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Thesis Summary 

Hyperglycaemia in hospitalized patients, including those with an acute myocardial infarction 

(AMI) or critical illness, is associated with increased mortality. However, previous studies have 

reported that the acute rise in blood glucose concentration in hospital, termed stress or relative 

hyperglycaemia, is more strongly associated with mortality than the absolute glucose 

concentration (absolute glycaemia). The aim of this PhD project was to investigate whether 

relative hyperglycaemia is associated with mortality during AMI and critical illness and whether 

differences in arginine metabolites mediate the relationship between acute hyperglycaemia and 

mortality. 

For AMI, I conducted a post-hoc analysis of data from The Hyperglycaemia: Intensive Insulin 

Infusion in Infarction (HI-5) study. For critical illness, 1,262 consecutively admitted patients to 

the Intensive Care Unit (ICU) at Flinders Medical Centre were studied prospectively. Relative 

hyperglycaemia was defined by the stress hyperglycaemia ratio (SHR), calculated by dividing a 

patient’s admission glucose concentration by their estimated average glucose over the prior 3 

months derived from glycosylated haemoglobin. Arginine and related metabolites have been 

associated with outcomes in critical care, and may provide a putative link for the effects of 

stress hyperglycaemia in this cohort. To study this, asymmetric dimethyl-L-arginine (ADMA) and 

L-homoarginine were measured by liquid chromatography mass spectrometry. An in vitro study 

was conducted to determine whether hyperglycaemia modulates the activity of dimethylarginine 

dimethylaminohydrolase-1 (DDAH1), the key enzyme that metabolises ADMA. 

In the HI-5 study, SHR, but not absolute glucose, was positively associated with mortality, heart 

failure, arrhythmia, cardiogenic shock and a composite endpoint of a complicated AMI. These 

positive findings were not affected by diabetes status. These results show that relative 

hyperglycaemia is associated with mortality in patients with AMI across the glycaemic spectrum. 



    

xiv 

In critical illness, SHR was significantly associated with mortality after adjustment for the risk of 

death score, while the association with glucose was not statistically significant. The relationship 

between SHR and mortality was similar in patients with and without background 

hyperglycaemia. The results demonstrate that the relationship between relative hyperglycaemia 

and mortality is independent of known prognostic markers in ICU patients. 

In this cohort of critically ill patients, ADMA was positively and L-homoarginine was negatively 

associated with mortality, independent of the risk of death score. The addition of ADMA and L-

homoarginine significantly increased the area under the Receiver Operator Characteristic curve 

for mortality, compared to the risk of death score alone. These results suggest that 

measurement of ADMA and L-homoarginine may refine current models to predict mortality in 

ICU. 

In critically ill patients there was not a significant correlation between ADMA and SHR. 

Consistent with this, in vitro DDAH1 activity was not affected by acute hyperglycaemia. L-

homoarginine was significantly positively associated with mortality, but it is a negative predictor 

of mortality in this cohort. Therefore, changes in ADMA and L-homoarginine do not underlie the 

relationship between relative hyperglycaemia and mortality.  

In summary, relative but not absolute hyperglycaemia is associated with mortality in AMI and 

critical illness. This association is not affected by background glycaemia and is independent of 

other prognostic factors. ADMA and L-homoarginine are also independently associated with 

mortality in critical illness. However, the relationships between relative hyperglycaemia and 

endothelial dysfunction and mortality are not mediated via these arginine metabolites.   
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Chapter 1 Introduction 

1.1 Introduction 

The objective of this PhD project is to firstly investigate the relationship between the acute rise 

in glucose concentration during an acute illness such as a myocardial infarction or critical illness 

and mortality, and secondly, to assess whether differences in arginine and its metabolites 

mediate the relationship between acute hyperglycaemia and mortality. 

By definition, hyperglycaemia is when the glucose concentration in the blood is above a 

generally accepted normal range. Hyperglycaemia can be classified as either: chronic 

hyperglycaemia — a long-term higher glucose concentration, such as in inadequately controlled 

diabetes mellitus; or acute hyperglycaemia — a short-term rise of blood glucose concentration 

that occurs during an intercurrent illness (Plummer et al. 2014; G. E. Umpierrez et al. 2002). 

The relationship between chronic hyperglycaemia and morbidity and mortality in patients with 

diabetes mellitus is well established, with treatment of chronic hyperglycaemia reducing 

morbidity and mortality. There is also evidence that acute hyperglycaemia in hospitalised 

patients may affect patient outcomes, but the evidence for this and the benefits of treatment of 

acute hyperglycaemia are not as clear. 

