositol polyphosphate phosphatase like 1 gene 

ZBTB10 – zinc finger and BTB domain containing 10 gene 

NRXN1 – neurexin-1-alpha gene 

DAGLB – diacylglycerol lipase beta gene 

GAD2 – glutamate decarboxylase 2 gene 

SYT1 – synaptotagmin 1 gene 

SYT9 – synaptotagmin 9 gene 

VPS13A – vacuolar protein sorting 13 homolog A gene 

ENPP1 – ectonucleotide pyrophosphatase/phosphodiesterase 1 gene 
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GRB10 – growth factor receptor bound protein 10 gene 

GFPT1 – glutamine--fructose-6-phosphate transaminase 1 gene 

PRKCA – protein kinase C alpha gene 

LAT2 – linker for activation of T cells family member 2 gene 

LYN – tyrosine-protein kinase gene 

KIT – proto-oncogene c-KIT gene 

CNTNAP2 – contactin-associated protein-like 2 gene 

SPTBN4 – spectrin beta, non-erythrocytic 4 gene 

AGRN – agrin gene 

HIPK1 – homeodomain-interacting protein kinase 1 gene 

PTPRM – protein tyrosine phosphatase receptor type M gene 

TFAP2A – transcription factor AP-2 alpha gene 

PEX10 – peroxisomal biogenesis factor 10 gene 

LONP2 – lon peptidase 2 gene 

PEX3 – peroxisomal biogenesis factor 3 gene 

TIMM9 – translocase of inner mitochondrial membrane 9 gene 

SKI – SKI proto-oncogene gene 

ASCL2 – achaete-scute family BHLH transcription factor 2 gene 

UEMS – University of Exeter Medical School 

PCR – polymerise chain reaction 

qPCR – quantitative polymerise chain reaction 

RT-PCR – reverse transcriptase polymerise chain reaction 

RT-qPCR – reverse transcriptase quantitative polymerise chain reaction  

RT – reverse transcriptase 
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PBMC - peripheral blood mononuclear cell 

BMI – body mass index 

RD&E – Royal Devon and Exeter hospital 

PAS - patient administration software 

AMTS – abbreviated mental test score 

GP – general practitioner 

RILD – research innovation learning and development 

RDETB – Royal Devon & Exeter tissue bank 

NIHR – National institute for health and research 

CRF – clinical research facility  

UV – ultraviolet 

ID – identity 

dNTP – deoxynucleoside triphosphate 

GO – gene ontology 

NBRE – the nerve growth factor-induced clone B response element 

EMC – extraskeletal myxoid chondrosarcomas 

UCSC – University of California, Santa Cruz genome browser 

BLAST – the basic local alignment search tool 

IDT – integrated DNA technologies 

Ct – cycle threshold 

DDCt – delta-delta-ct, 2–∆∆Ct 

DMSO – dimethyl sulfoxide 

EDTA – ethylenediaminetetraacetic acid 

TBE – tris-borate-ethylenediaminetetraacetic acid 
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SPSS – statistical package for social sciences 

CDM – clinical data management software  

IT – information technology 

NHS – national health service 
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1 Abstract 

Postoperative delirium is a common surgical complication. The underlying 

pathophysiology has not yet been elucidated. Prior work in this laboratory 

has identified differentially methylated positions associated with specific 

genes in the context of both surgery and postoperative delirium. Polymerise 

chain reaction primers were developed for five genes: Monoamine oxidase 

A (MAOA), catechol-O-methyltransferase (COMT), nuclear receptor 

subfamily 4 group A member 3 (NR4A3), RNA binding motif protein 8A 

RBM8A, and NIPA like domain containing 3 (NIPAL3). Blood samples were 

collected from patients across three timepoints, preoperatively, one day 

postoperatively and four or seven days postoperatively. 20% of patients 

who underwent surgery developed postoperative delirium as assessed by a 

trained practitioner. Relative gene expression in blood samples was 

calculated at all three time points for each gene using quantitative real-time 

polymerise chain reaction. Relative gene expression was altered in the 

postoperative interim for all genes analysed. Differences in relative gene 

expression in those who developed delirium versus those who did not 

develop delirium were not statistically significant. Levels of methylation at 

sites associated with these genes did not correlate with relative gene 

expression. Preoperative data demonstrated a link between blood pressure 

and rates of delirium. Follow-up data demonstrated an inverse correlation 

between delirium and readmission rates. This study revealed that gene 

expression is altered in the postoperative period. Further studies into the 

relationship between delirium and alterations in gene expression are 

necessary to draw further conclusions. 
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2 Introduction to delirium 

2.1 Delirium 

Delirium is a state of mental confusion that can occur as a result of illness, 

surgery and with the use of some medications. Also called “acute confusional 

state”, delirium usually starts suddenly and can be frightening for the patient 

experiencing it and for those around them. Delirium is a common and serious 

acute neuropsychiatric syndrome with core features of inattention and global 

cognitive dysfunction (Tamara G Fong, Tulebaev and Inouye, 2009). 

 

2.1.1 Symptoms of delirium 

Delirium is defined in the diagnostic and statistical manual of mental disorders 

(DSM) by the presence of disturbed consciousness including, but not limited to, 

reduced ability to focus, sustain and shift attention, a change in cognitive 

abilities such as memory deficit, disorientation, and language disturbance that is 

not better accounted for by a pre-existing, established or evolving dementia, 

see Table 1 (Boustani et al., 2014). Literature from different medical specialties 

has historically used various terminologies to describe this condition; from 

phrenitis to encephalopathy to delirium (Sutter et al., 2015).  
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Table 1 - Criteria for delirium according to the diagnostic and statistical manual of 
mental disorders, 5th edition (DSM-5) 

Number Criteria 

1 A disturbance in attention (i.e., reduced ability to direct, focus, 

sustain and shift attention) and awareness (reduced orientation 

to the environment). 

2 • The disturbance develops over a short period of time (usually 

hours to a few days), represents a change from baseline 

attention and awareness, and tends to fluctuate in severity during 

the course of a day. 

3 • An additional disturbance in cognition (e.g., memory deficit, 

disorientation, language, visuospatial ability or perception). 

4 • The disturbances in Criteria 1 and 2 are not better explained by 

another pre-existing, established or evolving neurocognitive 

disorder and do not occur in the context of a severely reduced 

level of arousal, such as coma. 

5 There is evidence from the history, physical examination or 

laboratory findings that the disturbance is a direct physiological 

consequence of another medical condition, substance 

intoxication or withdrawal (i.e., due to a drug of abuse or to a 

medication), or exposure to a toxin, or is due to multiple 

aetiologies. 
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2.1.2 Epidemiology of delirium 

Delirium occurs in 1-2% of the general population (Inouye, 2006a). Recent 

studies report a prevalence rate of approximately 14-24% in medical and 

surgical elderly inpatients (Tamara G. Fong, Tulebaev and Inouye, 2009). In 

postoperative patients the incidence and prevalence rates vary greatly 

depending on patient population and clinical setting (Bucht, Gustafson and 

Sandberg, 1999). Studies demonstrate rates of occurrence of postoperative 

delirium ranging from 9% up to 87% (Marcantonio et al., 1994; Inouye, 2006b; 

Robinson and Eiseman, 2008). The underlying reasons for the variation in 

results from these studies on the prevalence of postoperative delirium pertain to 

the risk factors of the patient, type of surgery and patient age; see 2.2.11 - Risk 

factors for delirium. Some studies have demonstrated that as much as 50% of 

cases of delirium are undiagnosed (Milisen et al., 2002).  

 

2.1.3 Financial implications and costs to healthcare of delirium 

Estimating the economic and societal cost of postoperative delirium is difficult. 

Financial costs of delirium in the United States of America in 2011 were of the 

magnitude of $150bn (Leslie and Inouye, 2011). Other more recent estimates 

have been put forward, suggesting that the cost is more than $340bn per year 

in the USA and 18 other European countries (Inouye, Westendorp and 

Saczynski, 2014). The financial cost of the admission to hospital is not easy to 

calculate and there remains a paucity of data for this specifically from the United 

Kingdom. The increased length of stay combined with the increased level of 

care required for those with delirium obfuscates overall cost calculations.   
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2.1.4 Health implications and consequences of delirium 

The long-term sequelae of an episode of delirium to a patient’s health are 

difficult to fully demonstrate or quantify. Studies have displayed an increased 

susceptibility to dementia following an episode of postoperative delirium 

(Lundström et al., 2003; Bickel et al., 2008; Slooter, Van De Leur and Zaal, 

2017). The rate of death amongst those presenting with postoperative delirium 

has been observed to be as high as eight times that seen in controls (8% vs 

1%) (Francis, Martin and Kapoor, 1990). Patients who experience delirium are 

more likely to require a nursing institution or other increased package of care in 

their establishment or placement (16% vs 3%) (O’Keeffe and Lavan, 1997). A 

study has highlighted a relative risk ratio of developing dementia after delirium 

of 3.23 (1.86-5.63 95% CI) and a relative risk ratio of death after an episode of 

delirium at 1.80 (1.11-2.92 95% CI) (Rockwood et al., 1999). 

Given the poor understanding of postoperative delirium, my thesis aims to 

highlight some of the specific mechanisms and pathological processes at play, 

see 3 - Aims. Developing an understanding of the underlying mechanisms in the 

pathogenesis of postoperative delirium is important to developing treatments and 

the prevention of delirium. The postoperative interim is both a key trigger and a 

risk factor for delirium as a complication of surgery. Currently we are unable to 

accurately predict delirium and the management of delirium is poor. The current 

management is symptomatic at best and the long-term sequalae of neglecting to 

prevent or treat delirium is unclear. We do know that delirium is a significant risk 

factor for dementia. With an ageing population dementia is becoming increasingly 

burdensome to society both in terms of financial costs as well as the pressure 

and heartbreak this inflicts on families who cannot care for their relatives.  
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2.1.5 Clinical subtypes of delirium 

Delirium can be divided into hypoactive, hyperactive and mixed presentation. 

Hypoactive delirium may go more unnoticed than other types of delirium due to 

the difficulties in recognising it. That is to say, a quietly confused and drowsy 

patient attracts less attention from medical staff and family members than 

someone who is overtly agitated and, in some cases, aggressive. However, the 

prognosis for people with hypoactive delirium appears to be worse (Hosker and 

Ward, 2017). Hypoactive delirium presents with comparatively reduced activity, 

sluggishness, drowsiness or an appearance of being dazed. This could easily be 

overlooked, and the symptoms could be attributed to tiredness. Hyperactive 

delirium tends to present with more agitation, restlessness, hallucinations, rapid 

mood changes and occasionally aggression. This form of delirium, due to its 

symptoms, may be more easily recognised. However, the fluctuation of 

symptoms and short duration can sometimes make hyperactive delirium a difficult 

diagnosis. It should be noted that all forms of delirium present with fluctuations in 

mood and symptoms. There appears to be a presentation of mixed hypoactive 

and hyperactive delirium which is a mixture of symptoms. The differences in 

underlying pathology between presentations is unknown. Approximately 50% of 

cases of delirium present as hypoactive, with 20% presenting as hyperactive 

delirium and the other 30% presenting with a mixed picture (Hosker and Ward, 

2017). Delirium can be associated with differing pictures of neurotransmitter 

disturbances with respect to the initial trigger, see Table 2 - Theorised 

neurochemical mechanisms associated with conditions leading to delirium. 

Abbreviations: ↑, likely to be increased; ↓, likely to be decreased; -, no clear 

changes; ACH, acetylcholine; DA, dopamine; GLU, glutamine; GABA, gamma-

aminobutyric acid; 5HT, 5-hydroxytriptamine or serotonin; CVA, cerebrovascular 

accident. (Table adapted from Maldonado, 2008a). This suggests that different 

underlying pathological processes could be involved in achieving the same 

resulting state of delirium. One could speculate that different underlying 

neurotransmitter disturbances might lead to differing sub-type presentations of 

delirium, given that some of the neurotransmitters are known to be inhibitory and 

some are known to be stimulatory. This is unsubstantiated and merely 

speculative. 
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Table 2 - Theorised neurochemical mechanisms associated with conditions 
leading to delirium. Abbreviations: ↑, likely to be increased; ↓, likely to be 
decreased; -, no clear changes; ACH, acetylcholine; DA, dopamine; GLU, 
glutamine; GABA, gamma-aminobutyric acid; 5HT, 5-hydroxytriptamine or 
serotonin; CVA, cerebrovascular accident. (Table adapted from Maldonado, 
2008a). 

Source of delirium ACH DA GLU GABA 5HT 

Hypoxia ↓ ↑ ↑ ↓ ↓ 
CVA - ↑ - - - 
Hepatic failure ↓ ↑ ↑ ↑ ↑ 
Postop/trauma ↓ ↑ - - ↓ 
EtOH withdrawal ↑ ↑ ↑ ↓ ↑/↓ 
Infection/sepsis ↓ ↑ - - ↓ 
Dehydration ↓ ↑ - - - 

 

2.2 Aetiology of delirium 

There are several hypotheses about the underlying causes of delirium. These 

hypotheses are complimentary rather than competing and no single hypothesis 

has managed to explain the phenomenon alone. Cholinergic deficiency or 

failure of cholinergic neurons has commonly been suggested as the final 

common pathway in delirium (Hshieh et al., 2008a; van Eijk et al., 2010). 

Despite this, procholinergic drugs are not effective at reversing delirium that 

wasn’t caused by an anticholinergic poisoning (Hshieh et al., 2008a). Exposure 

to anticholinergic medications has been observed to display a worsening picture 

of symptoms in those already with defined delirium (Han et al., 2001). This does 

suggest that cholinergic neuronal pathways are involved in the pathogenesis of 

postoperative delirium. Below is a summary of the current hypotheses. The links 

between the described hypotheses display an intricate and complex series of 

steps that may go some way towards elucidating the underlying pathology for 

the condition we commonly see on the wards.   
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2.2.1 Neuroinflammatory hypothesis 

The neuroinflammatory hypothesis suggests that acute inflammation from a 

peripheral site induces an inflammatory response in the brain (Dantzer et al., 

2008; Cerejeira et al., 2010). This releases proinflammatory cytokines and 

inflammatory mediators inside the brain and induces both neuronal cell and 

synaptic dysfunction (Hopkins, 2007). This deterioration in neuronal cells 

imparts a deleterious change in cognition, see Figure 1 - Visual illustration on 

how peripheral inflammation and immune cells contribute to the disruption of the 

integrity of the blood brain barrier and the subsequent increased permeability. 

Image adapted from (Cerejeira et al., 2013). The release of leukocytes 

secondary to an immune response to infection or inflammation can lead to an 

increase in permeability of the blood brain barrier. Leukocytes adhere to the 

endothelial cells of the blood brain barrier. Degranulation of leukocytes to 

release oxygen free radicals and enzymes, leads to destruction of endothelial 

cells compromising the blood brain barrier (Hála, 2007; He et al., 2010). This 

alteration in permeability of the blood brain barrier (BBB) leads to a shift of 

extravascular fluid causing oedema of the cerebral tissue (Pfister et al., 2008). 

The sequelae of perivascular oedema is an increased distance of diffusion of 

oxygen from the blood supply to the tissues it supplies and subsequent reduced 

perfusion of the brain (Uchikado et al., 2004; Bogatcheva et al., 2005). Reduced 

perfusion and microvascular impairment can ultimately lead to ischaemic injury 

of the brain tissue. This model of delirium links with the neurotransmitter 

hypothesis; that is, hypoxic ischaemic injury to the brain influences the release 

of key neurotransmitters in the brain (Hirsch and Gibson, 1984). Hirsch and 

Gibson demonstrated a selective disruption of the neurotransmitters affecting 

most sensitively the synthesis of acetylcholine by the affected tissues. However 

Hshieh et al., 2008b suggests that an imbalance in other key neurotransmitters 

other than acetylcholine can prove deleterious in the development of delirium. 
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Figure 1 - Visual illustration on how peripheral inflammation and immune cells 
contribute to the disruption of the integrity of the blood brain barrier and the 
subsequent increased permeability. Image adapted from (Cerejeira et al., 
2010). 

 

2.2.2 Neuronal ageing hypothesis 

The neuronal ageing hypothesis might be considered more of an independent 

risk factor than an isolated and underlying causative hypothesis of delirium. Age 

alone is associated with a linear increase in likelihood of developing delirium in 

an acute setting when exposed to a sufficient trigger. This is well substantiated 

with studies demonstrating increased incidence of delirium in elderly 

populations. Studies showed a 2% increase in the likelihood of developing 

delirium per year of age past the age of 65 in intensive care patients 

(Pandharipande et al., 2006). This statistic is demonstrative of the relationship 

between age, physiological illness and development of cognitive decline in the 

context of delirium.  
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2.2.3 Oxidative stress hypothesis 

The oxidative stress hypothesis is, in part, the sequelae of the 

neuroinflammatory hypothesis. Hypoperfusion of the brain leads to an 

accumulation of reactive oxygen and nitrogen species in brain tissues. 

Originally proposed by Engel and Romano, the oxidative stress hypothesis 

suggests that a reduced supply of oxygen and increased oxygen demand leads 

to cerebral dysfunction and the associated cognitive decline and behavioural 

symptoms of delirium. Engel and Romano suggested that “delirium is the 

clinical expression of a cerebral metabolic effect” (Engel and Romano, 1959). 

The oxidative stress hypothesis is linked with the neurotransmitter hypothesis. 

Hypoperfusion and subsequent lack of oxygen supply to the brain leads to an 

impaired ATPase pump system (Siesjö, 1984). ATPases are a set of enzymes 

that, in the context of the oxidative stress hypothesis are crucial to maintain ion 

gradients. In cerebral tissue an impaired ATPase pump system causes an influx 

of Na+ and Ca2+ intracellularly in brain tissue (Siesjö, 1984; Kirsch et al., 1989). 