In this introductory chapter, historical treatment of chronic hyperglycaemia will first be briefly 

reviewed. Next, major advances in the treatment of chronic hyperglycaemia will be summarized. 

The relationship between acute hyperglycaemia in hospital and patient outcomes will next be 

discussed, along with current approaches to identify acute hyperglycaemia and studies that 

have investigated the potential benefits of treating acute hyperglycaemia in the hospital. As one 

putative mechanism linking acute hyperglycaemia and adverse outcomes is endothelial and 

arterial dysfunction, the relationships between endothelial nitric oxide synthesis and arginine 
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metabolites with mortality and acute hyperglycaemia will be reviewed. A statement of the 

hypotheses and aims of this thesis will conclude this introduction. 

1.2 Chronic Hyperglycaemia 

1.2.1 History of Chronic Hyperglycaemia 

The history of the management of chronic hyperglycaemia will be briefly summarised, as it 

potentially provides lessons for the treatment of acute hyperglycaemia. Chronic hyperglycaemia 

is the consequence of reduced insulin secretion and / or action in patients with diabetes mellitus 

and, if left untreated, is associated with increased mortality and morbidity (Garcia et al. 1974; 

Panzram 1987). The Egyptian physician, Hesy-Ra, has been credited with discovering diabetes 

more than 3,500 years ago, around 1500 B.C., after noting the adverse effects of polyuria and 

documenting it on papyrus (Zinman et al. 2017). The increased mortality and morbidity in 

patients with a hyperglycaemic state was first reported by Aretaeus of Cappadocia around AD 

30-90, describing it as a “melting down of flesh into urine” and associated with “short survival.” 

(Reed 1954).  

1.2.2 Treatment of Chronic Hyperglycaemia 

1.2.2.1 Early Treatment Regimens 

Given the significant impact of chronic hyperglycaemia, various treatment regimens have been 

proposed since the early times, often without much evidence and likely with detrimental effects. 

For example, Aretaeus tried a “non-irritating diet” of milk and carbohydrates and hiera, nardum, 

mastix, and theriak (Reed 1954). In the 1919 classic monograph, “Total Dietary Regulation in 

the Treatment of Diabetes”, Thomas Willis recommended “milk, rice, and starchy and gummy 

foods” in an attempt to “thicken the blood and supply salts,” limiting patients to a diet of milk and 

barley water boiled with bread (Frederick M. Allen, M.D., Edgar Stillman and Reginald Fitz 
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1919). He also proposed the use of opium, which was adopted by William Osler in his 1892 

textbook as the only drug that “stands the test of experience as a remedy capable of limiting the 

progress of the disease.”  (Osler 1892). Another physician recommended “confinement” to “one 

room, with the utmost possible quiet and avoidance of exercise.” (Frederick M. Allen, M.D., 

Edgar Stillman and Reginald Fitz 1919). Meanwhile, Frenchman, Apollinaire Bouchardat, 

considered by some to be the father of diabetology, proposed a low-carbohydrate diet, and 

“urged that patients eat as little as possible and masticate carefully.” He was also a strong 

proponent on individualized treatment for patients. 

These ancient and out-dated treatments are of historical interest, because they serve as 

lessons even today. These scholars correctly identified that: 1. Dietary restrictions and 

manipulations are important; 2. Addition of substances (drugs or medications) can help; 3. 

Individualised treatment for patients is the ultimate goal. One obvious lesson from this history is 

that expert-based opinions in treatment of diabetes, even by the most famous physicians of their 

times, often resulted in inappropriate recommendations, and a robust evidence-based approach 

is needed to manage hyperglycaemia.  

1.2.2.2 Current Treatment Regimens 

The discovery of insulin and its first clinical use in 1922 revolutionized the treatment of diabetes 

and led to Frederick Banting and John Macleod being awarded the Nobel Prize for Medicine 

and Physiology in 1923. Nearly 100 years later, insulin is still an important treatment for chronic 

hyperglycaemia. In addition, a number of other classes of oral and parenteral medications have 

been developed to treat type 2 diabetes, with a dramatic increase in new therapies over the last 

10 years. This has facilitated individualised management of chronic hyperglycaemia in patients 

with type 2 diabetes (Zinman et al. 2017).  

Advances in both measurements and therapeutics were highlighted in several large clinical trials 

reporting that treatment of chronic hyperglycaemia reduces mortality and morbidity (Table 1-1). 
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Reducing chronic hyperglycaemia has been associated with an improvement in outcomes 

(UKPDS 1998; Kosiborod, Inzucchi, Krumholz, et al. 2009). In all the landmark trials, 

microvascular complications such as retinopathy, nephropathy and peripheral neuropathies 

improve with better glycaemic control (Table 1-1). However, a J-shaped relationship between 

chronic glycaemia and mortality has been reported, with very tight glycaemic control in patients 

with type 2 diabetes associated with increased mortality (Action to Control Cardiovascular Risk 

in Diabetes Study Group et al. 2008). There is also evidence that early good or intensive control 

of chronic hyperglycaemia may confer a “legacy effect” with reduced macrovascular disease 

long-term (Ritsinger et al. 2014; Nathan and DCCT/EDIC Research Group 2014; Holman et al. 

2008). Sponsors of new therapies for type 2 diabetes are now required by the Food and Drug 

Administration (FDA) in the United States to undertake large cardiovascular outcomes trials. 

This has resulted in the identification of drugs that reduce mortality and / or cardiovascular 

events in addition to blood glucose (Table 1-2). 

In summary, treatment of chronic hyperglycaemia has evolved over time. Current therapeutic 

regimens are associated with a reduction in microvascular disease, cardiovascular disease and 

all-cause mortality. However, overly aggressive treatment of chronic hyperglycaemia potentially 

increases mortality. The expanding range of therapeutic options permits individualised treatment 

regimens that optimise the health outcomes of patients with chronic hyperglycaemia. This thesis 

will explore whether similar concepts potentially apply to the management of acute 

hyperglycaemia. 
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Trial N Study Cohort Intervention Cardiovascular Outcomes Microvascular 
Events 

Events Mortality 

1
9
9
8

 

UKPDS (UKPDS 1998) 4,209 Newly diagnosed 
DM Type 2 

Intensive sulphonylurea or 
insulin versus diet; 
Metformin versus diet. 

 

  

 

1
9
9
8

 

DCCT (Diabetes Control 
and Complications Trial 
Research Group et al. 
1993) 

1,441 DM Type 1 Intensive insulin target 
HbA1c <6.5% 

  

 

2
0
0
8

 

ADVANCE (ADVANCE 
Collaborative Group et 
al. 2008) 

11,140 Long-standing DM 
Type 2 

Intensive A1c target 6.5% 
(most on gliclazide MR and 
metformin)   

 

2
0
0
8

 

ACCORD (Action to 
Control Cardiovascular 
Risk in Diabetes Study 
Group et al. 2008) 

10,251 Poorly controlled 
DM Type 2 

Rapid, intensive A1c target 
6.5% in 3 months (most on 
3 oral agents and insulin)  

 

 

 

Table 1-1 Summary of early landmark outcome trials of glycaemic control 

See text for comments.
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Trial N Intervention CV Outcome Other significant outcomes 

SAVOR-TIMI 53, 
2013 (Scirica et al. 
2013) 

16,492 Saxagliptin, 5 mg daily 

 

Negative: increased heart failure 

EXAMINE, 2013 
(White et al. 2013) 

5,380 Alogliptin, 25 mg daily 

 

- 

TECOS, 2015 (Green 
et al. 2015) 

14,671 Sitagliptin 100 mg daily 

 

- 

ELIXA, 2015 (Pfeffer 
et al. 2015) 

6,068 Lixisenatide 10-20 mcg daily 

 

Positive: weight loss 

Negative: discontinuation due to side effects 

EMPA-REG, 2015 
(Zinman et al. 2015) 

7,020 Empagliflozin, 10 or 25 mg daily 

 

Positive: weight loss, decreased nephropathy, mild 
decrease in BP. 

Negative: genital infections 

LEADER, 2016 
(Marso, Daniels, et al. 
2016) 

9,340 Liraglutide 0.6-1.8 mg daily 

 

Positive: weight loss, decreased nephropathy; 
decreased severe hypoglycaemia. 

Negative: cholecystitis/lithiasis; discontinuation due 
to side effects 

SUSTAIN-6, 2016 
(Marso, Bain, et al. 
2016) 

3,297 Semaglutide 0.5-1 mg SC/week 

 

Positive: weight loss 

Negative: increased retinopathy 

CANVAS, 2017 (Neal 
et al. 2017) 

10,142 Canagliflozin 100 mg daily and 
300 mg daily; OR 100 mg then 
300 mg daily.  

Positive: weight loss, decreased nephropathy, mild 
decrease in BP.  

Negative: genital infections, risk of lower limb 
amputations. 

DECLARE-TIMI, 
2019 (Wiviott et al. 
2019) 

17,160
* 

Dapagliflozin 10 mg 

 

Positive: reduction in mortality and hospitalisation 
for heart failure, decreased nephropathy. 

Negative: genital infections. 

VERTIS CV, 2020 
(Cannon et al. 2020) 

8,246 Ertugliflozin 5 mg and 15 mg 

 

Positive: decreased nephropathy 

Negative: genital infections. 