Choi suggested that Ca2+ influx is the mechanism underpinning the 

neurobehavioral issues due to glutamate and dopamine release (Choi, 1988b, 

1988a). This can create a positive feedback loop whereby increased glutamate 

leads to further increase in Ca2+. Dopamine is further increased due to an 

impaired mechanism of metabolism from dopamine to noradrenaline in an 

oxygen deprived brain tissue and also via a reduced catechol-O-methyl 

transferase activity due to enzyme deactivation by accumulation toxic 

metabolites (Graham, 1984).  
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2.2.4 Neurotransmitter hypothesis 

The neurotransmitter hypothesis of delirium was first suggested when it was 

observed that delirium had occurred when patients were exposed to 

anticholinergic drugs or toxins (Tune and Egeli, 1999). Multiple observational 

studies have shown a correlation between delirium and exposure of 

anticholinergic medications both in postoperative surgical patients and in 

medical patients (Itil and Fink, 1966; Golinger, Peet and Tune, 1987; Tune et 

al., 1993; Flacker et al., 1998). Numerous commonly prescribed drugs have 

anticholinergic activity either as their intrinsic mechanism of action or featuring 

as a side effect. Delirium is a common feature of overdose or poisoning with 

anticholinergic drugs (Itil and Fink, 1966). Using the neurotransmitter hypothesis 

as a model, delirium is a reversible psychiatric condition that is a consequence 

of a reduced central acetylcholine transmission and an increased central 

dopaminergic transmission (Trzepacz, Leavitt and Ciongoli, 1992; Trzepacz, 

2000). The neurotransmitter hypothesis suggests that neurotransmitters interact 

and influence one another, and this extends to glutaminergic and gamma-

aminobutyric acid, or GABA neurotransmitters amongst others. Other notable 

neurotransmitters that have been observed as being disrupted and are either 

increased or decreased include serotonin, Norepinephrine and NMDA (N-

methyl-D-aspartic acid) amongst others. Having a different initial trigger of the 

delirium has been observed to lead to a spectrum of different effects on the 

different neurotransmitters, see Table 2 - Theorised neurochemical 

mechanisms associated with conditions leading to delirium. Abbreviations: ↑, 

likely to be increased; ↓, likely to be decreased; -, no clear changes; ACH, 

acetylcholine; DA, dopamine; GLU, glutamine; GABA, gamma-aminobutyric 

acid; 5HT, 5-hydroxytriptamine or serotonin; CVA, cerebrovascular accident. 

(Table adapted from Maldonado, 2008a). 
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It has long been recognised in psychiatry and medicine that neurotransmitters 

can affect behaviour, mood, memory and cognition. Dopamine levels in excess 

of 500 times the normal concentration, as is seen in some patients with 

delirium, could very well present with psychiatric disturbance (Miller, 1984; 

Globus et al., 1988; Broderick and Gibson, 1989; Hutchinson et al., 2002). The 

dramatic increase in dopamine may go some way to explaining the more 

hyperactive symptoms such as hallucinations, agitation, increased psychomotor 

activity, restlessness, combativeness and psychosis (Miller, 1984). It has been 

noted that both ageing and hypoxia are associated with a decreased volume of 

acetylcholine-producing cells in the brain (Gibson, Peterson and Sansone, 

1981). This shows that the neurotransmitter hypothesis might have direct links 

with the neuronal ageing hypothesis and oxidative stress hypothesis. Ca2+ influx 

as a consequence of hypoperfusion, as described in 2.2.3 - Oxidative stress 

hypothesis, increases the activity of tyrosine hydroxylase (Carmen and Wyatt, 

1977). Tyrosine hydroxylase is an enzyme which catalyses the conversion of 

the amino acid L-tyrosine into levodopa which is a crucial step in the 

endogenous production of dopamine from amino acids, leading to an increased 

level of dopamine (Kirsch et al., 1989). Dopamine may exert its deliriogenic 

mechanism by its direct excitatory effect secondary to receptor agonism of 

dopamine receptors, indirectly by its influence of a glutamate induced injury 

(Graham, 1984) or by non-oxidative stress induced mechanisms (Pedrosa and 

Soares-da-Silva, 2002). 
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It would seem fitting with the neurotransmitter hypothesis that neuroleptic or 

antipsychotic medications would be a viable treatment. Neuroleptics including, 

but not limited to, haloperidol primarily work by blocking dopamine receptors 

(Madras, 2013). The evidence for neuroleptics as a treatment for delirium exists 

(Platt et al., 1994). Other commonly administered neuroleptics include 

chlorpromazine, olanzapine, risperidone and quetiapine among others. One 

may postulate that neuroleptics with a stronger anticholinergic effect may be 

less preferable. A meta-analysis concluded that from the available evidence 

there does not appear to be superiority among any particular choice of 

antipsychotic despite variable effects on the cholinergic systems (Meagher et 

al., 2013). Haloperidol has an established efficacy and safety profile. 

Haloperidol does not produce significant hypotension or over sedation, and 

does not acutely aggravate diabetes, hepatic disease or renal disease (Parikh 

and Chung, 1995). Haloperidol is potent and active at small doses of 0.5-2mg 

and due to its odourless and tasteless properties it is palatable with liquid oral 

administration. This versatility of administration can be of significant benefit, as 

the administration of medications in an acutely confused or hostile patient can 

be difficult. Covert administration of medication can be justified in patients 

without capacity (Kala, 2012). An intramuscular injection of haloperidol can be 

useful if rapid tranquilisation is necessary. Neuroleptics are one of the few 

effective treatments for delirium. Neuroleptics not only treat existing delirium but 

have shown to consistently reduce the incidence with prophylactic 

administration (Wang et al., 2012; Larsen et al., 2010; Teslyar et al., 2013; van 

den Boogaard et al., 2013). Neuroleptics are usually reserved for severe 

agitation due to their side effects and risks.  
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2.2.5 Neuroendocrine hypothesis 

The neuroendocrine hypothesis describes a mechanism of delirium due to the 

raised levels of neurosteroids. Glucocorticoids are produced by the adrenal 

glands and are released during acute stress. Glucocorticoids have long been 

known to modulate the immune system and have been used medically in this 

manner exogenously to great effect. The endogenous release of glucocorticoids 

helps the body to cope with stress and is, as such, seen as a stress hormone. 

Glucocorticoids do this by mobilising energy stores, enhancing penetration of 

leukocytes into peripheral sites of injury or infection and inhibiting non-vital 

bodily functions. A consequence of elevated Glucocorticoids is an increased 

vulnerability of neurons to metabolic damage (KRAL, 1962; O’Keeffe and 

Devlin, 1994). In fact, Glucocorticoids have been demonstrated to have a wide 

range of negative effects on brain function and can contribute to cognitive 

decline (Sapolsky, 1996; Goosens and Sapolsky, 2007). Evidence suggests 

glucocorticoids can enhance inflammation in the brain but the mechanism is not 

understood (Munhoz et al., 2010). A dexamethasone suppression test can 

demonstrate an ability for the body to recognise elevated levels of 

glucocorticoids and correct for it with the intrinsic negative feedback loops. This 

type of test, not necessarily related to delirium, is commonly used by 

endocrinologists for the diagnosis of abnormal adrenal function leading to 

Cushing’s disease and Cushing’s syndrome. Up to 78% of those suffering with 

delirium following a lower respiratory tract infection have an abnormal test result 

of non-suppression in a dexamethasone suppression test compared with 14% 

of those without delirium (O’Keeffe and Devlin, 1994). This suggests that 

autonomic regulation of glucocorticoids in those with delirium subsequent to a 

lower respiratory tract infection is frequently dysfunctional.   
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2.2.6  Diurnal dysregulation or melatonin dysregulation hypothesis 

The diurnal dysregulation or melatonin dysregulation hypothesis describes a 

mechanism by which altered sleep patterns and sleep deprivation can lead to a 

state of delirium. Sleep deprivation has been recognised as a cause for delirium 

and can exacerbate a known state of delirium (Ito et al., 2006; Pandharipande 

and Ely, 2006; Mistraletti et al., 2008). It has been noted in observational 

studies that sleep deprivation has preceded a state of delirium in postoperative 

patients (Johns et al., 1974; Mundigler et al., 2002). When looking at 

comparative studies of those with sleep deprivation versus those who weren’t 

exposed to sleep deprivation, delirium is more common in those that were sleep 

deprived (Helton, Gordon and Nunnery, 1980).  

Proinflammatory cytokines as described in the neuroinflammatory hypothesis 

enhance indoleamine-2,3-dioxygenase (Darlington et al., 2010; Stone, Forrest 

and Darlington, 2012). Indoleamine-2,3-dioxygenase is an enzyme that breaks 

down L-tryptophan, or tryptophan. Tryptophan is an essential amino acid that is 

necessary to produce serotonin and melatonin. Indoleamine-2,3-dioxygenase 

decreases the levels of tryptophan and increases production of neurotoxic 

metabolites. Consequently, enhanced indoleamine-2,3-dioxygenase leads to 

lower levels of serotonin and melatonin and an increase in neurotoxic 

metabolites in the brain (Behan and Stone, 2000; Stone et al., 2001; Forrest et 

al., 2011). Importantly this may link some of the deleterious effects described in 

the neuroinflammatory hypothesis, neurotransmitter hypothesis and the 

melatonin dysregulation hypothesis. 
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Exogenous administration of melatonin may be useful for the treatment and 

prevention of delirium in some patients. This may help to resynchronise 

irregular sleep patterns that precede or are part of the pathogenesis of delirium. 

There is evidence that perioperative and postoperative administration of 

melatonin can reduce the incidence of delirium (Sultan, 2010; de Jonghe et al., 

2014). Other studies on the use of melatonin in postoperative delirium have 

failed to demonstrate any benefit (de Jonghe et al., 2014). Some small studies 

have demonstrated that melatonin usage for delirium on medical wards is 

useful, but not on surgical wards. A meta-analysis in 2016 demonstrated a 75% 

reduction in delirium for medical patients but found no statistically significant 

benefit in surgical patients (Chen et al., 2016). This should prompt further 

investigation of the use of melatonin or melatonin agonists. Currently there does 

not appear to be strong enough evidence to recommend routine use.   
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2.2.7  Network dysconnectivity hypothesis 

The network dysconnectivity hypothesis attempts to address the different 

presentations of delirium of hypoactive, hyperactive and mixed presentations, 

see 2.1.5 - Clinical subtypes of delirium. The network dysconnectivity 

hypothesis suggests that different physiological insults such as infection or 

toxins result in different specific symptoms of delirium. This links with the 

neurotransmitter hypothesis but it expands on it with regards to symptomology. 

The human brain operates with a highly complex organised and interconnected 

structure allowing the processing of sensory input, complex emotional 

responses and motor movements. The network dysconnectivity hypothesis 

discusses the baseline level of network connectivity in balance with the level of 

insult on overall excitatory tone (Sanders, 2011). With the network 

dysconnectivity hypothesis an elderly person with declined cognitive function as 

a baseline, combined with a history of delirium and a strong stimulus or trigger 

such as infection or trauma is more likely to develop delirium than someone 

without such risk factors. One example to highlight this is the influence on  

GABA neurotransmitter activity. GABA is the chief inhibitory neurotransmitter in 

the central nervous system and acts to reduce synaptic excitation. Excessive 

GABA activity causes drowsiness, reduced motor activity and somnolence as 

seen with GABAergic drugs such as benzodiazepines. Decreased GABA 

activity as seen in alcohol-withdrawal can present with agitation, restlessness, 

seizures and hallucinations. Postoperative delirium has been observed to have 

increased GABA activity but alcohol-withdrawal associated delirium and 

delirium associated with ageing have both been observed with decreased 

GABA activity (Maldonado, 2008b). Other neurotransmitters such as 

acetylcholine have an excitatory effect. The clinical presentation triggering 

delirium in a patient may be reflected in the influence of various 

neurotransmitters and regions of the brain affected.  
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2.2.8  Summary of hypotheses and conclusions 

Whilst the evidence for the neurotransmitter hypothesis appears compelling it 

does not address whether the neurotransmitter disturbance is a downstream 

consequence, a final common pathway, or whether this is the underlying cause 

of postoperative delirium. It would seem unlikely that the neurotransmitter 

disturbance effect is an inert by-product or simply a correlation due to the 

efficacy of psychotropic medications on the treatment. Therefore, it could be 

concluded that the neurotransmitter disturbance is a crucial step in the 

pathogenesis of delirium but perhaps not the only step.  

Figure 2 - Schematic diagram of how different hypotheses for the pathogenesis 
of delirium are linked - adapted from Maldonado, J. (2018). Neuropathogenesis 
of Delirium: Review of Current Etiologic Theories and Common Pathways.  

 

2.2.9  The link between delirium and dementia 

Some symptoms of delirium overlap with dementia with a key difference of 

delirium being reversible, acute in onset and in reaction to physiological insult or 

inflammation. Dementia is the progressive decline of memory and cognitive 

skills due to gradual loss of functioning brain cells and is not reversible.  
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The rate of occurrence of dementia consequent to delirium is greatly increased. 

The unadjusted relative risk of developing dementia following delirium has been 

estimated as being three times as high (Rockwood et al, 1999). The underlying 

neural substrate for this phenomenon has not been elucidated, nor has any 

putative mechanism been substantiated in either animal models or in human 

subjects. One might assume that patients simply did not fully recover their 

cognitive abilities lost during the episode of delirium leading to dementia. The 

timeline of dementia development following delirium with follow-up patients in 

some studies implies that this is not necessarily the case. The eight month 

follow-up and 38 month follow-up studies showing the chronicity of the 

development of dementia following postoperative delirium implies that dementia 

can develop despite a recovery of cognitive function (Bickel et al., 2008). We 

can deduce that the dementia is not simply a continuation of the delirium and is 

a separate issue that may be related. 

An alternative hypothesis is that the occurrence of postoperative delirium 

represents an acute worsening of the progression of already declining cognitive 

function that was previously subclinical and at the time unbeknownst to 

clinicians and family members, see Figure 3. The implication being that these 

patients were already on a trajectory destined for dementia and that the delirium 

represents an acute worsening of an already deteriorating cognitive function 

that was previously not detected. It is commonly thought that a slight decline in 

cognitive function and working memory with age is normal and not necessarily a 

medical problem. This belief may cloud the recognition of the early stages of 

dementia and prevent diagnosis and treatment. Delirium in the context of 

established dementia is associated with a rapid decline in cognitive function 

beyond that of the delirium or the dementia alone. This suggests there is a link 

or an interaction between the two individual pathological processes or even that 

they are more closely related than otherwise thought. This finding suggests that 

an acute delirium is playing an independent role in the pathogenesis of classical 

dementia (Davis et al., 2017). The link between dementia and delirium is why 

research into underlying mechanisms is of high importance. 
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Figure 3 - Illustration of the cognitive ability of four hypothetical patients. (Figure 
taken from Postoperative delirium portends descent to dementia - British 
Journal of Anaesthesia).  

 

2.2.10  Influence of drugs on delirium  

Anaesthetics and many painkillers are sedative in nature and can affect 

cognitive function. Opioids are often used as pain relief during surgery and in 

the postoperative setting. Opiates and opioids when used for postoperative pain 

can have a negative effect on cognitive function (Gruber, Silveri and Yurgelun-

Todd, 2007). General anaesthetics are used in most major surgeries. General 

anaesthetics, by their own definition and intended use will reduce global 

cognitive function by reducing consciousness. The amnesiac effect of general 

anaesthetics and drugs used in surgery may be beneficial for surgical purposes 

but how long these effects persist is an important question. It would seem 

logical that the sequelae of using such drugs would be a reasonable 

explanation for the cognitive decline seen in the postoperative interim. However, 

the postoperative delirium rates of occurrence have been shown to be similar in 

general anaesthesia and in spinal anaesthesia (Kamitani et al., 2003; Ilango et 

al., 2016). This suggests that whilst the drugs used in general anaesthesia may 

cause an immediate cognitive decline during their use and shortly after the 

effects of the drugs, they are not necessarily causing delirium postoperatively.  
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Glucocorticoids are commonly used perioperatively as a prevention of 

postoperative nausea and vomiting. Corticosteroids are used during surgery for 

various reasons including reducing pain, nausea, and emesis. 

Supraphysiological doses of glucocorticoids are a known trigger for psychiatric 

disturbances (Warrington and Bostwick, 2006). Psychosis, hallucinations, 

euphoria, and mania as well as depressive symptoms have been recognised in 

the literature (Brown and Chandler, 2001). Both delirium and psychosis can 

feature all these symptoms. The effects of endogenous steroids are discussed 

in 2.2.5 - Neuroendocrine hypothesis. Exogenous use of corticosteroids and 

their link with psychiatric disturbance is congruent with this hypothesis. Use of 

dexamethasone was investigated as a means of preventing or reducing delirium 

in some trials, with poor success. A recent study did not find a statistically 

significant difference between dexamethasone and placebo in preventing 

postoperative delirium in cardiac surgery patients (Sauër et al., 2013). 

The depth of anaesthesia may play a role in the development of postoperative 

delirium. Some studies have demonstrated a 50% reduction in the rate of 

delirium when using light propofol sedation vs deep sedation as assessed using 

processed electroencephalography with bispectral index (Sieber et al., 2010; 

Luk et al., 2015). This seems to be in direct conflict with other studies showing 

no significant difference in the rates of delirium in local anaesthesia vs general 

anaesthesia as discussed earlier in this section (Ilango et al., 2016). The 

reasons for this disparity are unclear and this might suggest that there are 

different causes of delirium being demonstrated in these studies. We must 

consider the validity of the studies and question their methods given the 

conflicting conclusions. This particular study by Sieber et al, shows a flawed 

methodology. The deep sedation group had higher rates of pre-existing 

dementia and depression. The group of patients under deep sedation had a 

lower likelihood of living independently. As discussed in 2.2.11 - Risk factors, 

these factors in the study are of great significance when considering rates of 

delirium.  
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2.2.11  Risk factors for delirium 

Delirium is a condition and a mental state that is generally triggered by an event 

or more often an insult to physical health such as infection or surgical 

intervention. There are many known causes of delirium as discussed in this 

chapter and a great variation in risk between different patients, see 2.1.2 - 

Epidemiology of delirium. 

Table 3 - The odds ratio of some known risk factors adapted from Risk factors 
for the incidence of delirium among older people in acute hospital medical units: 
a systematic review and meta-analysis by Ahmed, Leurent and Sampson, 2014. 