Table 1-2 Major randomised controlled cardiovascular outcomes trial for non-insulin agents in DM Type 2 with established 
atherosclerotic disease or at high risk  

*10,186 (59.3%) of DECLARE-TIMI study population had no atherosclerotic disease.
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1.3 Acute Hyperglycaemia: Hyperglycaemia in Hospital 

By definition, acute hyperglycaemia is an elevation in blood glucose concentration that occurs 

over a short period of time (hours to days). During an intercurrent illness, such as a myocardial 

infarction, infection or surgery, counter-regulatory or stress hormones such as cortisol and 

adrenaline are secreted into the bloodstream. These hormones are critical to maintain vascular 

tone and survive a major illness, but can increase blood glucose. The increase in glucose above 

baseline concentrations during an acute illness has been termed “stress hyperglycaemia”, a 

concept first postulated by Claude Bernard in 1877 (Dungan, Braithwaite, and Preiser 2009). An 

alternative nomenclature is “relative hyperglycaemia”, which reflects the proportional glucose 

increase above baseline. For the purposes of this thesis, these terms will largely be used 

interchangeably. A subtle difference is the connotation that stress hyperglycaemia is an 

elevation in glucose that is caused by an acute illness (the "stress"), while relative 

hyperglycaemia does not imply any specific cause for the increase in glucose concentration. 

Acute hyperglycaemia, quantified from the blood glucose concentration at admission to hospital, 

is associated with poorer outcomes including mortality during an acute illness (Kim et al. 2017; 

Fujino et al. 2014; G. E. Umpierrez et al. 2002). Paradoxically, this association has been noted 

to be stronger for patients who did not have diabetes, than those who had diabetes (Plummer et 

al. 2014; Kar et al. 2016; Luethi et al. 2018; Kotagal et al. 2014; James S Krinsley et al. 2013; 

G. Umpierrez et al. 2015; Capes et al. 2000; 2001). Figure 1-1 shows the results of one study 

demonstrating increased mortality with new hyperglycaemia in patients with critical illness (G. E. 

Umpierrez et al. 2002).  
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Figure 1-1 Increased ICU mortality in acutely unwell patients with new hyperglycaemia without 
known diabetes (G. E. Umpierrez et al. 2002) 

Note that patients with diabetes did not have a significant increase in mortality. 

It is not clear whether an increase in glucose is simply a marker of the severity of the underlying 

illness or contributes to mortality per se. However, a number of pathogenic mechanisms have 

been identified by which hyperglycaemia might contribute to adverse outcomes (Figure 1-2). 

These include indirect effects mediated through changes in the circulation and electrolytes 

causing volume depletion, hypoperfusion, electrolyte loss or acid-base imbalance, or direct 

tissue effects such as oxidative stress, enhanced inflammation, induction of apoptosis, 

activation of the coagulation cascade, and attenuation of endothelium-dependent vasodilation 

(Williams et al. 1998; Esposito et al. 2002; Stegenga et al. 2006; Jafar, Edriss, and Nugent 

2016). 

Image removed due to copyright restriction.



  Chapter 1 Introduction 

9 
 

 

Figure 1-2 Postulated pathophysiology underlying and associated with acute hyperglycaemia 

 (Taken from EndoText) 

1.3.1 Quantification of Stress Hyperglycaemia 

The recognition that acute hyperglycaemia might be important has led to development of 

methods to quantify it. Initially a new classification for acute hyperglycaemia that was termed 

"hospital-related hyperglycaemia" was proposed by the American Diabetes Association (ADA), 

for patients with an elevated glucose in hospital but without known diabetes (Dungan, 

Braithwaite, and Preiser 2009). However, this definition includes patients presenting with an 

acute illness who have previously undiagnosed diabetes and these patients may have a glucose 

concentration that is similar to that present before the onset of the illness. Furthermore, this was 
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still a qualitative definition and varying thresholds have been used in different studies, making it 

difficult to compare across studies.  

In recent years, several groups have described approaches to better quantify stress, or relative, 

hyperglycaemia. These methods all utilise measurements of glycosylated haemoglobin (HbA1c) 

to estimate background hyperglycaemia. HbA1c is a measure of glycated haemoglobin that is 

used to diagnose diabetes and guide therapeutic decisions in patients with diabetes. As the 

average life span of a red blood cell is typically 90-120 days, HbA1c provides an estimate of 

medium-term glycaemic control. In 2008 Nathan et al reported a large observational study of 

patients with type 1 and type 2 diabetes who underwent regular continuous glucose monitoring 

combined with measurement of HbA1c (Nathan et al. 2008). They used this data to derive a 

calculation for the average glucose concentration over the last 3 months, termed estimated 

average glucose (EAG). The details of this calculation are described in Chapter 2 Methods.  