Risk factor Reported Odds ratio (95% 

CI) 

Study 

Dementia 3.26 (1.18-9.04)  (Wilson et al., 2005) 

Depression 8.99 (1.59-50.76)  (Wilson et al., 2005) 

Polypharmacy  1.9 (1.1-3.2)  (Ranhoff et al., 2006) 

Diminished ADL 8.4 (1.1-62.1) (Wakefield, 2002)  

Urinary catheter 2.7 (1.4-4.9) (Ranhoff et al., 2006) 

Heavy alcohol use 6.1 (1.8-19.6) (Ranhoff et al., 2006) 

Prolonged hospital 

stays 

1.07 (1.02-1.11) (Villalpando-Berumen et 

al., 2003)  

 

Further to this, many other individual risk factors have been known to be 

involved and contribute to delirium but are perhaps less well quantified; 

including malnutrition, low insulin-like growth factor-1, low haematocrit, physical 

restraints, use of urinary catheter, visual impairment (Ahmed, Leurent and 

Sampson, 2014).   
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2.2.12  Genetic predispositions to delirium 

Studies on genetics in delirium are few in number, small and often have 

limitations. Most of the studies looked at variations in the apolipoprotein-E 

(APOE) gene that is associated with dementia and cognitive impairment, 

namely APOE4 (Adamis et al., 2007). The results were mixed in these studies; 

four of the studies did not find a positive association between APOE variants 

and delirium, but one study found an increased duration of delirium in some 

APOE variants (Ely et al., 2007; Leung et al., 2007; Tagarakis et al., 2007; van 

Munster et al., 2007). In order to properly assess for the onset of delirium, we 

must exclude prior cognitive impairment. Most of the trials did not account for 

this and thus the conclusions we can draw are less clear. Delirium typically 

presents in elderly or sick patients and the children of said patients may be too 

young to exhibit any delirium to demonstrate heritability. Delirium is often not 

clinically confirmed. This makes the study of heritability between generations 

difficult without a clinical diagnosis. Whilst it is possible to perform a twin study, 

there remains a paucity in the literature.  

 

2.2.13 Surgery as a major risk factor for delirium 

Postoperative ‘psychosis’ has been documented since the 16th century and was 

first accurately described by Dupuytren in 1819 as postoperative nervosum. 

Many names have been used to describe postoperative delirium and this is a 

reflection of a poor understanding of the problem. Hippocrates documented 

‘phrenitis’, meaning inflammation of the brain; describing confusion and 

fluctuating restlessness accompanied by physical illness (Burns, Gallagley and 

Byrne, 2004). Whilst medical professionals have long been aware of delirium, 

the understanding of the underlying pathogenesis is lacking. Old age is not 

considered a contraindication for surgery and there is now an increasingly aged 

but physically healthier population. However, whilst people may now be 

physically healthier than ever before the problem of cognitive decline in elderly 

people still persists and worsens with age. As described in 2.1.2 - 

Epidemiology of delirium, age has a linear increase in risk of delirium. More 

specifically, age is a statistically significant risk factor for postoperative delirium 

(Saczynski et al., 2012). 
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2.3 Postoperative delirium and postoperative cognitive dysfunction 

Postoperative delirium is a specific subtype of delirium. As described in 2.2 - 

Aetiology of delirium, delirium can be triggered by different physiological 

insults. There may exist a common pathogenic process underlying all delirium 

regardless of the trigger. Mechanisms involved in the postoperative response is 

the key focus of this work. 

Postoperative delirium should be distinguished from postoperative cognitive 

dysfunction. Postoperative delirium affects memory, attention, comprehension 

and situational awareness (Bryson and Wyand, 2006). The idea that 

postoperative delirium and postoperative cognitive dysfunction are points on a 

spectrum, or a continuum that are intrinsically linked is not new. However, whilst 

both postoperative delirium and postoperative cognitive dysfunction are 

quantifiable clinically using diagnostic criteria it isn’t easy to qualitatively 

demonstrate their link on this continuum (Postoperative Delirium and 

Postoperative Cognitive Dysfunction: Two Sides of the Same Coin? - Europe 

PMC,). 

The exact mechanisms by which surgery specifically can cause or trigger 

delirium is not clear. Based on the available literature, there does not appear to 

be any monogenic heritable causes of delirium nor any definitive environmental 

cause. Instead, what is perhaps more likely is a gene-environment interaction 

mediated by a physiological insult or a trigger with various predisposing and 

precipitating risk factors, see 2.2.8 - Summary of hypotheses and 

conclusions. Understanding how the environment influences gene expression 

may be key to furthering the understanding of this condition. Not all patients 

undergoing surgery experience an episode of delirium. Therefore, there must be 

some underlying risk factors or causative mechanisms that predispose an 

individual to delirium postoperatively. 

 

2.4 Transcriptional regulation and gene expression 

Research into epigenetics and the regulation of gene expression are at the 

forefront of increasing our understanding of many common conditions.  
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‘Epi-’ Is a Greek prefix meaning above or around. ‘Epigenetics’: Suggesting of 

phenotypic features or factors above, or in addition, to what is traditionally 

considered the genetic basis for inheritance.  

Epigenetics is the study of changes in organisms caused by modification of 

gene expression, rather than alteration of the genetic code itself. The genome is 

an organism’s full and complete set of deoxyribonucleic acid (DNA). This 

contains all the information needed to maintain the organism. Our DNA 

sequence is the blueprint of instructions for all proteins produce in our cells, but 

it is not typically thought of as being dynamic. 

 

Figure 4 - Visual illustration demonstrating the central dogma of gene 
expression. 

 

Epigenetic modifications work together with transcription factors to influence 

gene expression. Genes express their function via a protein that they code for. 

The common dogma taught in biology lessons is the flowchart of DNA to ribose 

nucleic acid (RNA) and RNA to proteins. DNA is transcribed to RNA which is 

translated into whichever protein is required to exert the end goal effect. 

However, we now know that there are many factors which influence this 

common overarching pathway; That is, gene expression can be influenced by 

epigenetic mechanisms, namely DNA methylation and histone modification 

amongst others (Jaenisch and Bird, 2003).  
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Figure 5- Waddington’s epigenetic landscape found using creative commons 
license (https://davetang.org/muse/2013/02/12/epigenetics/)(Waddington, 
1957). 

 

Conrad Hal Waddington famously described cell lineage specification using a 

metaphor known as Waddington’s epigenetic landscape, see Figure 5- 

Waddington’s epigenetic landscape found using creative commons license 

(https://davetang.org/muse/2013/02/12/epigenetics/ (Waddington, 1957). This 

visualises the concept of an embryo’s cell lineage as a marble on a hill with 

valleys depicting different deterministic cell state pathways. This intends to 

show how epigenetic variation can alter how the cells express themselves. The 

marble represents a cell’s pluripotent undifferentiated state which could be 

steered down various different paths.  

Commonly described epigenetic mechanisms that can influence gene 

expression other than DNA methylation include histone acetylation and non-

coding RNAs. These are by no means the only ways in which epigenetic factors 

influence gene expression. They are, however, the more recognised 

mechanisms, the most widely known and perhaps the most easily understood.  
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2.4.1 The structure of deoxyribonucleic acid 

In order to understand how DNA methylation works we must have an 

understanding of the molecular structure of the DNA sequence. James Watson 

and Francis Crick famously published their Nobel prize winning work in 1953. 

We have since understood that the structure of DNA to be a double helix (Crick 

and Watson, 1954). There exists four common bases or nucleotides that 

comprise the sequence of our DNA known as adenine, cytosine, guanine and 

thymidine. It is the precise order of these groups in the sequence of the DNA 

which dictates what our genetic code is. These are held in two thread-like 

chains bound to one another in opposing directions and therefore antiparallel, 

adenine to thymidine and cytosine to guanine.  

 

2.4.2 Deoxyribonucleic acid methylation 

DNA methylation involves the addition of a methyl group to the cytosine base, 

one of the four bases that comprise DNA: adenine, guanine, cytosine, and 

thymidine (A, G, C and T). Methyl groups can be added under covalent bond 

producing the ‘fifth base’. This is a stable modification that is not considered to 

be a mutation or change to the sequence of DNA itself (Virani et al., 2012). 

Cytosine is methylated via enzymatic conversion is to become 5-

methylcytosine. The result of the methylation of a DNA base in a gene promotor 

is repression of RNA transcription. This can silence the expression or activity of 

the gene in hand and is one of the ways in which genes are turned off by 

epigenetic processes. Most methylation occurs in a cytosine-guanine position or 

CpG site. Regions with more than 50% cytosine-guanine positions are known 

as CpG islands.  
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Hypomethylation is associated with increased gene expression (Chandler and 

Jones, 1988). DNA methylation is the most recognised mechanism of 

epigenetic regulation of gene expression (Razin and Cedar, 1991). DNA 

methylation is also a mechanism for regulating alternative splice variants and to 

silence repetitive DNA sequences (Yoder, Walsh and Bestor, 1997; Kornblihtt, 

2012). During DNA methylation chromatin access of transcription factors is 

modulated and the basal transcriptional machinery is modulated (Long, 

Smiraglia and Campbell, 2017). This methylation group acts as a physical 

barrier to transcription factors and that restricts gene expression.  

 

2.5 The link between ageing, epigenetics and delirium 

Animal models and human models show similarity in their responses of age-

related changes to cytokines and DNA methylation and so this enhanced 

response to inflammation may play a role in the pathophysiology of delirium in 

response to infectious or surgical insults (Dilger and Johnson, 2008). The link 

between epigenetic mechanisms and age-related changes to the way the body 

releases inflammatory cytokines has been explored more recently. Animal 

models have demonstrated age-related changes to the response to exogenous 

stimulation, resulting in greater release in inflammatory cytokines in aged 

animal brains (Schreuder et al., 2017).  

Delirium following a trigger such as surgery has been theorised as being a 

consequence of the inflammatory process. C-reactive protein (CRP), a 

commonly used marker in clinical practice to measure levels of inflammation 

levels, has been showed to be associated with the onset of delirium 

(Vasunilashorn et al., 2017). It was also reported that the duration and severity 

of delirium could be predicted by CRP levels (Vasunilashorn et al., 2017). The 

link between delirium and inflammatory processes as a result of infection or 

surgical insult is explored in 2.2.4 - Neurotransmitter hypothesis.  
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2.6 Identification of target genes from previous work 

Previous work done in our group by Dr. Sadahiro was used to identify genes 

whose regulation might be affected by major surgery and associated with 

delirium via epigenetic mechanisms. Genome-wide DNA methylation was 

profiled using Illumina Human Methylation microarrays. Multiple linear 

regression models (covariates: surgery type, age, sex, batch effects and blood 

cell compositions) were used to identify differentially methylated positions 

(DMPs) and differentially methylated regions (DMRs) associated with exposure 

to major surgery and postoperative delirium (Sadahiro et al., 2020). 

 

2.6.1 Deoxyribonucleic acid methylation results in prior work 

Multiple differentially methylated positions (DMPs) and differentially methylated 

regions (DMRs) associated with surgery were identified. RBM8A and NIPAL3 

were both genes identified with the greatest significance of change in 

methylation with regard to surgery, see  There was an enrichment of loci in 

pathways related to neurotransmitters in individuals who developed delirium. 

Dopamine metabolism related genes, COMT, MAOA, NR4A2, and NR4A3 were 

found to be differentially methylated after surgery in those who developed 

delirium, see 4.9 - Selection of target genes (Sadahiro et al., 2020). In every 

identified DMP, absolute effect size was larger in the delirium group than control 

group. We know from bigger studies that the average time to onset of 

postoperative delirium is 2.1+/- 0.9 days; implying that acute changes in DNA 

methylation occurred in delirium patients prior to the clinical manifestation of 

delirium (Sadahiro et al., 2019) (Large et al., 2013). DMPs and DMRs around 

genes suggests that the expression of the gene may be altered.  
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3 Aims 

My project is focused on identifying delirium-associated changes in gene 

expression building on the epigenetic data previously gathered in the group. I aim 

to establish links between clinical syndromes and changes in expression of genes 

that were found to be differentially methylated following major surgery in our 

previous work. Through doing this I hope to further our understanding of how 

DNA methylation influences gene expression following major surgery, a key risk 

factor for developing delirium. 

The primary aims of my thesis were as follows: 

1) To explore the effect of surgery on gene expression at selected genes. 

2) To investigate whether the differentially methylated positions identified in 

elderly surgical patients lead to changes in gene expression. 

3) To evaluate long term clinical outcomes of postoperative delirium in a 

cohort of elderly patients undergoing major surgery by remote clinical 

follow-up assessing for: 

a. Readmission 

b. Further episodes of delirium 

c. Dementia 
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4 Methods  

4.1 Study design 

My project uses samples collected as a part of a study recently conducted at 

the University of Exeter Medical School (UEMS). This aimed to identify 

epigenetic changes occurring in a longitudinal cohort of elderly patients 

undergoing major surgery. Genome-wide DNA methylation was profiled using 

Illumina Human Methylation microarrays. Multiple linear regression models 

(covariates: surgery type, age, sex, batch effects and blood cell compositions) 

were used to identify differentially methylated positions (DMPs) and regions 

(DMRs) associated with i) surgery and ii) postoperative delirium. The study 

showed acute DNA methylation changes following surgery occurred prior to the 

clinical manifestation of delirium suggesting a potential involvement of gene 

regulation in the aetiology of postoperative delirium (Sadahiro et al., 2020). 

Based on the evidence provided by the initial study, see 5.1.1 - Prior work on 

deoxyribonucleic acid methylation, we hypothesized that the regulation of 

gene expression via DNA methylation would be associated with the onset of 

postoperative delirium. The aim of this study was to perform a targeted gene-

expression analysis using the same longitudinal cohort of patients, and their 

samples, that were undergoing major surgery used in our earlier work on DNA 

methylation. By targeting the genes annotated to these differentially methylated 

positions, we quantified messenger RNA (mRNA) expression in peripheral 

blood mononuclear cells (PBMCs) using quantitative reverse transcriptase 

quantitative polymerise chain reaction (RT-qPCR). 

The intention of this study was to improve our understanding of the acute changes 

in gene expression following major surgery. Improving our understanding of the 

biological mechanisms involved in postoperative delirium (POD) may lead to 

improvements in the diagnosis, prevention and management of this condition.  
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4.2 Follow-up data collection 

Clinical data was collected along with blood samples being taken from patients 

as a part of the study. Functional ability before the operation was assessed 

using the Katz Index of Independence in Activities of Daily Living. Patient 

demographics were collected, see 5.1 - Patient demographics. The planned 

type of surgery, body mass index (BMI), use of alcohol, and smoking were all 

recorded as part of the patient demographics. Intraoperative data included 

surgery time, anaesthesia time, anaesthetic agent, initial systolic blood 

pressure, postoperative sedation and restraint. A clinically-validated diagnosis 

of delirium was completed by a trained interviewer within five minutes using 

Confusion Assessment Method, see Figure 7 – Confusion assessment method. 

(Wei et al., 2008). Confounding factors which were known to be involved in 

delirium or epigenetic changes were collated from available medical & nursing 

records including comorbidity (Charlson score), laboratory profiles, and drug 

prescriptions. Data generated as part of the initial data collection project was 

stored within a secure server. 

Follow-up data was collected from the tissue bank in January of 2018 using 

Clinical data management software (CDM) and Patient administration software 

(PAS). The information was collected with ethical approval and anonymously 

entered into an excel database. As described in Figure 6 under tissue bank 

reference number 5YE, patients agree to donate samples and data available 

during routine clinical care to the Royal Devon and Exeter (RD&E) tissue bank 

and to give permission for national health service (NHS) staff to obtain 

information from their medical record for the purposes of research. Patients 

agreed to have their data and genetic material stored and for the genetic 

material to be extracted from their samples to use for future research into the 

cause of disease.  
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Data recorded included: whether they originally had postoperative delirium, date 

of the last follow-up, whether the patient is still alive, date of death if applicable, 

occurrence of stroke, whether a formal diagnosis of dementia has been recorded, 

date and reason for any further readmissions to hospital, whether the patient has 

had increasing requirements of care, Rockwood frailty score at last follow-up, 

number and list of medications at discharge. The Rockwood frailty score is a 9-

point scoring system to assess frailty of patients based on their capacity to carry 

out activities of daily living and the extent of their medical problems. Since 2013 

all patients admitted to the hospital over the age of 70, whether emergency or 

elective, are expected to be screened using an abbreviated mental test score 

(AMTS). The AMTS is a mandatory requirement for discharge summaries for this 

group of patients. Our study group was aged 65 and over so many of our patients 

should be screened.  
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Figure 6 – Consent form to partake in the study. 
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CONFUSION ASSESSMENT METHOD (CAM) SHORTENED VERSION WORKSHEET  

 

NHS number :                             EVALUATOR:                               DATE:                        (Day      )  

 

Ask patient, relatives, and nurses who know patient’s mental status and behaviour.    

Once circled NO in BOX1, please circle Normal and finish assessment. 

 

I. ACUTE ONSET AND FLUCTUATING COURSE                                   

  a) Is there evidence of an acute change in   

      mental status from the patient’s baseline?                                                    

  b) Did the (abnormal) behavior fluctuate during the day, 

      that is tend to come and go or increase and decrease in severity?               

 

II. INATTENTION 

    Did the patient have difficulty focusing attention, for example,  

    being easily distractible or having difficulty keeping track of  

 

    what was being said?                                                                                      

  

III. DISORGANIZED THINKING                                                                 

     Was the patient ‘s thinking disorganized or incoherent, such as 

     rambling or irrelevant conversation, unclear or illogical flow  

     of ideas, or unpredictable switching from subject to subject?                                 

 

IV. ALTERED LEVEL OF CONSCIOUSNESS 

     Overall, how would you rate the patient’s level of consciousness? 

     Do any checks appear in this box?  

                                                                                                                      

                                                                                                                                   

 

 

 

 

 

 

 

If all items in Box 1 are circled YES and at least one item in Box 2 is  

circled YES a diagnosis of delirium is suggested. 
 

 

 

If delirium suggested, rate psychomotor activity over past several hours by circling.  
 

 

 

 

Adapted from Inouye SK et al, Clarifying Confusion: The Confusion Assessment Method.  

A New Method for Detection of Delirium. Ann Intern Med. 1990; 113:941-8. 

Figure 7 – Confusion assessment method. 

BOX1 

NO / YES 

NO / YES 

NO / YES 

BOX2 

NO / YES 

Alert (normal) NO   

Vigilant (hyperalert) YES 

Lethargic (drowsy, easily aroused) YES  

Stupor (difficult to arouse) YES  

Coma (unarousable)  YES  

 

Please Circle 

Normal    /   Delirium 

Hypoactive    /   Hyperactive   /   Mixed 
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The consent form confirms that the patient has had the opportunity to understand 

the information provided about the study and gives them an opportunity to ask 

any questions. Importantly, the consent form allows for the storage and later use 

of genetic data along with access to data from routine clinical care at the RD&E. 

However, it does not include or permit access to general practice (GP) or 

community records, nor it does not allow for further contact to patients outside of 

their normal care by telephone, writing or any other form of non-essential contact. 

Further consultation for follow-up assessment or examination is not within the 

remit of this study. Patients were unable to be examined as part of the follow-up. 

 

4.3 Sample collection 

Blood samples were collected on a group of patients between July 2014 and 

January 2015. 20 ml of venous whole blood was taken 1) on the day before 

surgery, 2) one day after surgery, and 3) four to seven days after surgery or 

before discharge (whichever occurred sooner). All samples were transferred to 

the tissue bank repository in the research, innovation, learning and 

development centre (RILD) and stored at -80ºC until processing. All participants 

were assigned a unique Royal Devon and Exeter tissue bank (RDETB) study 

ID. All data/samples collected were recorded and stored under this ID number. 

Data was initially recorded onto a standardised RDETB study specific data 

collection form which was then recorded onto an RDETB study specific 

database. As part of the RDETB data quality procedures, data collected and 

recorded was screened and reviewed for discrepancies and missing data prior 

to analysis by the study team. These were a group of patients aged 65 and over 

that were undergoing major surgery. Exclusion criteria included previous history 

of dementia or delirium, being a non-English speaker, and patients who were 

medically unstable. Permission was obtained to access medical notes required 

for data collection on follow-up.  
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4.4 Recruitment and patient selection 

The cohort studied included preoperative patients over the age of 65 years 

enrolled for major surgery (colorectal & orthopaedic) at the RD&E hospital 

between July 2014 and January 2015. Criteria of exclusion included a pre-

existing diagnosis of dementia, medical instability limiting preoperative 

assessment, delirium before surgery, and non-English speaker. A total of 30 

patients were included. Major surgery included elective total hip replacement, 

semi-elective trauma and orthopaedic surgery and colorectal operations.  

Participants were identified by clinicians and recruited through the RDETB, 

which was set up to proactively collect and store “spare” tissue available from 

routine clinical procedures for forth-coming studies examining disease specific 

biomarkers. This is facilitated through the National Institute for Health and 

Research (NIHR) and Exeter clinical research facility (Exeter CRF) whose 

dedicated team provided ongoing support to the project team.  
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Figure 8 - Flowchart demonstrating the pathway for acquiring patients in this 
study. 

 

4.4.1 Confidentiality 
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All participant data was held in a link-anonymised format by the RDETB, with 

personal identifiable data only accessible to personnel with training in data 

protection who required this information to perform their duties. Participant’s 

research and sample data were identifiable only by unique study ID. 

 

4.5 Sample processing and ribonucleic acid isolation 

PBMCs were isolated from fresh whole blood, 15 minutes to 2 hours after 

collection, using Vacutainer Mononuclear Cell Preparation Tubes (Becton 

Dickinson, Franklin Lakes, New Jersey, United States). Ficoll-separated PBMCs 

were centrifuged at 1,600 G at room temperature for 20 minutes, and then 

washed twice with 5 ml phosphate-buffered saline (PBS). Isolated PBMCs were 

resuspended in RNAprotect cell reagent (Qiagen, Redwood City, California, 

United States) and stored at −80°C. In order to have workable samples 

genomic DNA and RNA was extracted previously in the laboratory using the 

AllPrep DNA/RNA minikit (Qiagen, 2005). 

RNA extraction and purification was performed using a Direct-zol RNA 

Microprep kit (Zymo research - Direct-zol RNA Microprep Kits). This kit was 

used to isolate RNA and remove genomic DNA from the samples. The following 

protocol was used: 

1. Mix the samples with an equal volume of ethanol  

2. Transfer the mixture into Zymo-Spin™ IC Column and spin at 

14,000 G to centrifuge 

3. Create a mixture of DNase 1 and DNase digestion buffer  

4. Add to sample and incubate for 15 minutes at room temperature 

5. Discard the collecting tube and add 400 µl Direct-zol™ RNA 

PreWash to purify the sample 

6. Re-spin using the centrifuge 

7. Add 700 µl RNA Wash Buffer to the column and centrifuge for 2 

minutes to ensure complete removal of the wash buffer 

8. Transfer the column carefully into an RNase-free tube 

9. Elute with 15 ml of water and centrifuge for final solution  
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4.6 Measuring resulting ribonucleic acid concentration and quality 

The Nanodrop 2000 spectrophotometer which uses ultraviolet-visible 

spectroscopy (NanoDropTM 2000/2000c Spectrophotometers UV-Vis micro-

volume spectrophotometer - Thermo Scientific), was used to quantify and 

assess purity of RNA samples. The majority of concentration values for the 

samples ranged from 250 ng/µL to 1200 ng/µL, see . The 260/280 absorbance 

ratio is a way of quantifying the quality or purity of the sample. A ratio of 1.8 or 

above indicates relatively pure genetic material, however this is significantly 

influenced by pH and other factors (Wilfinger, Mackey and Chomczynski, 1997). 
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Table 4 - Concentration values of RNA and absorption ratios of samples using 
the Nanodrop 2000. 

Patient 

number Preoperative  Postop day 1 Postop day 4-7 

 

Concentration 

ng/µL A 260/280 

Concentration 

ng/µL A 260/280 

Concentration 

ng/µL A 260/280 

1 425 1.7 648 1.61 497 1.6 

2 758 1.65 920 1.71 301 1.5 

3 993 1.7 698 1.69 584 1.62 

4 947 1.75 419 1.62 360 1.51 

5 1396 1.77 755 1.72 546 1.62 

6 1175 1.77 525 1.65 606 1.63 

7 747 1.71 706 1.68 500 1.59 

8 1043 1.76 583 1.64 415 1.6 

9 428 1.62 371 1.63 380 1.57 

10 503 1.65 593 1.63 335 1.55 

11 730 1.73 567 1.62 491 1.65 

12 925 1.7 578 1.63 340 1.53 

13 1140 1.76 553 1.64 569 1.63 

14 1034 1.78 330 1.61 506 1.64 

15 587 1.64 548 1.63 404 1.6 

16 621 1.68 374 1.58 331 1.58 

17 402 1.58 383 1.63 486 1.61 

18 435 1.66 374 1.55 461 1.61 

19 734 1.69 561 1.58 597 1.61 

20 498 1.66 424 1.63 268 1.49 

21 616 1.66 426 1.62 1205 1.79 

22 930 1.76 397 1.6 597 1.59 

23 732 1.69 484 1.59 581 1.62 

24 567 1.65 308 1.55 594 1.59 

25 284 1.59 319 1.61 429 1.57 

26 369 1.59 390 1.55 431 1.53 

27 447 1.63 521 1.64 610 1.59 

28 466 1.63 384 1.62 633 1.73 

29 819 1.74 398 1.59 174 1.69 

30 690 1.76 471 1.64 192 1.82 
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4.7 Reverse transcription  

RNA is highly unstable due to RNAses commonly present in the environment. 

RNA requires storage at -80°C. RT-qPCR also only works with DNA. In order to 

increase stability and be usable for RT-qPCR we converted the RNA to 

complimentary DNA, or cDNA, using reverse transcriptase and free nucleic acids. 

The RNA targets were reverse transcribed into complementary DNA (cDNA) 

using Thermo Scientific Maxima Reverse Transcriptase. Due to the dramatically 

improved thermostability, robustness, and increased synthesis rates of this 

enzyme, Maxima Reverse Transcriptase (RT) allows cDNA synthesis from a wide 

range of input total RNA amounts (from 1 pg to 5 µg) at elevated temperatures 

(50 to 65°C). This makes this enzyme an ideal tool for two step RT-qPCR. 

RNA was converted into cDNA using reverse transcriptase with random 

pentadecamer primers. The use of random pentadecamer primers increases the 

yield and quality of resulting DNA (Stangegaard, Dufva and Dufva, 2006). cDNA 

synthesis was performed according to the manufacturer’s recommended protocol 

with minor adjustments in the temperature for optimisation as detailed below. 

 

4.7.1.1 Reverse transcriptase protocol (for a 20 µl reaction volume)  

The following protocol was used for reverse transcriptase. 

1. Mix and briefly centrifuge all reagents after thawing, keep on ice. 

2. Add reaction components into a sterile, nuclease-free tube on ice in the 

indicated order: 

a. Total RNA (1 pg - 5 µg) 

b. Primers (Random Hexamer) – (1 µL, 100 pmol) 

c. dNTP Mix, 10 mM each (1 µL - 0.5 mM final concentration) 

d. Water, nuclease-free (to 15 µL) 

3. Mix gently, centrifuge briefly and incubate at 65°C for 5 minutes.  

4. Chill on ice, briefly centrifuge again and place on ice 

5. Add the following reaction components in the indicated order: 

a. 5X RT Buffer (4 µL) 

b. Maxima Reverse Transcriptase (1 µL, 200 U)  
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6. Mix gently and centrifuge briefly 

7. 10 minutes of incubation at 25°C followed by 1 hour at 50°C. 

(Optional: For transcription of GC-rich RNA, the reaction temperature can be 

increased to 65°C.) 

8. Terminate the reaction by heating at 85°C for 5 minutes. 

The reverse transcription reaction product was used directly in qPCR, or 

temporarily stored at -20°C. 

As the RT-qPCR cycle amplifies to produce a signal, the change in 

fluorescence is measured and represented by ΔRn, the amplification. Plotting of 

the amplification against the number of cycles of the RT-qPCR give us the 

curves of the amplification plot. If the curves demonstrate that the RT-qPCR has 

begun to amplify at a lower number of cycles, it suggests that there was more 

genetic material to begin with thus requiring less multiplication to reach the 

amount needed to fluoresce at a given point.  

Melt curves measure the point at which the sample melts before it is cooled as 

part of the RT-qPCR cycle. This is useful because it gives us an indication as to 

whether our samples have a single consistent piece of genetic material or 

whether we have contamination. If all curves appear to have a single peak 

temperature at which the samples melted, then it would suggest we have a 

single product being formed. If there are multiple peaks, it suggests we may 

have amplified multiple targets 

Four of the genes amplified well using the RT-qPCR conditions with one small 

group of outliers amplifying far earlier than anticipated. NR4A3 did not amplify 

well; see 5.2.1.1 - Amplification of NR4A3. NR4A3 demonstrated inability to 

amplify at the stage of gradient testing. Regardless of the temperature and 

conditions experimented, the NR4A3 experiment did not work, see Figure 15 - 

Amplification of NR4A3 in gradient testing stage with temperatures used 

ranging from 57°C to 67. NR4A3 was consequently excluded from further 

analysis. 
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4.8 Selection of target genes 

Table 5 is a list of the top findings from the Genome-wide DNA methylation 

study conducted within the complex disease epigenetics group 

(https://www.epigenomicslab.com/). We chose RBM8A and NIPAL3 from 

because they were the two genes annotated to differentially methylated 

positions (DMPs) with the greatest statistical significance of acute changes in 

DNA methylation following surgery. 

Table 6 contains the genes ordered by their function (Sadahiro et al., 2019). 

This is the result from gene ontology (GO) term enrichment analysis on genes 

annotated in those with delirium to the DMPs exceeding P < 5E-05 threshold 

highlighted a highly-significant enrichment for functional pathways. Enrichment 

analysis allows us to find genes which are over-represented using annotations 

for that gene set with a given significance represented by a P value. It was 

decided that genes involved in neurotransmitter production and metabolism, 

specifically dopamine would be used, see 3 - Aims. These are known for their 

involvement in psychiatric disease. From the neurotransmitter biosynthetic 

process group of genes, the most appropriate genes were selected based on 

what genes were most recognised in those that had delirium. The MAOA gene 

was included from this list, as this gene is well known for having a potential role 

in the delirium process due to dopaminergic and neurotransmitter synthesis 

processes. Additionally, COMT was assessed; a variety of psychiatric 

manifestations such as schizophrenia and bipolar disorder are seen in patients 

with microdeletion in regions which include the COMT gene. This, combined 

with the role of COMT in the metabolism of catecholamine neurotransmitters, 

suggests a wider involvement of this gene in psychiatric conditions. (Shifman et 

al., 2004) 
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Table 5 - Top-ranked differentially methylated positions (DMPs) showing some 
of the genes analysed in order of their significance of change in DNA 
methylation following surgery observed in prior work done by this lab. 

Gene  
Mean difference in DNA 

methylation (%) 
P value 

RBM8A  2.03556 1.02E-08 

NIPAL3  3.81245 3.50E-08 

CNTN2  2.376 3.66E-08 

ZNF426  -0.078304 4.49E-08 

SCRT2  -2.71806 7.15E-08 

GOLGA8B  0.82669 8.19E-08 

DBF4  -0.65622 1.26E-07 

INPPL1  -0.8789 1.27E-07 

ZBTB10  0.75028 1.39E-07 

NRXN1 1.28772 1.60E-07 

 

Table 6 - Genes used ordered by function and their associated P values in 
those with delirium based on prior data from methylation work by this lab. This 
is from gene ontology term analysis. 

Name of process Genes P values 

Neurotransmitter biosynthetic process COMT DAGLB GAD2 MAOA 3.60E-12 

Dense core granule SYT1 SYT9 VPS13A 1.19E-11 

Negative regulation of glycogen metabolic process ENPP1 GRB10 GFPT1 1.50E-11 

Negative regulation of glucose import ENPP1 PRKCA GRB10 1.92E-10 

Mast cell activation involved in immune response LAT2 LYN KIT 4.69E-09 

Mast cell degranulation LAT2 LYN KIT 4.69E-09 

Neuronal ion channel clustering CNTNAP2 SPTBN4 AGRN 4.93E-09 

Retina layer formation HIPK1 PTPRM TFAP2A 1.49E-08 

Intracellular protein transmembrane import PEX10 LONP2 PEX3 TIMM9 2.70E-07 

Regulation of glial cell proliferation SKI ASCL2 LYN 2.80E-07 
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4.8.1 RNA-binding motif protein 8A 

RBM8A instructs for the creation of a protein called RNA-binding motif protein 

8A. This protein is involved in cellular functions including transport of mRNA. 

Mutations of the gene can cause thrombocytopaenia-absent radius (TAR) 

(Toriello, 1993). RBM8A has been found to regulate anxiety as an exon junction 

complex (Alachkar et al., 2013). RBM8A was generally down-regulated in 

patients Alzheimer’s disease, suggesting that low expression of RBM8A may 

promote Alzheimer’s disease (Zou et al., 2019). 

 

4.8.2   NIPA like domain containing 3 

MAOA is one of two genes involved in the encoding of enzymes breaking down 

monoamines via oxidation. Some of these monoamines include 

neurotransmitters, dopamine, serotonin, norepinephrine. There is evidence that 

MAOA polymorphisms and mutations have an association with many psychiatric 

disorders (Liu et al., 2016). It is known that commonly occurring variants of this 

gene can influence cognitive function, impulsivity and propensity for violence 

and aggressive behaviour (Meyer-Lindenberg et al., 2006). The CpG sites 

located near MAOA were linked to the delirium cases P = 3.60E-12, see 4.9 - 

Selection of target genes. 

 

4.8.3 Monoamine oxidase A 

MAOA is one of two genes involved in the encoding of enzymes breaking down 

monoamines via oxidation. Some of these monoamines include 

neurotransmitters, dopamine, serotonin, norepinephrine. There is evidence that 

MAOA polymorphisms and mutations have an association with many psychiatric 

disorders (Liu et al., 2016). It is known that commonly occurring variants of this 

gene can influence cognitive function, impulsivity and propensity for violence 

and aggressive behaviour (Meyer-Lindenberg et al., 2006). The CPG sites 

located near MAOA were linked to the delirium cases P = 3.60E-12, see 4.9 - 

Selection of target genes. 



56 
 

4.8.4 Catechol-O-methyltransferase 

The COMT gene encodes for making the catechol-O-methyltransferase enzyme 

which has two forms, soluble and membrane-bound. This enzyme catalyses the 

metabolic breakdown of catecholamines and important drugs involved in the 

treatment of Parkinson’s disease. The COMT gene was selected because it 

was highlighted in the GO enrichment analysis as being linked with delirium P = 

3.60E-12, see 4.9 - Selection of target genes. Dysregulation in COMT has 

been associated with the onset of schizophrenia (Li et al., 2018). 

 

4.8.5 Nuclear receptor subfamily 4, group A, member 3 

NR4A3 is a gene that in a family of genes involves in multiple cellular process 

and vital functions of different organs (Martínez‐gonzález et al., 2021). NR4A3 

was selected because our lab group has had a particular interest in this gene 

and its role in psychiatric disease. Studies have been linking its effect on 

nicotine addiction in schizophrenia and bipolar disorder (Novak et al., 2010). 

 

4.9 Primer design  

The sequence of the genes was recovered using the University of California 

Santa Cruz (UCSC) genome browser (https://genome.ucsc.edu/). Primers for this 

experiment were designed to span an exon-exon junction. The reason for this is 

to avoid genomic DNA amplifying. Different splice variants of the gene are 

demonstrated in the UCSC genome browser. Using two exons which are constant 

throughout all known splice variants minimises the chances of poor amplification. 

The sequence was inputted into Primer3Web online software to produce the most 

suitable primer sequences with similar melt points (http://primer3.ut.ee/). The 

‘melting point’ refers to the temperature at which one half of the double stranded 

DNA strand will disassociate to become two single stranded sequences. This 

allows for the primers to bind at the binding site. Having similar melting points 

allows both primers to bind at the same point. 

https://genome.ucsc.edu/
http://primer3.ut.ee/
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The products of the forward and reverse primers were checked using the Basic 

Local Alignment Search Tool (BLAST), see Figure 9 - Image of a BLAST search 

using primers intended for RBM8A obtained using Primer3Web tool, to ensure 

specificity to the target gene (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The BLAST 

search aims to complete the loop by inputting the primers and stating what likely 

products those primers would isolate based on known human DNA. 