At the time of writing, there are 3 published methods to calculate relative hyperglycaemia. In 

2013, Liao et al described the Glycaemic Gap in patients with pyogenic liver abscess (W.-I. Liao 

et al. 2013). The Glycaemic Gap is calculated by subtracting the EAG from the admission 

glucose, resulting in a measure expressed in the same glucose unit (typically mmol/L or mg/dL). 

The glycaemic gap has been studied primarily in patients with diabetes; patient groups include 

those admitted to hospital with pyogenic liver abscess, acute myocardial infarction, critically ill, 

community-acquired pneumonia and heart failure (W.-I. Liao et al. 2013; 2016; W. Liao et al. 

2015; Donagaon and Dharmalingam 2018; Chen et al. 2019; W.-I. Liao et al. 2019; Jensen et al. 

2019). In each of these patient cohorts, it was found that the glycaemic gap was positively 

associated with poorer outcomes and increased mortality. 

In 2015, members of the Endocrinology Unit at Flinders Medical Centre described another 

method to measure relative hyperglycaemia, the Stress Hyperglycaemia Ratio (SHR) (Roberts 

et al. 2015). In this method, the acute admission glucose concentration was divided by the EAG, 



  Chapter 1 Introduction 

11 
 

resulting in a ratio without any units. In a post hoc analysis of adult patients admitted to the 

general wards of Flinders Medical Centre over a 3 month period, the odds ratio for critical 

illness, defined as death or admission to ICU, per 0.1 SHR increment was 1.20 (p<0.001). In the 

same analysis, the odds ratio per one mmol/L glucose increment was 1.03 (p=0.31). An 

advantage of SHR is that it is clinically intuitive; a SHR of 1.2 represents an increase of 20% 

over the patient's regular (or background) glycaemia. For the purposes of this thesis, SHR will 

be used as the measure of stress hyperglycaemia. 

A third paper in 2017  introduced the Glucose-A1c Ratio (GAR), which is the ratio of the 

admission glucose to the HbA1c (Su et al. 2017). In the original paper, the unit of the admission 

glucose was in mg/dL and the HbA1c was in %, hence resulting with a ratio expressed as 

mg/dL/%. This is conceptually similar to SHR, but the Units are not standard in Australia and the 

implications of the GAR are not immediately clinically intuitive. For example, with SHR, one can 

easily define a predetermined range in a clinical context. A SHR between 0.8 to 1.2 would 

identify patients who are within 20% of their usual background glycaemia, and hence could be 

used clinically for targeted therapy, treatment threshold or research. The use of GAR would 

make it difficult to have such defined thresholds clinically. 

A comparison of these methods of quantification of relative hyperglycaemia is beyond the scope 

of this thesis, but a post hoc analysis is planned using the data collected. In the only published 

comparison there was not a statistically significant difference in the relationship between the 

three measures and mortality in patients with stroke (C.-J. Yang et al. 2017). A limitation 

inherent to all 3 methods is that studies have usually employed a single glucose measurement 

to calculate indices of relative hyperglycaemia. 
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1.4 Stress Hyperglycaemia and Acute Myocardial Infarction 

According to the Australian Institute of Health and Welfare analysis of the National Hospital 

Morbidity Database, there are more than 30,000 hospitalisations for acute myocardial infarction 

in Australia per annum, representing 252 hospitalisations per 100,000 people aged 35-84 years. 

An estimated 25% of patients presenting with acute myocardial infarction have diabetes 

(McQuillan and Thompson 2014). In patients with myocardial infarction, diabetes is associated 

with a 2.4 fold increased risk of dying (Mukamal et al. 2001). The proportion of patients with 

acute myocardial infarction and relative hyperglycaemia is not well established, nor is the 

relationship between relative hyperglycaemia and mortality. 

A number of studies have been conducted to establish if a tighter control of blood glucose with 

insulin would provide immediate or subacute mortality benefits in patients with acute myocardial 

infarction (see Table 1-3). Other than DIGAMI 1, where a significant reduction in all-cause 

mortality after 12 months but not at 3 months was observed, none of these studies reported a 

statistically significant improvement in the primary end-point. There are potential explanations 

for these negative findings. Firstly, in these studies patients were treated with insulin to an 

absolute glucose target, regardless of diabetes status or background glycaemia. Secondly, in 

several of these studies the difference in blood glucose between intervention and control arms 

was small. Finally, these studies included exclusively or predominantly patients with diabetes 

and sub-group analyses based on diabetes status were not generally conducted. As 

hyperglycaemia is most strongly related to outcomes in patients without diabetes, the lack of 

non-diabetic subjects may have contributed to the inability to show any difference between the 

treatment groups (Wernly et al. 2016; Judith Jacobi 2016; James S Krinsley et al. 2013). 