 

Figure 9 - Image of a BLAST search using primers intended for RBM8A obtained 
using Primer3Web tool. 

 

4.9.1  Optimisation of polymerise chain reaction conditions 

Problems with the amplification of a specific DNA fragment using RT-qPCR are 

frequent. Non-specific secondary bands may form after the RT-qPCR reaction, 

which hinder, or even prevent, further analysis (cycle sequencing, mutation 

detection, etc.) This may lead to an unequivocal assessment of the RT-qPCR 

result. In such cases, PCR conditions must be optimized.  

The selection of the annealing temperature is possibly the most critical 

component for optimizing the specificity of a RT-qPCR reaction. In most cases, 

this temperature must be empirically tested. The RT-qPCR is normally started at 

5°C below the calculated temperature of the primer melting point (Tm). Often the 

calculated primer melting points are not the ideal temperatures but serve as a 

guide.  
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The possible formation of non-specific secondary bands shows that the optimum 

temperature is often much higher than the calculated temperature (>12°C). For 

example, in  the Tm calculated for the primers used for RBM8A were 59.97°C 

and 59.98°C using BLAST. However, when temperature gradients were used to 

ascertain ideal temperatures on the machines used, the range of temperatures 

producing ideal products were 62-64°C, see.  

A temperature gradient RT-qPCR is a technique that allows the empirical 

determination of an optimal annealing temperature using the least number of 

steps. This was used to optimize the working conditions for each primer set. 

Using a set of conditions in which the only independent variable was an alteration 

in temperature demonstrates the effect that this has on the primer set. Higher 

sets may increase the rate at which they anneal but may decrease their specificity 

for the desired product. Temperatures either too high or too low may produce 

non-specific products (Ruiz-Villalba et al., 2017). The consequence of this is poor 

data due to the primers amplifying non target DNA.  

Protein electrophoresis was performed on the products, as described in 5.3 - 

Agarose gel electrophoresis, in order to verify the single product. Double bands 

in our electrophoresis signifies other pieces of DNA have been amplified and 

suggest our data may not be relied upon. 

 

Table 7 - genes used, primer sequences used, temperature of the primers used 
and length of the product. 
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Gene  Primer sequence Temperature for RT-

qPCR cycle  

Product 

size 

RBM8A 

Forward primer GGAAGCCACCGAAGAAGACA 63°C -65°C 160 base 

pairs 

Reverse primer ATTGAGTCCCTCCATAGCAGC 

NIPAL3 

Forward primer GTTGCACGAAGAGTCCGAGT 65°C -67°C 215 base 

pairs 

Reverse primer GCCGTCACTTCCTCATGACA   

MAOA 

Forward primer ATTCCAACTGATGCACCCTGG 63°C -65°C 175 base 

pairs 

Reverse primer ACAAGAACCACAGGGCAGAC   

COMT 

Forward primer GAACGTGGGCGACAAGAAAG 63°C 163 base 

pairs 

Reverse primer GTCGGGGTTGATCTCGATGG   

NR4A3 

Forward CACCACCTCGGCTACGAC No optimal temperature 

identified 

406 base 

pairs 

Reverse ATCGGTTTCGACGTCTCTTGT   

 

 

4.9.2  Quantitative polymerase chain reaction  
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RT-qPCR is a method that enables the quantification of the amount of template 

DNA in a sample with high sensitivity by measuring the fluorescence (ΔRn) of a 

DNA dye. The DNA dye binds preferentially to double stranded DNA in which the 

product will absorb blue light and emit green light. This allows the PCR machine 

to quantify the amount of DNA present by measuring the light emission after every 

cycle. This method allows to see the progression of increasing fluorescence after 

each doubling of the DNA via polymerise chain reaction (RT-qPCR). A threshold 

level of fluorescence is calculated, and the number of RT-qPCR cycles required 

to meet that level of fluorescence is known as the Ct value. Ct values are used to 

calculate relative gene expression, see 4.11.2 - Delta-delta-Ct method . 

 

Figure 10 - Model of real time quantitative RT-qPCR plot. Image courtesy of Heid, 
Stevens, Livak, & Williams, 1996. 

HOT FIREPol® EvaGreen® PCR Mix Plus (ROX) is an optimised ready-to-use 

solution for real-time quantitative RT-qPCR assays, incorporating EvaGreen as 

DNA-binding dye which is extremely stable dye and has been shown to be 

nonmutagenic and noncytotoxic. The DNA dye binds preferentially to double 

stranded DNA in which the product will absorb blue light and emit green light 

therefore allowing us to quantify the amount of DNA present by measuring the 

light emission. 

Table 8 -Table of reagents used in RT-qPCR mix. 
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Component Volume 

5 x HOT FIREPol® EvaGreen PCR Mix 

Plus 

4 µl 

Primer Forward (10ul)  0.5 µl 

Primer Reverse (10µl) 0.5 µl 

DNA template 5 µl 

H2O PCR grade up to 20 µl 

Total 20 µl 

 

 

4.9.3 Optimisation of cycles 

Table 9 - Temperatures used in different phases of the RT-qPCR. *Annealing 
temperatures varied for different primer sets. 

Cycle step Temperature Time Cycles 

Initial activation 95ºC 15 min 1 

Denaturation 95ºC 30 s 40-45 

Annealing 58-68ºC* 30 s 40-45 

Elongation 72ºC 30 s 40-45 

 

1) Initial activation 95ºC for 15 minutes – This step is needed to activate 

the DNA polymerase 

2) Denaturing 95ºC for 30 seconds – This step is to denature the double 

stranded DNA and split the double-stranded DNA 

3) Hybridisation 60ºC for 30 seconds – In this step the mixture is cooled 

to allow primers to anneal to the cDNA sequence 

4) Elongation 72ºC for 30 seconds – This is the final step to allow the 

polymerase to extend the DNA sequence. 

The number of cycles needed to begin fluorescing can vary depending on the 

efficiency of the primers and how many copies of the target are present. In order 

to quantify unknown number of copies we used a standard reference created 

from an oligonucleotide, see 4.10.4 -  Development of standard curve. The 

acceptable range of Ct values was set between 15 and 28. Any data point at high 

Ct values (>35 Ct) was flagged and considered to be an inaccurate finding or 

artefact. 
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4.9.4  Development of standard curve  

A standard curve is one way to quantify gene expression and allows relative Ct 

values to be converted into values for gene expression. Using an oligonucleotide 

of known copy number, concentration and molecular mass allows us to have a 

reference. Inputting the Ct values for a serial dilution allows us to form a graph of 

Ct value and copy number. Then inputting the Ct values for our samples allows 

us to calculate the absolute values for gene expression in a given amount of RNA. 

Oligonucleotides of the exact target sequence were ordered from Integrated DNA 

Technologies (IDT). Figure 11 below is an image of the result of a RT-qPCR with 

just the oligonucleotide at concentrations varying from 1x105 down to 0.5x101 per 

20 µl for the primer set for RBM8A. Serial dilutions were achieved with a starting 

known quantity and then mixing it into a new solution with water to reduce the 

concentration of the oligonucleotides at a ratio of 1:10 with sterile water. This is 

then repeated to give a selection of concentrations. 

 

Figure 11 - Amplification plot of oligonucleotide used for standard reference at a 
range of copy numbers from 1x105 copies to 0.5x101 copies of the RBM8A 
oligonucleotide with RBM8A primers. 
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The variability of our RNA concentrations and consequently the concentration of 

cDNA in our samples, as discussed in 4.7 - Measuring resulting ribonucleic 

acid concentration and quality, would have meant that a calculated value for 

expression using oligonucleotides would have not been useful without 

standardising samples. For this reason, calculation by the 2–∆∆Ct method using 

housekeeper genes was an alternative method employed. The standard curves 

were still created for demonstration of an alternative method of calculating gene 

expression and highlighting the efficiency of the assays I was using. 

Figure 12 shows that the number of copies of the oligonucleotide used has a 

logarithmic relationship with the number of cycles at which the sample begins to 

polymerise. Plotting these on a graph produces a line we can use, known as a 

standard curve. Keeping our standard curve in, we can interpolate our samples 

by plotting them on this standard curve and therefore measure their quantity. 

 

Figure 12 – Example standard curve showing Ct values plotted against the 
number of copies using RBM8A oligonucleotide with RBM8A primers. 

 

4.9.5 Standardisation of samples using housekeepers 
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When performing relative quantification of the expression of a target gene, it is 

important to choose suitable genes for use as a reference or endogenous 

controls. An endogenous control gene is a gene whose expression level should 

not differ between samples, such as a housekeeping or maintenance gene. 

Comparison of the Ct value of a target gene with that of the endogenous control 

gene allows the gene expression level of the target gene to be normalized to the 

amount of input RNA or cDNA. This is done without determining the exact amount 

of template used in the reaction. The use of an endogenous control gene corrects 

for variation in RNA content, variation in reverse-transcription efficiency, possible 

RNA degradation or presence of inhibitors in the RNA sample, variation in nucleic 

acid recovery, and differences in sample handling. Housekeeping genes were 

used as a baseline to calculate differences in expression of the target genes using 

the 2–∆∆Ct comparative method. 2–∆∆Ct is a method used to analyse changes in 

gene expression, see 4.11.2 - Delta-delta-Ct method . Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) has historically often been used in 

expression studies for a reference gene or housekeeper (Lee et al., 2002; De Kok 

et al., 2005). Recently, however, GAPDH has been considered less than ideal 

(Sikand et al., 2012). RPL13 and POLR2A are two known housekeepers, which 

are frequently used in this lab with success and an established efficacy, were 

thus used in this experiment (Gresner et al., 2011; Bian et al., 2015). Using a 

combination of housekeeping genes enabled me to assess which is the most 

stable in this set of samples and most optimal for subsequent target gene 

quantification experiments. 

 

4.9.6 Agarose gel electrophoresis 

Electrophoresis is the movement of charged particles in a solution under the 

influence of an electric field. Agarose gel is a common type of stabilizing medium 

routinely used for the electrophoretic separation of nucleic acids. 
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At neutral pH, a molecule of DNA or RNA is negatively charged because of the 

negative charges on the phosphate groups.  As current is applied, nucleic acids 

applied to sample wells at the negative electrode end of the gel travel towards 

the positive electrode. Agarose is the neutral fraction of agar, made up of linear 

molecules consisting of repeating units of the disaccharide agarose. Agarose 

solutions undergo a solution-gel transition at 45ºC or below.  This gelling property, 

as well as the high gel strength obtained at low concentrations, makes the 

agarose gel a useful separation medium. 

The resolving power of an agarose gel depends on the pore size, which is 

dictated by the concentration of dissolved agarose.  Generally, large molecules 

move more slowly through the gel than smaller molecules. Thus, this technique 

sorts the molecules according to size, since it relies on the ability of uniformly 

charged nucleic acids to fit through the pores of the agarose gel matrix. High 

percentage agarose gels (e.g. 1.5%) are used for the separation of small DNA 

molecules (100 – 1000 base-pairs in length), while low percentage gels (e.g. 

0.6%) are used for large molecules (104 – 105 base-pairs). Agarose gel 

electrophoresis allows us to confirm single bands, thus single products, and that 

the products are the correct size. Ethidium bromide and SYTO 60 (SYTOTM 60 

Red Fluorescent Nucleic Acid Stain - 5 mM Solution in DMSO) were used as 

fluorescent dyes to allow us to visualise the DNA fragments. As an intercalating 

stain, they bind to the double stranded DNA and fluoresce under UV light.  
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Figure 13 - Agarose gel electrophoresis product of a random selection RT-qPCR 
products from all target genes MAOA (top left), COMT (top right), NR3A4 (centre 
left), RBM8A (bottom left) and NIPAL3 (bottom right) - a 100bp ladder was used 
on both sides. 

 

4.9.6.1 Protocol for agarose gel electrophoresis  

The following protocol was used for agarose gel electrophoresis. 

1. Weigh out the appropriate amount of agarose (e.g 1.5% gel would be 1.5 g 

agarose in 100 mL).  Add the appropriate amount of 1X tris-borate-EDTA (TBE) 

(100 mL). Make the mixture in a 250 mL flask, cover it with parafilm, and 

microwave for 1-2 minutes on high power.   

2. Visualise if the agarose has melted. Solid agarose looks like small refractive 

lenses floating around. If these remain the agarose has not completely melted; 

continue to heat. 

3. Allow the gel to cool (5 minutes on the bench is usually sufficient).  
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4. Add 1 μL of 10 mg/mL ethidium bromide, and then pour the gel into the mould.  

Pour up to half the height of the teeth on the comb. Chase out any bubbles on 

the surface with a plastic Pasteur pipette or micropipette tip. 

5. Allow the gel to cool until it turns slightly white.  This usually takes at least 20 

minutes at room temperature. Remove the comb and pour enough 1X TBE into 

the buffer chamber to barely cover the top surface of the gel. The gel may now 

be loaded. 

6. Sample loading: 

- 2 ul loading buffer (5x OG) per 10 ul PCR product, 5 ul mixture loaded per well) 

- 3 ul of 100 bp ladder (Solis Biodyne) loaded in any of the spare well for sizing 

and approximate quantification of amplicons. 

7. Voltage of 120 V is applied across the gel and left for 25 minutes.  

8. Observe under UV light or other viewing method. 

 

4.10 Data analysis 

Data was analysed using appropriate statistical methods using the R software 

environment and statistical package for social sciences (SPSS) data analysis 

software. Gene expression was quantified using the 2–∆∆Ct method. Data for 

gene expression was analysed using a t-test. Fold change was calculated using 

preoperative data as a baseline for changes in gene expression. Methylation vs 

gene expression analysis was completed using methylation data collected 

previously by this lab.  

The results were analysed to compare the methylation patterns with the gene 

expression values for each sample on each gene using the 2–∆∆Ct method.  
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4.10.1 Quality control over samples 

Each experiment was repeated three times to increase the reliability of my 

measurements. For quality control any repeat Ct values that were greater than 

0.5 apart were removed and filtered out. An average of those remaining values 

was taken. A small number of samples had excessive variation, and were 

excluded from further analysis. 

4.10.2 Delta-delta-Ct method  

The delta-delta-Ct method or 2–∆∆Ct, is a method used to produce relative gene 

expression from the Ct values we have measured. Ct values represent how 

many times the quantity of template DNA in the sample had to double in order 

to reach a threshold amount. The Ct value is an exponential value and in order 

to demonstrate relative gene expression it needs to be normalised to the 

sample using a housekeeper gene and also to the control.  

In order to calculate an approximation of relative gene expression we must use 

the equation of 2–∆∆Ct in which ∆∆Ct is calculated as follows, where T is the 

target gene and H is the housekeeper. For some of the analysis we have used 

the average Ct value of preoperative data as the control. For the fold change 

analysis, we used specific values of individual samples of preoperative data, as 

T-control. For the T-sample we used postoperative day one and postoperative 

day four to seven. For this reason, there are two values for fold change. 

Table 10 

∆∆Ct = (T sample – T control) – (H sample – H control)   
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4.10.3 T-test 

A T-test is a statistical test performed to compare the means of two groups of 

data with the aim of identifying if there is a significant difference between the 

means of those groups. A paired T-test was selected because it compares the 

means of two sets of data for which the data are related. In this case, they are 

both values of the same measurement at different time points. A paired test was 

carried out to compare preoperative data to postoperative day one and 

postoperative day four to seven data. Preoperative data was used as the 

baseline and was given the value of 1. 2–∆∆Ct data was used to represent 

relative gene expression using RPL13A as a housekeeper and using 

preoperative data as the baseline. From this we have calculated means, 

standard deviation, standard error of the mean, correlation, t score and the 

significance of this data. This demonstrates the change in relative gene 

expression across the time points. 

 

4.11 Inclusion Criteria 

Preoperative patients over the age of 65 years enrolled for major surgery 

(colorectal & orthopaedic) at the Royal Devon & Exeter Hospital between July 

2014 and January 2015. 

 

4.12 Exclusion Criteria 

Pre-existing diagnosis of dementia, medical instability limiting preoperative 

assessment, delirium prior to surgery, and non-English speaker.  
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5 Results  

5.1 Patient demographics 

Patient demographics were collected to compare the patients at baseline prior 

to surgery. 

Table 11 - Patient demographics. 

Demographics 

case control Delirium Control P-Value 

Subjects  6 25   

Surgery 

colorectal:2 

hip elective:2 

hip fracture:2 

colorectal:10 

hip elective:8 

hip fracture:7   

Age 80.2±6.0 77.7±6.4 0.24 

Sex F:5/M:1 F:13/M:12 0.09 

BMI* 31.9±6.0 28.4±4.2 0.11 

Smoking Never:4/EX:2/Current:0 Never:17/EX:8/Current:0 0.48 

Marital  M:2/W:3/D:1 M:16/W:8/D:1 0.09 

Charlson score  1.7±1.2 1.8±1.2 0.44 

Initial systolic 

blood pressure 

(mmHg) 168±24 129±26 <0.01 

The patient demographics as shown in Table 11 - Patient demographics., used 

in the study compared preoperative baseline data of those who went on to 

develop delirium to those in the control group. The results showed similar 

demographics and operation types between the groups apart from initial systolic 

blood pressure. The average systolic blood pressure of the delirium group was 

168±24 mmHg and the average for the control group was129±26 mmHg. This 

represents a significant difference (p = <0.01), which is discussed in 6.5 - Effect 

of hypertension on delirium.   
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5.1.1 Prior work on deoxyribonucleic acid methylation 

A study undertaken previously in our lab aimed to explore the effects of surgery 

on acute DNA methylation and the effects on the immune response. The 

immune system is known to be involved in tissue regeneration postoperatively. 

This study looked at the link between immune mediators, surgery and the 

methylation of genes (Ti et al., 2014). Results demonstrated the alterations in 

gene regulation induced by invasive surgery, primarily reflecting upregulation of 

the immune system in response to trauma, wound healing and anaesthesia 

(Sadahiro et al., 2020). This paper showed that major surgery was associated 

with acute changes in DNA methylation at sites annotated to genes involved in 

the immune system which paralleled the changes in inflammatory markers C-

reactive protein and interleukin-6. The methylation data collected and generated 

at various sites annotated to genes was particularly important for moving 

forward with my study. This existing data was used to compare and correlate 

gene expression with the methylation data at sites annotated to those genes. 

 

5.2 Amplification plots 

 

Figure 14 - Amplification plots for COMT, RBM8A, MAOA and NIPAL3. Images 
show a logarithmic visual representation of the amplification. 
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Amplification plots for COMT, RBM8A, MAOA and NIPAL3 as seen in Figure 14 

- Amplification plots for COMT, RBM8A, MAOA and NIPAL3. Images show a 

logarithmic visual representation of the amplification. demonstrated good 

amplification at various cycles. MAOA showed a wider range of cycles at which 

amplification began. 

 

5.2.1.1 Amplification of NR4A3 

 

Figure 15 - Amplification of NR4A3 in gradient testing stage with temperatures 
used ranging from 57°C to 67°C. 

This graph seen in Figure 15 - Amplification of NR4A3 in gradient testing stage 

with temperatures used ranging from 57°C to 67°C. represents inadequate 

amplification unlike what we had achieved with the other primer sets. This 

indicates that our experiment would not work for this primer set at any 

temperature range used. Whether this was due to non-functioning primers or 

other reasons is discussed in 6.3 - NR4A3.  
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5.2.1.2 Amplification with oligonucleotides for references 

 

Figure 16 - example amplification plot for MAOA using only the standard 
reference point curves without the samples. 

This graph seen in Figure 16 - example amplification plot for MAOA using only 

the standard reference point curves without the samples. demonstrates the 

points used as a reference for a standard curve. This is using oligonucleotides 

rather than samples. This highlights the assays are highly sensitive and 

accurate.  
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5.2.2 Melt curves 

 

Figure 17 - Melt curve plots for COMT, RBM8A, MAOA and NIPAL3. 

The melt curves seen in Figure 17 demonstrated predominantly singular peaks 

at specific values between 80°C and 90°C as expected. The specific value itself 

is not of any interpretable meaning but the presence or absence of a singular 

peak, however, is of significance. If the curves all peak at the same 

temperature, this suggests one common product, as intended. Multiple different 

peaks at different temperature would suggest our primers were not specific to 

our intended target gene.  
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Figure 18 - COMT Melt curve plot. 

The COMT melt curve seen in Figure 18 - COMT Melt curve plot. has two peaks 

of similar temperatures close to one another. The two peaks were not isolated 

to a small number of samples. The differing peaks were only present in some 

samples, and those samples did not show both peaks. The tests were also not 

always in all repeats of the effected samples. There were a significant number 

of samples within each individual peak. Further tests of electrophoresis using 

SYTO-60 were conducted in order to discern whether these were 

representative, see Figure 21 - Agarose gel electrophoresis product of the 

COMT RT-qPCR products to verify that this is a single product. These tests 

showed broadly similar product sizes which provides more confidence that our 

primers were specific, and we have a single product. One explanation might be 

the differences acknowledged between soluble (S-COMT) or membrane-bound 

(MB-COMT) isoforms of COMT (Meloto et al., 2015).  
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5.2.3 Standard curves  

We initially planned to use standard curves to calculate exact figures for the 

gene expression. This would have been done using values of the 

oligonucleotides which were of known quantities of genetic material. This would 

allow us to calculate how many copies of the gene are being expressed. This 

would, however, rely on an accurate quantification of the amount of total genetic 

material of the starting samples. Whilst samples were standardised before 

processing, the variability of the RNA extraction might prove a problem. Values 

for concentration of genetic material in the samples were varied, see . It was 

decided to use standard curves based on oligonucleotides as described in 

4.10.4 -  Development of standard curve. This would allow more accurate 

interpretation of results as the use of a housekeeper accounts for varied genetic 

material in each sample. 

 

 

 

Figure 19 - Standard curves created for each gene.  

The red points on this slope in Figure 19 were the standard reference points 

used to create the curve from which to interpolate the data points. This gives us 

our expression values.   
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Table 12 - Slope, R2, efficiency and error for standard curves of each gene. 

Gene Slope R2 Efficiency Error 

COMT -1.945 0.924 226.652% 0.140 

RBM8A -3.21 0.971 104.897% 0.152 

MAOA -3.319 0.808 108.234% 0.037 

NIPAL3 -2.932 0.97 119.336% 0.143 

 

The slope of a curve indicates the relationship between the X value and Y value 

of a graph or equation. A positive value for slope indicates that as X increases, 

Y does. A negative curve indicates that an increase in X leads to a decrease in 

Y. In this case, X values were the concentration values of our oligonucleotides. 

The Y value is the Ct value at which the set fluorescence value is met. A lower 

Ct suggests higher quantity of genetic material as described in 4.10.2 -  

Development of standard curve. An efficiency of 100% signifies that the 

polymerise enzyme is working at maximum capacity. An efficiency in the region 

of 90-110% is considered ideal. An efficiency of above 100% is achievable 

when something can inhibit the polymerise enzyme such as excessive 

DNA/RNA or contaminants including haemoglobin or substances carried over 

from the previous stages in the preparation of the sample. The assays for 

MAOA, RMB8A and NIPAL3 have an efficiency of 105-119% which is not 

unreasonable, see Figure 19 was used to create the curve from which to 

interpolate the data points. This gives us our expression values. COMT has an 

efficiency of 227% which is higher than expected and would likely invalidate this 

assay. This may have occurred due to human error in measurement, calculation 

or pipetting. R2 of 0.8-0.97 in this graph signifies that 80-97% of the variation in 

data is explained by the model. We can say that some of these assays worked 

better than others.  
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5.3 Agarose gel electrophoresis 

Agarose gel analysis is another way to clarify whether we have created a single 

product or if the primers amplified multiple targets. A single bright band at each 

streak signifies one product. The ladder beside the samples gives us an 

estimate of the size of the product.  

The agarose gel electrophoresis results in Figure 20 are the products of all 

genes. This is similar to Figure 13 with greater resolution and labelling. These 

were random selections of different products from the RT-qPCR reactions. 

Using a 100 bp ladder we can see the products mostly are around the 200-300 

bp mark which is what we would expect. MAOA and COMT showed some other 

much larger products with weaker bands suggesting that a small quantity of the 

products in this reaction were undesirable non-target. The NR3A4 

electrophoresis showed that only some RT-qPCR reactions had a product, see 

Figure 20 - Agarose gel electrophoresis product of a selection of all target 

genes MAOA (group 1), COMT (group 2), NR3A4 (group 3), RBM8A (group 4) 

and NIPAL3 (group 5) with a 100 bp ladder was used on both sides. 

Agarose gel electrophoresis was performed on all COMT products due to the 

split peaked appearance of the melt curves, see Figure 21 and Figure 22. Some 

of these gels appear red because of the ethidium bromide dye used. I used this 

under the advice of a colleague that this method would be better at 

differentiating products of a similar size than SYTO 60. This was performed on 

all samples from that particular experiment to explore the nature of the COMT 

results. 
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Figure 20 - Agarose gel electrophoresis product of a selection of all target 
genes MAOA (group 1), COMT (group 2), NR3A4 (group 3), RBM8A (group 4) 
and NIPAL3 (group 5) with a 100 bp ladder was used on both sides.  
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Figure 21 - Agarose gel electrophoresis product of the COMT RT-qPCR 
products to verify that this is a single product. 
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Figure 22 - Agarose gel electrophoresis product of the COMT RT-qPCR 
products to verify that this is a single product.  



82 
 

5.4 Correlation between Methylation and change in gene expression 

DNA methylation is often thought to negatively impact upon levels of gene 

expression (Anastasiadi, Esteve-Codina and Piferrer, 2018). It was one of our 

aims to focus on whether the methylation data previously collected could be 

correlated with methylation, see 5.1.1 - Prior work on deoxyribonucleic acid 

methylation. Evidence of this might provide a useful link between epigenetic 

regulation of gene expression in surgery and postoperative delirium. 

Methylation graphs demonstrating DNA methylation and relative gene 

expression of the same sample helped to visualise any correlation. Pearson’s 

rank correlation was calculated and represented with “r” with a two-tailed 

significance calculated and represented by “p”. All four genes showed weakly 

positive correlation between methylation and expression of this gene using 

RPL13A as a housekeeper. None of the methylation analyses reached 

statistical significance of P = 0.05 using a two tailed significance and correcting 

for multiple tests. This aspect of the project has failed to demonstrate significant 

correlations between methylation and relative gene expression.  
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5.4.1 RBM8A   

Relative gene expression of RBM8A measured with RPL13A as a control 

against DNA methylation at the cg26022992 DMP site chr1:145507616 

demonstrated very little correlation as seen in Figure 23 in the graph below r = 

0.028 with a significance of p = 0.800. This is statistically insignificant; however, 

it shows a weak negative correlation. Most data points were grouped centrally 

between DNA methylation levels of 7.5% and 12.5% and around one on the 

axis for relative gene expression. This suggests very little variation. 

 

Figure 23 - Graph demonstrating relative gene expression calculated as 2–∆∆Ct 
plotted against methylation data at each data point for the gene RBM8A using 
RPL13A as a housekeeper.  
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5.4.2 MAOA  

Relative gene expression of MAOA measured with RPL13A as a control against 

DNA methylation at the cg18138788 DMP site on chrX:43515245 demonstrated 

non-significant positive correlation as seen in Figure 24 in the graph below r = 

0.015 with a significance of p = 0.893.  

 

Figure 24 - Graph demonstrating relative gene expression calculated as 2–∆∆Ct 
plotted against methylation data at each data point for the gene MAOA using 
RPL13a as a housekeeper.  
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5.4.3 COMT 

Relative gene expression of COMT measured with RPL13A as a control against 

DNA methylation at the cg07194846 DMP site on chrX:43515245 demonstrated 

negative correlation as seen in Figure 25 in the graph below r = 0.028 with a 

significance of p = 0.796. This is statistically insignificant.  

 

 

Figure 25 - Graph demonstrating relative gene expression calculated as 2–∆∆Ct 
plotted against methylation data at each data point for the gene COMT using 
RPL13A as a housekeeper. 
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5.4.4 NIPAL3  

Relative gene expression of NIPAL3 measured with RPL13A as a control 

against DNA methylation at the cg06544731 DMP site on chr 1:24738219 

demonstrated positive correlation as seen in Figure 26 in the graph below r = 

0.044 with a significance of p = 0.692. NIPAL3 was the only gene to have 

positive correlation with methylation at the site associated with it. This result is 

statistically insignificant. 

 

 

Figure 26 - Graph demonstrating relative gene expression calculated as 2–∆∆Ct 
plotted against methylation data at each data point for the gene NIPAL3 using 
RPL13A as a housekeeper.  
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5.5 Comparing housekeeper genes 

The three housekeepers used in this study were GAPDH, POLR2A and 

RPL13A. The purpose and concept of a housekeeping gene relies upon the 

gene being ubiquitously expressed in all tissues. This is a slightly flawed 

concept because no gene is a true housekeeper. Different housekeepers are 

more useful in different experiments. GAPDH is a well-known and widely used 

housekeeper for these types of experiments and possibly the most well 

recognised (Barber et al., 2005; Gresner et al., 2011; Sikand et al., 2012). In 

this experiment we found GAPDH to be the least consistent housekeeper. 

Significance of correlation across all timepoints is demonstrated in Table 14. 

GAPDH had the greatest changes of Ct values across timepoints and this was 

statistically significant ∆A-B = 0.73558 p = 6.63E-04 and ∆A-C = 0.62574 p = 

2.66E-03 (where A = preoperative, B = postoperative day one and C = 

postoperative day four to seven).  

RPL13A had the smallest changes and was the most consistent across 

timepoints. From this we decided to perform most of the analysis using RPL13A 

as the housekeepers. We performed each target gene against each 

housekeeper gene but found RPL13A to be the most stable across samples. 

Table 13 shows the changes of the housekeeper across timepoints. P values 

for changes from preoperative to postoperative day one and preoperative to 

postoperative day four to seven are present showing significance of the 

changes. The most consistent and statistically significant changes across time 

points are, in this case, least favourable for a housekeeper gene. RPL13A has 

the least statistically significant changes. For this reason, it was decided to 

pursue RPL13A.  
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Table 13 - Ct values of housekeeper genes of the samples across the time (where A 
= preoperative, B = postoperative day one/POD1 and C = postoperative day four to 
seven/POD4-7). 

  
Preop 

(A) 

POD1 

(B) 
∆A-B P value 

POD4-7 

(C) 

∆A-C 
P value 

GAPDH 21.45059 20.71501 0.73558 
6.63E-

04 
20.82485 

0.62574 
2.66E-03 

POLR2A 23.21593 23.11374 0.10219 
3.19E-

01 
23.07139 

0.14454 
1.15E-01 

RPL13A 19.40843 18.89886 0.50957 
4.34E-

01 
19.27882 

0.12961 
8.83E-01 
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Table 14 - Correlation using Pearson’s R correlation with a two-tailed significance. A 
table that shows a comparison of the housekeeper genes when we use them to 
correlate the methylation of our target genes with the relative gene expression. “r” 
represents the correlation between the methylation and relative gene expression. “n” 
represents the number of cases with complete data fit for analysis. “p” represents the 
P-value for significance. 

 

Methylation 

analysis 

GAPDH RPL13A POLR2A 

r n p r n p r n p 

MAOA  -0.002 83 0.984 0.015 83 0.893 -0.011 84 0.918 

COMT  -0.056 85 0.607 0.028 86 0.796 0.102 85 0.344 

RBM8A  -0.050 82 0.644 0.028 85 0.800 -0.044 82 0.679 

NIPAL3  -0.102 84 0.344 0.044 82 0.692 -0.201 84 0.058 

 

Table 14 shows the methylation vs relative gene expression calculations with all 

housekeepers used side-by-side for comparison. This shows varying results of 

correlations and statistical significance. 

 

5.6 Changes of gene expression over time 

Below are the changes in gene expression over time points for each target gene 

using RPL13A as a housekeeper. Graphs were produced to demonstrate mean 

relative gene expression across time and to compare those with delirium vs 

those without delirium.  
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5.6.1 COMT  

The graphs in Figure 27 and Figure 28 show relative gene expression of COMT 

across timepoints show an increase from preoperative to postoperative day 

one, with a subsequent decrease at postoperative day four to seven. Gene 

expression did not fully return to baseline by postoperative day four to seven. 

Results appear similar in the delirium and non-delirium group. The significance 

of difference between delirium and non-delirium is p = 0.671 as noted in 5.9 - 

Comparing Delirium vs Control. This is not statistically significant. 

 

 

Figure 27 - Graph of mean relative gene expression of COMT using RPL13A as 
a housekeeper across all three timepoints for “A” – preoperative, “B” – one day 
postoperatively and “C” – four - seven days postoperatively. 
 



91 
 

 

Figure 28 - Graph of mean relative gene expression of COMT using RPL13A as 
a housekeeper comparing control to delirium across all three timepoints for “A” 
– preoperative, “B” – one day postoperatively and “C” – four - seven days 
postoperatively. 

 

5.6.2 MAOA 

The graphs in Figure 29 and Figure 30 show relative gene expression of MAOA 

across timepoints show an increase from preoperative to postoperative day 

one, with a subsequent decrease at postoperative day four to seven. Gene 

expression did not fully return to baseline by postoperative day four to seven. 

Results appear similar in the delirium and non-delirium group, except that gene 

expression did not increase as much at postoperative day one, but was greater 

at postoperative day four to seven . Instead of decreasing in postoperative day 

four to seven it increased further from postoperative day one. The significance 

of difference between delirium and non-delirium is p = 0.887 as noted in 5.9 - 

Comparing Delirium vs Control. This is not statistically significant. 
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Figure 29 - Graph of mean relative gene expression of MAOA using RPL13A as 
a housekeeper across all three timepoints for “A” – preoperative, “B” – one day 
postoperatively and “C” – four - seven days postoperatively with error bars. 
 

 

Figure 30 - Graph of mean relative gene expression of MAOA using RPL13A as 
a housekeeper comparing control to delirium across all three timepoints for “A” 
– preoperative, “B” – one day postoperatively and “C” – four - seven days 
postoperatively.  
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5.6.3 NIPAL3 

The graphs in Figure 31 and Figure 32 show relative gene expression of 

NIPAL3 across timepoints show a small increase from preoperative to 

postoperative day one, with a further increase at postoperative day four to 

seven. Results appear different in the delirium and non-delirium group. The 

delirium group actually decreased from preoperatively to postoperative day one, 

and further decreased at postoperative day four to seven. This is in contrast to 

the pattern seen in non-delirium. The significance of difference between 

delirium and non-delirium is p = 0.19 as noted in 5.9 - Comparing Delirium vs 

Control. This is not statistically significant.  

 

 

 

Figure 31 - Graph of mean relative gene expression of NIPAL3 using RPL13A 
as a housekeeper across all three timepoints for “A” – preoperative, “B” – one 
day postoperatively and “C” – four - seven days postoperatively. 
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Figure 32 - Graph of mean relative gene expression of NIPAL3 using RPL13A 
as a housekeeper comparing control to delirium across all three timepoints for 
“A” – preoperative, “B” – one day postoperatively and “C” – four - seven days 
postoperatively. 

 

5.6.4 RBM8A 

The graphs in Figure 33 and Figure 34 show relative gene expression of 

RBM8A across timepoints shows an increase from preoperative to 

postoperative day one, with a subsequent decrease at postoperative day four to 

seven. Gene expression did not fully return to baseline by postoperative day 

four to seven. Results appear similar in the delirium and non-delirium group with 

the exception of greater gene expression in the delirium group for both 

postoperative day one and postoperative day four to seven . The significance of 

difference between delirium and non-delirium is p = 0.265 as noted in 5.9 - 

Comparing Delirium vs Control. This is not statistically significant. 
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Figure 33 - Graph of mean relative gene expression of RBM8A using RPL13A 
as a housekeeper across all three timepoints for “A” – preoperative, “B” – one 
day postoperatively and “C” – four - seven days postoperatively. 
 