The Hyperglycaemia: Intensive Insulin Infusion in Infarction (HI-5) study was a prospective 

randomized-controlled trial conducted in Australia investigating the effect of intensive insulin 

therapy on mortality in patients with acute myocardial infarction (N Wah Cheung, Wong, and 
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McLean 2006). In the primary analysis, there was no significant difference in mortality in 

patients randomized to intensive insulin and conventional care. However, as finger prick BGLs 

were systematically recorded in both groups and the HbA1c was recorded for most patients, the 

study cohort provides an opportunity to investigate the association between relative 

hyperglycaemia during glucose-lowering treatment and adverse patient outcomes. These 

results are reported in Chapter 3 of this thesis. 

In summary, there are varying results regarding the benefits of insulin therapy and tight 

glycaemic control in patients with acute myocardial infarction. While there are other potential 

explanations for the discordant results, it is possible that treating absolute rather than relative 

hyperglycaemia contributed to the negative results. In Chapter 3, I will investigate whether 

absolute or relative glycaemia is more strongly associated with outcomes in patients with acute 

myocardial infarction. 
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Trial N % with 
diabetes 

Study Cohort Intervention Results 

DIGAMI, 1995 (Klas 
Malmberg et al. 
1995) 

620 100% Acute MI with or without ST 
elevation 

24 hours IV glucose-insulin, 
then SC insulin for 3 months 

All-cause mortality at 3 months: 
Not significant 

All-cause mortality at 12 months: 
Significant decrease with insulin 
infusion 

ECLA-GIK pilot trial, 
1998  D a  et al. 
1998) 

407 16% Acute MI with or without ST 
elevation 

High dose; low dose 
glucose-insulin-potassium, 
or no infusion 

All-cause in-hospital mortality: Not 
significant 

GIPS, 2003 (van der 
Horst et al. 2003) 

940 11% Acute ST elevation MI 8-12 hours of glucose-
insulin-potassium infusion 

All-cause mortality at 30 days: 
Not significant 

DIGAMI-2, 2005 (K 
Malmberg et al. 
2005) 

1,253 100% Acute MI with or without ST 
elevation 

24 hours IV glucose-insulin, 
then SC insulin for 3 months; 
24 hours IV glucose-insulin 
only; no insulin 

All-cause mortality during follow 
up (mean of 2 years): Not 
significant 

CREATE-ECLA, 
2005 (The CREATE-
ECLA Trial Group 
Investigators* 2005) 

20,201 18% Acute ST elevation MI 24 hours glucose-insulin-
potassium infusion 

All-cause mortality at 30 days: 
Not significant 

GIPS-2, 2006 (Díaz 
et al. 2007) 

889 10% Acute ST elevation MI, Killip 
class I only 

8-12 hours of glucose-
insulin-potassium infusion 

All-cause mortality at 30 days: 
Not significant 

HI-5, 2006 (N Wah 
Cheung, Wong, and 
McLean 2006) 

240 48% Acute MI with or without ST 
elevation and admission 
glucose > 7.8 mmol/L 

24 hours IV insulin to 
maintain glucose 4.0-9.9 
mmol/L versus standard care 

All-cause in-hospital death: Not 
significant 

OASIS-6 GIK, 2007 
(Yusuf et al. 2006) 

2,748 14% Acute ST elevation MI 24 hours glucose-insulin-
potassium infusion 

All-cause mortality at 30 days: 
Not significant 

 
Table 1-3 Major trials of insulin infusion for patients with acute myocardial infarction 

CREATE = Clinical Trial of Metabolic Modulation in Myocardial Infarction Treatment Evaluation; DIGAMI = Diabetes Mellitus, Insulin Glucose 

Infusion in Acute Myocardial Infusion; ECLA = Estudios Cardiologicas Latin America; GIK = Glucose Insulin (K+) Potassium; GIPS = Glucose-

Insulin-Potassium Study; HI-5 = Hyperglycaemia: Intensive Insulin Infusion in Infarction; OASIS = Outcome and Assessment Information Set
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1.5 Stress Hyperglycaemia and ICU 

1.5.1 Introduction 

There are 125,000 ICU admissions in Australia every year (Carter and Hicks 2011). As such, an 

Australian resident has a 50% lifetime risk of an ICU admission (Warrillow and Raper 2019). 