 

Figure 34 - Graph of mean relative gene expression of RBM8A using RPL13A 
as a housekeeper comparing control to delirium across all three timepoints for 
“A” – preoperative, “B” – one day postoperatively and “C” – four - seven days 
postoperatively. 
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5.7 Fold gene expression by surgery type 

Figure 35, Figure 36, Figure 37 and Figure 38 compare the relative changes in 

gene expression by the type of operation using RPL13A as a housekeeper.  

This way of demonstrating the data differs to the graphs in 5.6 - Changes of 

gene expression over time by separating them by type of operation. These 

graphs of fold gene expression by surgery type demonstrates changes in 

expression between the different types of surgery. These show a wide variation 

in relative gene expression at postoperative day on and postoperative day four 

to seven. 

 

 

Figure 35 - Graph demonstrating Fold gene expression across timepoints by 
surgery type using preoperative as the baseline with 2–∆∆Ct for MAOA. 
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Figure 36 - Graph demonstrating Fold gene expression across timepoints by 
surgery type using preoperative as the baseline with 2–∆∆Ct for COMT. 

 

 

 

Figure 37 - Graph demonstrating Fold gene expression across timepoints by 
surgery type using preoperative as the baseline with 2–∆∆Ct for RBM8A. 
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Figure 38 - Graph demonstrating Fold gene expression across timepoints by 
surgery type using preoperative as the baseline with 2–∆∆Ct for NIPAL3. 

 

5.8 Differential gene expression across time points 

Paired samples show correlation between postoperative day one and 

postoperative day four to seven. All four genes showed positive correlation 

between 0.468 and 0.731, all with a high level of significance p < 0.05. This 

shows that the changes in gene expression from preoperative to one day post 

operatively and four to seven days post operatively are highly linked. As the 

relative gene expression at postoperative day one increased, so did 

postoperative day four to seven. 

 



99 
 

Table 15 - Paired samples correlations (where B = postoperative 
day one, C = postoperative day four to seven). 

 N Correlation Sig. 

Pair 1 MAOA B & MAOA C 21 .731 .000 

Pair 2 COMT B & COMT C 26 .661 .000 

Pair 3 RBM8A B & RBM8A C 26 .612 .001 

Pair 4 NIPAL B & NIPAL C 26 .468 .016 

 

Table 16 - Paired samples statistics (where B = postoperative day 
one, C = postoperative day four to seven). 

 Mean N Std. Deviation Std. Error Mean 

Pair 1 MAOA B  4.7456 21 6.65728 1.45274 

MAOA C 4.7411 21 6.10838 1.33296 

Pair 2 COMT B 1.5588 26 .75455 .14798 

COMT C 1.2585 26 .77699 .15238 

Pair 3 RBM8A B 1.2571 26 .68311 .13397 

RBM8A C 1.1631 26 .56060 .10994 

Pair 4 NIPAL B 1.0543 26 .50835 .09969 

NIPAL C 1.0997 26 .85820 .16831 

 

Table 17 - Paired differences (where B = postoperative day one, C = 
postoperative day four to seven). 

 

Paired Differences 

t df 

Siig. (2-

tailed) Mean 

Std. 

Deviation 

Std. 

Error 

Mean 

95% Confidence 

Interval of the 

Difference 

Lower Upper 

MAOA B 

+ C 

.00442 4.70595 1.02692 -

2.1377 

2.14654 .004 20 .997 

COMT B 

+ C 

.30033 .63104 .12376 .04545 .55521 2.427 25 .023 

RBM8A 

B + C 

.09404 .55861 .10955 -

.13159 

.31967 .858 25 .399 

NIPAL B 

+ C 

-.04545 .76615 .15025 -

.35490 

.26401 -.302 25 .765 
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Only COMT has demonstrated significance of T-test statistics (t = 2.427, p = 

0.023) in Table 17 - Paired differences (where B = postoperative day one, C = 

postoperative day four to seven). This suggests that only with COMT can we 

reject the null hypothesis that there is no significant difference between 

postoperative day one and postoperative day four to seven. The T-test statistics 

for differences in other genes were not significant. 

 

5.9 Comparing Delirium vs Control 

A T-test was performed to compare the groups of those that developed delirium 

and those that did not. For this analysis an independent T-test was performed 

as the two groups being compared were not paired data, but separate cases. 2–

∆∆Ct data was used to represent relative gene expression using RPL13A as a 

housekeeper. We have used data from postoperative day one and 

postoperative day four to seven as only those postoperatively will have delirium. 

This compares samples postoperatively, with delirium vs non-delirium. From 

this we have calculated means, standard deviation, standard error of the mean, 

correlation, t score and the significance of this data. Levene’s test for equality 

was used to see if these two groups had equality of variance. The statistical 

significance, or the p-value of the results of Levene’s test were all greater than 

0.05. We can, therefore, reject the assumption that the variance is equal 

amongst the delirium vs non-delirium groups of data.  

 

5.9.1 NIPAL3  

Table 18 – Group statistics delirium vs control NIPAL3 – RPL13A. 

  N Mean Std. Deviation Std. Error Mean 

NIPAL3  Delirium 10 .7624 .34601 .10942 

Control 44 1.2533 1.13095 .17050 
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Table 19 - Independent samples test delirium vs control NIPAL3 – RPL13A. 

 

NIPAL3 Delirium vs Non-delirium 

Equal 

variances 

assumed 

Equal 

variances not 

assumed 

Levene's Test for Equality 

of Variances 

F 1.651  

Sig. .205  

t-test for Equality of Means t -1.350 -2.423 

df 52 47.345 

Sig. (2-tailed) .183 .019 

Mean Difference -.49096 -.49096 

Std. Error Difference .36380 .20259 

95% Confidence Interval of 

the Difference 

Lower -1.22097 -.89843 

Upper .23906 -.08348 

 

We assume variances are not equal from Levene’s test for equality of variances 

(F = 1.651, p = 0.205). This was not statistically significant. There was a 

difference of -0.49096 between delirium and control. The T-test statistic is of 

significance for NIPAL3 (t = -2.423, p = 0.019) Table 19 - Independent samples 

test delirium vs control NIPAL3 – RPL13A. suggests the delirium group showed 

statistically significant changes in gene expression when compared with those 

without delirium. 

 

5.9.2 RBM8A 

Table 20 - Group statistics delirium vs control RBM8A – RPL13A. 

  N Mean Std. Deviation Std. Error Mean 

RBM8A Delirium 10 1.5351 .79097 .25013 

Control 45 1.2121 .81021 .12078 
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Table 21 - Independent samples test delirium vs control RBM8A – RPL13A. 

 

Gene expression RBM8A Delirium 

vs Non-delirium 

Equal variances 

assumed 

Equal 

variances not 

assumed 

Levene's Test 

for Equality of 

Variances 

F .358  

Sig. .552  

t-test for Equality 

of Means 

t 1.145 1.163 

df 53 13.536 

Sig. (2-tailed) .257 .265 

Mean Difference .32298 .32298 

Std. Error Difference .28212 .27776 

95% Confidence Interval of the 

Difference 

Lower -.24288 -.27468 

Upper .88885 .92064 

 

We assume variances are not equal from Levene’s test for equality of variances 

(F = 0.358, p = 0.552). Table 21 showed a difference of 0.32298 between 

delirium and control. RBM8A did not show significance of T-test statistic (t = 

1.163, p = 0.265) and we can therefore not infer a significance of difference in 

gene expression between those who had delirium versus those who did not. 

 

5.9.3 MAOA 

Table 22 - Group statistics delirium vs control MAOA – RPL13A. 

  N Mean Std. Deviation Std. Error Mean 

MAOA Delirium 10 6.0235 7.94278 2.51173 

Control 43 6.4459 9.72445 1.48296 
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Table 23 - Independent samples test delirium vs control MAOA – RPL13A. 

 

Gene expression MAOA Delirium vs Non-

delirium 

Equal variances 

assumed 

Equal variances not 

assumed 

Levene's 

Test for 

Equality of 

Variances 

F .413  

Sig. .523 

 

t-test for 

Equality of 

Means 

t -.128 -.145 

df 51 15.953 

Sig. (2-tailed) .899 .887 

Mean Difference -.42237 -.42237 

Std. Error Difference 3.31225 2.91684 

95% Confidence Interval of the 

Difference 

Lower -7.07199 -6.60728 

Upper 6.22725 5.76254 

 

We assume significances are not equal from Levene’s test for equality of 

variances (F = 0.413, p = 0.523). In Table 23 there was a difference of -0.42237 

between delirium and control groups. MAOA did not show significance of T-test 

statistic (t = -0.145, p = 0.887) and therefore we cannot infer a significance of 

difference in gene expression between those who had delirium vs those who did 

not. 

 

 

 

 

5.9.4 COMT 

Table 24 - Group statistics delirium vs control COMT – RPL13A. 

  N Mean Std. Deviation Std. Error Mean 

Gene expression COMT Delirium 10 1.3521 .67982 .21498 

Control 46 1.4660 1.04284 .15376 
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Table 25 - Independent samples test delirium vs control COMT – RPL13A. 

 

Gene expression COMT Delirium 

vs Non-delirium 

Equal variances 

assumed 

Equal variances 

not assumed 

Levene's Test for Equality of 

Variances 

F .668  

Sig. .417  

t-test for Equality of Means t -.329 -.431 

df 54 19.540 

Sig. (2-tailed) .743 .671 

Mean Difference -.11389 -.11389 

Std. Error Difference .34598 .26430 

95% Confidence Interval of 

the Difference 

Lower -.80754 -.66605 

Upper .57977 .43828 

 

We assume significances are not equal from Levene’s test for equality of 

variances (F = 0.668, p = 0.417). In Table 25 there was a difference of -0.11389 

between delirium and control. COMT did not show significance of T-test statistic 

(t = -0.431, p = 0.671) and therefore we cannot infer a significance of difference 

in gene expression between those who had delirium vs those who did not. 

 

5.10 Follow-up data 

Data collected in the follow-up of patients is displayed in the table below. 

Significance has been calculated using Fisher’s exact test.  

Table 26 - Table of follow-up data. 

 Control Delirium Total Significance  

Readmitted to hospital 75% (18/24) 1/6 (16.7%) 19/30 0.0156 

Further delirium 4.17% (1/24) 0 1/30 1 

Cognitive decline 3/24 0 3/30 1 

Deceased  3/24 1/6(16.7%) 4/30 1 
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Long term outcomes of delirium as described in 2.1.4 Health implications and 

consequences of delirium, discussed the increased risk of dementia in those 

who have had an episode of delirium. One of the primary outcomes of this study 

was to evaluate the long-term outcomes of postoperative delirium in our patient 

group. The clinical data was not compelling and did not show any correlation 

between those with delirium. There was no significant trend with those who had 

delirium to then go on to exhibit a further episode of delirium, cognitive decline or 

to become deceased. The only significant trend in Table 26 was for that of 

readmission, showing a greater occurrence of readmission in control patients (p 

= 0.0156). This is counter-intuitive and potentially an anomalous result due to the 

low numbers of patients in this study. The impact of sample size on our 

calculations is discussed in 6.1 Methylation analysis. 
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6 Discussion 

6.1 Methylation analysis 

Historically methylation has been considered to be a primary method of 

epigenetic regulation of gene expression (Razin and Cedar, 1991). Our data did 

not suggest a correlation between the methylation of the genes and the 

expression we measured, which could be for various reasons. DNA methylation 

is traditionally thought to be associated with silencing of expression in core 

promoter regions; but effects may be transitory and not ubiquitous (Keshet, 

Yisraeli and Cedar, 1985; Baylin, 2005; Long, Smiraglia and Campbell, 2017). 

The reasons for a lack of correlation in our data are explored in this section. 

 

6.1.1 Study design 

The sample size of our study is small. Confidence levels are lower with a small 

sample size. A smaller effect size might not be detectable with smaller numbers 

of samples. A study this size does not have the statistical power, see Table 27 - 

Number of patients needed to meet statistical significance (p = 0.05) at the 

currently measured R values (correlation coefficient) of each gene. The lack of 

significance in our data may simply represent a more subtle change that would 

have required a greater sample size to demonstrate. There may be 

unrecognised variables in the data that we did not control for. We must consider 

the effect of confounders from the study design. We have three types of surgery 

in our patient groups, some of which are elective and some non-elective trauma 

patients. The method of analysis is intended to compare two groups.  We have 

two groups of delirium and non-delirium being analysed together with past 

medical conditions not accounted for. These factors could have influenced the 

gene expression. For this reason, we need a greater number of patients to 

achieve statistically significant results. With the correlation achieved in our data 

below is a calculation of how many patients would be needed to achieve a 

significance of p = 0.05. This was calculated using the formula below.  
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Table 27 - Number of patients needed to meet statistical significance (p = 0.05) 
at the currently measured R values (correlation coefficient) of each gene. 

Gene R value Required patient 
number 

Power with N = 30 

MAOA  0.015 34882 5.0% 

COMT  0.028 10009 5.1% 

RBM8A  0.028 10009 5.1% 

NIPAL3  0.044 4052 38.8% 

 

Power was calculated with t-test power calculator. The required number of 

patients required to meet statistical significance was calculated using the 

formula in Table 28 from the book Designing Clinical Research (Hulley SB, 

Cummings SR, Browner WS, Grady D, 2013). Methylation analysis was 

performed on all samples, on all patients across time points to correlate 

methylation with gene expression irrespective of delirium. It is a consideration 

that the relationship between methylation and expression was altered in those 

with delirium versus those without. We did not perform individual methylation 

analyses on the subgroups. Given our limited numbers of patients and samples 

to work with this would prove difficult with further decreased statistical power. 

Table 28 - Formula for calculating required number of patients to reach 
statistical significance (Hulley SB, Cummings SR, Browner WS, Grady D, 
2013). 

N = [(Zα+Zβ)/C]2 + 3  

N = Total sample size required to determine whether a correlation 

coefficient differs from zero.  

Where C = 0.5 * ln[(1+r)/(1-r)] 
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6.1.2 Technical error 

Epigenetic laboratory work involves measuring small quantities of genetic 

material for a precise measurement. The laboratory equipment used is only as 

accurate as the person using it. The degree of human error in each experiment 

is not only related to the skill of the person conducting the experiment but it is 

also proportional to the number of times the samples are handled. This is why 

we used housekeeping genes to standardise results. cDNA was processed from 

RNA, which was previously handled by others in the lab group when extracted 

from the blood samples. This cDNA was then repeatedly handled by me. The 

margin of error would be expected to be more significant when using smaller 

quantities and performing large numbers of experiments. Oligonucleotides were 

used in the experiment to form the standard curves. Oligonucleotides, as 

described in 4.10.4 –  Development of standard curve, are concentrated 

substrate designed to fit the primers. These required diluting in the order of 1:13 

– 1:1012 magnitude in order to be usable in comparable concentrations to the 

samples. RT-qPCR works effectively based on the principles of being able to 

amplify even the smallest quantities of DNA. Given the level of concentration of 

this and the propensity to contaminate samples with even the smallest amount, 

the risk of interference from contamination was high. Many of the steps along 

the way could have had variable efficiency, i.e., the extraction of RNA as 

demonstrated in 4.10 -  Primer design . 

6.2 Change in gene expression 

Gene expression measured across timepoints aimed to show how the level of 

gene activity could change from baseline to postoperatively. This is 

demonstrated with statistics and graphs in 5.6 - Changes of gene expression 

over time, showed consistent and significant correlation between the 

measurements of relative gene expression at postoperative day one and 

postoperative day four to seven relative to preoperative. This suggests the 

changes in gene expression due to surgery persist from day one 

postoperatively to days four to seven.  
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T-tests comparing the delirium group and non-delirium group are seen in 5.9 - 

Comparing Delirium vs Control, demonstrate differences in mean change. 

NIPAL3 showed a statistically significant T-test result. Differences in relative 

gene expression between those who had delirium and those who did not 

showed that those with delirium had lower expression, a difference of 0.49096 

(delirium = 0.7624, vs control = 1.2533, p = 0.019). This represents significantly 

more gene expression in the control group than the delirium group. Section 

5.6.1 - COMT, graph Figure 27 shows the COMT gene expression using 

RPL13A as a housekeeper for normalisation. This shows the average gene 

expression increasing from preoperative to postoperative day one, to then 

return to baseline in postoperative day four to seven. This shows that patients 

varied in their change in gene expression with some decreasing postoperatively 

in contrast to what the mean values did. The general trend of gene expression 

has increased from preoperative to postoperative day one and then decreased 

to nearer baseline levels. This did not reach statistical significance (p = 0.671). 

Figure 28 demonstrates gene expression in the delirium vs non delirium groups, 

with respect to COMT, in order to highlight whether different patient groups 

behaved differently in their gene expression. COMT gene expression increased 

from preoperatively to postoperative day one and returned to similar levels at 

postoperative day four to seven. The delirium group took a similar trend with the 

difference being that baseline levels of expression were higher in delirium.  

MAOA trends showed significant increase from preoperatively to postoperative 

day one and postoperative day four to seven  as seen in Figure 29. This was 

not a statistically significant change in gene expression (P = 0.887). Both 

delirium and control groups had increases in gene expression from 

preoperatively to postoperative day one to then decrease from postoperative 

day one to postoperative day four to seven as seen in Figure 30. None of the 

correlations in gene expression across time were of any statistical significance 

for both NIPAL3 nor RBM8A but the general trend was an increase in 

expression from preoperatively to postoperative day one and then a decrease 

from postoperative day one to postoperative day four to seven. We can see that 

each gene behaved differently, but they commonly increased their expression 

postoperatively at days one to seven. The data collected from these genes 

appears to have a limited scope for further interpretation given the statistical 

insignificance. We should be cautious about drawing conclusions from this 
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information. The samples we used were blood samples, which may not be 

wholly representative of the expression of these genes throughout the body. 

What may be most relevant is expression in brain and CNS tissue. This is 

discussed in 6.7 - Limitations of the laboratory-based methods.  

 

6.3 NR4A3  

NR4A3 was originally selected because of its potential role in the pathogenesis 

of delirium. During the optimisation stage, see 4.10.1 -  Optimisation of 

polymerise chain reaction conditions, NR4A3 did not amplify appropriately. All 

five of the primer sets were tested under a range of temperatures and all other 

sets of primers amplified under at least one set of conditions. Figure 13   

demonstrated that NR4A3 did not show expected products from the 

electrophoresis. NR4A3 did not amplify under any conditions despite repeated 

testing. This could have been for a variety of reasons worth considering as 

below. 

 

6.3.1 NR4A3 Primers  

All of the primers used were designed and generated the same way using 

Primer3Web, see 4.10 - Primer design . The primers were generated using the 

software tool based on models for known genetic sequences. It is possible that 

that the primers were not suitable. Primer3 has been recognised as a robust, 

versatile and widely used tool for primer selection (Untergasser et al., 2012).  

BLAST (basic local alignment tool) searches allow us to predict likely products 

when using a given set of primers. For each of our set of primers we conducted 

a BLAST search to determine whether our primers were likely going to find the 

target genes and whether they would amplify other non-target genes. Figure 39 

– Image of BLAST search for primers used in NR4A3 shows the targets that we 

would have expected given the primers used. These should have been very 

specific to the NR4A3 gene based on the information we had.  
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Figure 39 – Image of BLAST search for primers used in NR4A3  

  

6.3.2 Expression of NR4A3 in blood 

 

Figure 40 – Expression of NR4A3 in different tissues.  

Samples used were of blood origin and NR4A3 is lowly expressed in blood 

PBMC. This is significant in the context of measuring expression in blood as the 

level of expression does not match the levels in the brain. It may be the case 

that the samples simply did not have great enough levels of expression for 

measurement.  
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6.3.3 Conditions for NR4A3 primer set 

Ideal conditions for primers are dependent on various factors including 

proportion of GC content, length, similarity of melting points and ability to form 

secondary structures (Guidelines for RT-qPCR Optimization with Taq DNA 

Polymerase | NEB). For this reason, we spent some time optimising the 

conditions, see 4.10.1 -  Optimisation of polymerise chain reaction 

conditions. Through doing this, we found that different primer sets worked 

better in different sets of conditions. NR4A3 did not amplify despite attempting 

wide ranging sets of conditions.  

 

6.3.4 Samples issues in NR4A3 

The optimisation stage failed to find any amplification on one primer set for 

NR4A3 despite repeated attempts in different conditions. This stage of the 

project was performed on a sample which had an excess of spare genetic 

material. This sample may have been a baseline sample in a non-delirium 

patient. We know NR4A3 is ordinarily lowly expressed in PBMCs or blood in 

ordinary circumstances as described in 6.3.2 - Expression of NR4A3 in blood. 

The reason for poor amplification may have simply been that the sample was 

not expressing any NR4A3 under these circumstances. We would have, 

however, expected some expression. It is possible that other samples 

postoperatively would have had begun to express this gene more and I did not 

adequately screen these primers for usage in a wide enough range of samples. 

NR4A3 has been linked with inflammatory processes (Pei et al., 2005). The 

inability to detect NR4A3 preoperatively in blood stream might be the reason for 

poorly amplifying samples. This is a design flaw from my methods identified 

after the experiments had been concluded.   
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6.4 Results of follow-up 

Data shown in 5.10 - Follow-up data, showed no correlation between those 

that had had delirium and their long-term outcomes. The readmission rates 

were lower in those who had postoperative delirium p = 0.0156. This does call 

into question what reasons there are for this and whether our methods have 

flaws. Although unlikely, it is possible that those who had delirium were more 

likely to have deteriorated to a point that hospital admission was not advisable. 

In 2.1.4 - Health implications and consequences of delirium I discussed the 

increased risk of dementia in those who have had an episode of delirium. One 

of the aims of this study was to evaluate the long-term outcomes of 

postoperative delirium in our patient group. The data was uncompelling and did 

not show any correlation between those who had initial delirium and any further 

episodes of delirium or cognitive decline. Data in systematic reviews showed a 

higher risk of death, cognitive decline, overall function and quality of life 

(Crocker et al., 2016). Our study did not find such associations. Some of the 

limitations of our follow-up data collection are discussed in 6.6 - Limitations of 

our follow-up data collection. 

 

6.5 Effect of hypertension on delirium 

Section 5.1 - Patient demographics, showed the patient demographics and 

any other information we knew about the patient groups at baseline before the 

operation; the most significant finding being the initial systolic blood pressure. 

Delirium group had an initial systolic blood pressure of 168±24 mmHg and the 

non-delirium group had 129±26 mmHg. This value is significantly raised above 

the normal range for an adult of 140 mmHg or 150 mmHg for those over the 

age of 80. This demonstrates that the delirium group had a degree of 

hypertension preoperatively and the non-delirium group did not. The non-

delirium group had borderline elevated blood pressure but would not be 

considered hypertensive. The delirium group would be considered to have 

stage two hypertension. Hypertension is a known risk factor for delirium and it 

has been demonstrated to be a positive predictive factor developing delirium in 

surgery (Jodati et al., 2013; Meagher et al., 2013; Joudi et al., 2014; Kim et al., 

2016). 
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6.6 Limitations of our follow-up data collection 

The follow-up data that we had access to was limited by the IT systems. We 

were able to access whether the patient had deceased. However, the system 

we used meant we were not able to access notes outside our system. This 

meant that notes made by consultation with general practitioners or other 

services outside the hospital such as psychiatric services were unavailable. 

This information may be crucial to accurate data collection. Further delirium 

episodes wouldn’t ordinarily be managed by psychiatric services but 

deterioration in mental health associated with delirium or dementia could well 

have gone undetected. A sub-clinical deterioration or a mild delirious episode 

provoked by an illness such as a urinary tract infection in the community would 

often be comfortably managed by a general practitioner. Standard practice 

would likely involve management of the trigger of the delirium and allowing time 

for the body to resolve the delirium. Many of the follow-ups had a large time gap 

since the patient was last followed up by hospital services. This could represent 

patients who were simply in good health, but it does mean we might be missing 

large quantities of valuable clinical information for our follow-up. 

The following are definitions of points of information collected in the clinical data 

follow-up and some of the limitations. 
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Table 29 – Follow-up definitions and limitations 

Follow-up outcome Definition and limitation 

Date of last follow-

up 

the last recorded consultation by a medical or nursing 

professional. 

Whether the patient 

is still alive 

Measurement of whether patient is alive or dead as 

reported on CDM and PAS. Limitations included if they 

moved to another trust or died in the community under 

certain circumstances, they may not have accurate 

reporting 

Occurrence of 

stroke 

Measured as whether this has reported or diagnosed in 

CDM. Limitations include undiagnosed or misdiagnosed 

stroke, or a stroke diagnosed outside this Trust. 

Whether the patient 

has dementia or 

cognitive decline 

As defined in CDM including the presence of cognitive 

decline, short term memory loss or a formal diagnosis of 

any form of dementia including Alzheimer’s disease, 

vascular dementia, Dementia with Lewy-bodies, 

Parkinson’s disease or any other chronic cognitive 

impairment recorded in the notes. Limitations include 

whether Undiagnosed dementia and delirium is common 

amongst elderly patients with estimates in the range of 

61.7% in some meta analyses and a community 

diagnosis of delirium wouldn’t necessarily always be 

recorded (Lang et al., 2017). A specialist doctor would, 

however, normally be involved in the diagnosis of a 

dementia. A decreased abbreviated mental test score 

(AMTS) or other assessment of cognition would serve as 

evidence of cognitive decline if this was measured or 

assessed. The lack of routine use proves a problem 

when relying on follow-up data. 
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Further admissions the date and reason for the most recent admission if 

applicable. The limitations of this data are that it does not 

include the number of further admissions and does not 

include out of trust admissions or community outpatient 

consultations. 

Further episodes of 

delirium 

the presence of a recorded incident of delirium in the 

hospital in the notes. Limitations may include overlap of 

diagnosis with cognitive decline. None of the patients 

who had delirium as assessed by the team had delirium 

written in the notes, so the usefulness of this piece of 

data is questionable. 

 

Increasing 

requirement of care 

Defined as an objective observational assessment 

based on whether the notes documented an increased 

care need. Limitations include this not being documented 

 

 

6.7 Limitations of the laboratory-based methods 

Blood based samples detect expression of genes when they are expressed in 

the PBMC. Some of the underlying processed involved in delirium we would 

expect to happen in the brain. The example of NR4A3 may have demonstrated 

a poor link between what we are measuring in the blood and the important 

processes happening in tissues in the brain. Samples of brain tissue can prove 

difficult to obtain, especially in the context of human medicine either in delirious 

or healthy and, crucially, alive patients. Blood may provide important information 

regarding systemic inflammation mediated by systemic altered gene 

expression, but it might not capture localised processes isolated to parts of the 

brain involved in delirium.  
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6.8 Limitations of our data analysis 

Our study used the baseline measurement of gene expression as its own 

control for the surgical outcomes. We used non-delirium patients as a control for 

the delirium. Our number of patients was below the required power to reach 

significance as discussed in 6.1 - Methylation analysis. The power of the 

calculations would decrease further if we separated the data based on 

operation type. Some genes did not return to baseline at postoperative days 

four to seven. We do not know how long these changes in gene expression 

would persist and we don’t know how long the delirium episodes persisted.  

 

6.9 Dementia and delirium  

As discussed before in 2.2.9 - The link between delirium and dementia, 

delirium has demonstrated to have a strong association with the development of 

dementia later in life. Hypertension is also known for its causative mechanism in 

cognitive decline and dementia as well as being linked with delirium (Igase, 

Kohara and Miki, 2012; Perrotta, Lembo and Carnevale, 2016). It is possible 

that both dementia and delirium are, in part, linked by this third variable or 

confounding variable. Hypertension being both a contributing factor for both 

delirium and dementia, and delirium being a precipitating factor for dementia 

may be evidence of circular causative correlation. Our follow-up was not 

successful at being able to observe any trends with delirium and the onset of 

cognitive deficits or dementia. The relatively short length of time used to follow-

up and the low number of patients may explain this.  
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6.10 Clinical implications 

The decision to operate is balanced between the risks of carrying out the 

operation and the potential for benefit. Every operation carries risks, ranging 

from bleeding and infection, to traumatic injury and long-term sequelae. In a 

young population postoperative delirium is not really of great concern. With 

older populations it is becoming a concern especially with regard to the effect of 

delirium. Hypertension was strongly correlated in those who would go on to 

have delirium. If our data were able to predict who would go on to have an 

episode of delirium, the question of whether this would influence our choice to 

operate would be raised. Given our previous discussion of the link between 

delirium and dementia this should further bring into question our decision to 

undertake major surgery on those whom we might identify as having a 

heightened risk of delirium postoperatively. We were unable to draw any 

clinically significant conclusions from our data. 

 

6.11 Future work  

In order to further our understanding, we would like to not only increase the 

number of patients studied but the breadth and depth of our analysis. Our study 

was focusing on a group of genes highlighted for their potential input in the 

delirium process. This small number of genes we used was not the only genes 

we know to be involved in delirium. We could identify a vast number of potential 

genes involved and there is likely many we do not know to be involved. A 

different approach to analyse data could be taken. TaqMan assays are a more 

specific way to measure gene expression without the risk of amplifying non-

specific products that are more expensive but tend to require less manual 

labour (Ayalew et al., 2019). The analysis of data itself would have greater 

significance if the numbers of samples were increased. With six delirium 

patients, the effect size would need to be great in order to provide statistical 

significance. 
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In section 2.4 - Transcriptional regulation and gene expression we 

discussed the central concepts of gene expression and how genes exert their 

effects. Genes go on to impart their function via proteins in the body. A further 

step would be to begin measuring proteins and how these genes are involved in 

the pathogenesis of delirium. A study to link the effects of altered gene 

expression and the causative mechanism between this altered expression and 

delirium could potentially reveal more about the problem than we already know. 

This study on the effect of surgery on gene expression, in the context of 

postoperative delirium, was a topic with a paucity of data. This small quantity of 

patients and samples was not expected to have drawn conclusions great 

enough to influence clinical decisions. In order for our work to be of greater 

significance and to be of clinical relevance we would like to expand this. A 

further study done on a larger cohort would enable us to draw stronger 

conclusions with greater confidence. The follow-up data did not find any 

correlation between postoperative delirium and negative long-term outcomes; 

this data would be more useful with a greater number of delirium patients given 

that we only had 6 delirium cases. A study with a greater number of patients, 

followed up for a greater length of time and being able to take blood samples to 

measure expression levels further in time after the delirium episode would 

provide greater information. We would also do better to evaluate the way we 

follow-up the patients in future. Our methods in this study were to use patient 

letter databases to guide us on what further medical intervention was taken. If 

these patients had deteriorated in the community but managed by the GP then 

this may have gone undetected. Ideally, we would have access to GP medical 

notes and community mental health via a data linkage system and also be able 

to consult the patient in person for patient reported outcomes. This would 

increase the reliability of our follow-up.  

The AMTS, as discussed in 6.6 - Limitations of our follow-up data 

collection, is a mandatory requirement for discharge summaries for these 

patients in this hospital and many others. Not all patients received this. Whilst 

our study group was aged 65 and over, this does mean much of our patients 

should have been screened. In order to improve our study, we would like to 

ensure all patients were screened using this tool and on clinic visits and follow-

ups.  
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6.12 Limitations of research in postoperative cognitive decline 

Research on postoperative cognitive decline can prove difficult due to the 

baseline level of cognitive decline of patients not being known. The long-term 

sequelae of the episode of delirium episode includes the overall decline in 

cognition. Our study did not aim to, nor was it capable of capturing this effect. 

Our study had no background level of cognition known for the patient nor any 

trajectory for the decline in cognition related to age. Cognitive decline outside 

the context of delirium and surgery is a gradual process within the realms of 

what is considered normal. Our aim was to measure links between surgery and 

delirium and we only measured the presence or absence of delirium via a 

screening tool. This fails to address the cognitive decline associated with 

surgery outside the confines of delirium. Future work might investigate not only 

the presence or absence of delirium but the overall cognitive effects of delirium 

and surgery. Studies have looked at the effect of surgery on overall cognitive 

decline (Androsova et al., 2015). This does not specifically look at the effect of 

postoperative delirium but rather the effect of all surgical cases. Androsova et 

al., looked at the effect of surgery, stroke, and medical hospital admissions on 

cognitive decline measured in units of normal age-related cognitive decline. 

Surgery had a measurable effect on the decline of cognition. This, however, did 

not segregate, measure or account for cases of delirium within its cohorts. It is 

unclear whether there is any link between those that had delirium with those 

that declined in cognition.   
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6.13 Patient dropouts 

23 patients that were initially recruited did not complete the study. Importantly, 

some patients which had started in the study did not go on to attend or consent 

for the subsequent blood tests postoperatively. Reasons for this were individual 

and varied but ultimately unaccounted for. One could speculate that part of the 

underlying reasons might be related to the deterioration postoperatively. 

Crucially, this deterioration may be involved in why they were no longer a part of 

the study. Delirious patients may be unable to consent to the study. This should 

be considered as a possible loss of valuable information and an information 

bias. 
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7 Conclusion 

Delirium is a common and serious acute neuropsychiatric syndrome with core 

features of inattention and global cognitive dysfunction. The link between age 

and risk of delirium well recognised. As age increases, the risk of delirium 

increases. The putative mechanisms underlying the pathophysiology of delirium 

have not yet been elucidated and there remains a paucity of data exploring this. 

The financial and health cost of delirium has vast consequences in the current 

economic climate. The link between delirium and the onset of dementia 

becomes increasingly relevant in an ageing population. There are a large 

number of identified risk factors for delirium but a common trigger such as 

surgery or infection generally precedes the onset of the condition. Postoperative 

delirium is a common surgical complication. The aims of this project were to 

explore the effect of surgery on gene expression, to investigate whether 

previously identified differentially methylated positions lead to a change in gene 

expression and to investigate whether there is any correlation between 

postoperative delirium and long-term outcomes seen in follow-up. We went 

about this by collecting blood samples on a group of patients aged 65 and over 

who were to undergo surgical procedures. Three sets of blood samples were 

collected: before the operation, one day postoperatively and four or seven days 

postoperatively. Genetic material was extracted from these samples for analysis 

following reverse transcription. Prior work in the Complex Diseases Epigenetics 

Group with these samples measured methylation patterns for a range of 

positions associated with genes. COMT, MAOA, RBM8A, NIPAL3 and NR4A3 

were analysed for changes in gene expression with success in all except for 

NR4A3. The housekeeper gene RPL13A was used for standardisation of 

results. Gene expression was measured using RT-qPCR methods.  



123 
 

Follow-up data were collected approximately three years later primarily to 

assess the four outcomes of rate of readmittance to hospital, further episodes of 

delirium, cognitive decline and death. Data were analysed using various 

software including R and SPSS. Gene expression measured in this experiment 

did not correlate with methylation patterns to any statistical significance. 

Changes in gene expression across the three timepoints did show statistically 

significant trends. Gene expression increased postoperatively relative to 

baseline, or timepoint A in all four genes. Postoperative day one and 

postoperative day four to seven in all four genes showed positive correlation 

ranging between 0.468 and 0.731, all of which were statically significant p < 

0.05. A t-test found statistically significant differences between the delirium and 

control groups in NIPAL3, one of the four genes, across timepoints. Follow-up 

data showed a statistically significant correlation with readmittance to hospital 

with 75% of controls being readmitted and 16.7% of delirium patients being 

readmitted. This experiment has demonstrated that relative gene expression in 

COMT, MAOA, RBM8A and NIPAL3 is altered postoperatively. Differential 

methylation patterns associated with these genes was not correlated to their 

change in expression in our data.  Delirium was associated with altered gene 

expression relative to those without delirium postoperatively in one of the four 

genes examined. Delirium was associated with reduced occurrence of re-

admission in a follow-up. Preoperative hypertension was associated with 

postoperative delirium. The size of this study was a limitation to the conclusions 

that can be drawn from these results. Postoperative states including those with 

or without delirium are associated with changes in gene expression. These 

changes were shown to persist until postoperative day four to seven. The extent 

of the role of this in the development of delirium is unclear. Further studies will 

be needed to further clarify the relationship.  
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