There are two main categories of patients admitted to ICU: 1) admissions after elective major 

surgery requiring intensive monitoring, and 2) admissions for severe acute illness. The average 

mortality rate in Australian and New Zealand ICUs is around 15% (Moran et al. 2008). As such, 

any intervention that reduces mortality will have a significant public health benefit.  

Hyperglycaemia is common in critically ill patients. For example, 75% of patients admitted to 

ICU had at least one glucose recording above or equal to 7 mmol/L fasting, or above or equal to 

11.1 mmol/L during feeding (Plummer et al. 2014). About 50% of patients were thought to have 

stress hyperglycaemia, rather than hyperglycaemia because of known diabetes (Plummer et al. 

2014). 

1.5.2 Current Therapeutic Targets and Guidelines 

Hyperglycaemia has been clearly associated with increased mortality and morbidity in the ICU 

(G. E. Umpierrez et al. 2012; Bochicchio et al. 2005; Koyfman et al. 2018; Egi et al. 2006; 

James Stephen Krinsley 2003). One of the early seminal studies on hyperglycaemia in this 

setting, a retrospective investigation of 1,826 patients admitted to a mixed ICU in Stamford, 

Connecticut serving medical, surgical, and coronary patients, reported a stepwise increase in 

mortality as mean blood glucose concentrations rose (James Stephen Krinsley 2003). In-

hospital mortality was 9.6% among those with a mean blood glucose of 4.4-5.5 mmol/L, 29.4% 

among those with a mean blood glucose of 10-11.1 mmol/L, and 42.5% among those with a 

mean blood glucose greater than 16.6 mmol/L. These mortality rates were above and beyond 
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those expected based on the Acute Physiology, Age and Chronic Health Evaluation (APACHE) 

II prognostic scoring system. Observations such as these raised concern that acute 

hyperglycaemia was directly contributing to poor outcomes, potentially by rendering affected 

patients susceptible to at least some of the consequences observed among chronic diabetics, 

including high infection rates, poor wound healing, and polyneuropathy (Clain 2015). 

However, studies investigating treatment of hyperglycaemia have yielded conflicting results (see 

Table 1-4). In the first Leuven study of surgical ICU patients, there was a reduction in mortality 

benefit with intensive insulin therapy targeting a glucose concentration of 4.4-6.1 mmol/L 

compared to conventional glucose-lowering therapy (G van den Berghe et al. 2001). However, 

subsequent studies did not report a significant difference in mortality with intensive insulin 

therapy (see Table 1-4). Moreover, the large multi-centre NICE-SUGAR study, reported that 

intensive insulin therapy increased mortality in critically ill patients (Finfer et al. 2009). 
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Trial N Study Cohort Intensive 
target 

Control target Mortality Findings Favours 
Intensive 
Therapy 

First Leuven Trial, 2001 
(G van den Berghe et al. 
2001) 

1,548 Single-centre; surgical 
ICU 

4.4-6.1 mmol/L 10.0-11.1 mmol/L Favour intensive: 
reduced ICU and in-
hospital mortality 

Yes 

Second Leuven Trial, 
2006 (Greet Van den 
Berghe, Wilmer, Hermans, 
et al. 2006) 

1,200 Single-centre; medical 
ICU 

4.4-6.1 mmol/L 10.0-11.1 mmol/L No mortality difference Yes 

Arabi et al, 2008  523 Single-centre; mixed 
ICU, including medical, 
surgical, and trauma 
patients 

4.4-6.1 mmol/L 10.0-11.1 mmol/L No mortality difference No 

Brunkhorst et al, 2008  537 Multicentre; mixed ICUs; 
all patients with severe 
sepsis or septic shock 

4.4-6.1 mmol/L 10.0-11.1 mmol/L No mortality difference No 

De La Rosa Gdel et al, 
2008  

504 Single centre; mixed 
ICU, including medical, 
surgical, and trauma 
patients 

4.4-6.1 mmol/L 10.0-11.1 mmol/L No mortality difference No 

Preiser et al, 2009  1,078 Multicentre; medical and 
surgical ICU 

4.4-6.1 mmol/L 7.8-10.0 mmol/L No mortality difference No 

NICE-SUGAR Trial, 2009 
(Finfer et al. 2009) 

6,104 Multicentre; medical and 
surgical ICU 

4.5-6.0 mmol/L 7.9-10.0 mmol/L Against intensive: 
Increased 90 day 
mortality 

No 

Annane et al, 2010  509 Multicentre; all patients 
with septic shock 

4.4-6.1 mmol/L 10.0-11.1 mmol/L No mortality difference No 

Macrae et al, 2014  1,369 Multicentre; medical and 
surgical paediatric 
patients 

4.0-7.0 mmol/L 10.0-12.0 mmol/L No mortality difference No 

 

Table 1-4 Major randomised controlled trials of intensive versus conventional glycaemic targets in critically ill patients with mortality 
and morbidity outcomes 
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Several reasons have been postulated to explain these discordant results. In NICE-SUGAR, a 

significant increase in hypoglycaemia was noted in the intensive therapy group (Table 1-4) and 

severe hypoglycaemia was thought to at least partially account for the negative findings 

(Investigators 2012). Another possible explanation is that these studies differed in the proportion 

of patients with and without diabetes, and the effect of insulin might differ in these patient 

groups. Finally, studies had different intensive and non-intensive glycaemic targets, which could 

also contribute to heterogeneity of results (Table 1-4). These findings, albeit conflicting, have led 

to various recommendations for glycaemic treatment targets in the ICU population (Table 1-5). 

1.5.3 New Hyperglycaemia versus Known Diabetes 

There is evidence that the duration of hyperglycaemia affects its relationship with mortality and 

the effect of treatment of hyperglycaemia in hospitalised patients. Observational studies have 

reported an increased mortality in patients with new hyperglycaemia in hospital, and especially 

in the ICU, compared to those who have known diabetes (G. E. Umpierrez et al. 2002) as 

shown in Figure 1-1. Most importantly, a retrospective study  of critically ill patients reported that 

intensive insulin therapy was associated with reduced mortality in patients without diabetes but 

increased mortality in patients with diabetes (Lanspa et al. 2013), (Figure 1-3A and Figure 

1-3B). In studies of critically ill patients that have stratified patients based on background 

glycaemia (Egi et al. 2011; Plummer et al. 2014), it was found that background hyperglycaemia 

increased the mortality and complication rates for patients receiving tight glucose control with 

insulin therapy. This has resulted in calls for different glycaemic targets for patients with different 

levels of background glycaemia (Egi et al. 2011; Marik and Bellomo 2013; Judith Jacobi 2016; 

James S. Krinsley et al. 2020) (also see Table 1-5). These recommendations, however, have 

minimal glycaemic target differences (e.g 1 mmol/L), dichotomize patients based upon a single 

absolute HbA1c value and have not been adopted by leading professional ICU societies. 
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Trial Condition Studies included Recommendations 

Furnary et al, 2004 Surgical ICU 1 prospective study: 4,864 
patients across 17 years 

If ICU >3 days, ventilator dependent, on dialysis or 
has cardiac history: <8.3 mmol/L 

Wiener et al, 2008 Non-diabetic ICU Systematic review: 29 
studies, 8,432 patients 

7.8-10 mmol/L 

Griesdale et al, 
2009 

Non-diabetic ICU Systematic review: 26 
studies, 13,567 patients 

7.8-10 mmol/L 

NICE Guidelines, 
2011  

STEMI ICU No high quality studies, 
consensus by NICE 

Maintain < 11.1 mmol/L 

Egi et al, 2011 Diabetic ICU 1 retrospective study with 
415 patients 

If HbA1c < 7%: 7.8-10 mmol/L 

If HbA1c ≥ 7%: maintain > 11.1 mmol/L 

Marik et al, 2014 Non-diabetic 

Diabetic 

Cardiac Surgery, non-diabetic 

Cardiac Surgery, diabetic 

No high quality studies, 
various small studies used to 
justify the recommendations. 

Non-diabetic: 7.8-11.1 mmol/L 

Diabetic HbA1c < 7%: 7.8-11.1 mmol/L 

Diabetic HbA1c ≥ 7%: 8.8-12.2 mmol/L 

Cardiac surgery, non-diabetic: 7.8-10.0 mmol/L 

Cardiac surgery, diabetic HbA1c < 7%: 7.8-10.0 
mmol/L 

Cardiac surgery, diabetic HbA1c ≥ 7%, 8.8-11.1 
mmol/L 

ADA Guidelines, 
2019 

ICU No high quality studies 7.8-10 mmol/L; 6.1-7.8 mmol/L may be appropriate 
for certain patients providing no increased risk of 
hypoglycaemia 

Table 1-5 Various publications suggesting different recommendations for ICU management of hyperglycaemia 

ADA = American Diabetes Association; ICU = Intensive Care Unit; NICE = National Institute of Health and Care Excellence
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Figure 1-3 Effect of intensive glycaemic control on mortality in patients without (A) and with 
(B) diabetes

(Lanspa et al. 2013) 

Image removed due to copyright restriction.
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1.5.4 Limitations of Observational Trials 

As already highlighted, observational studies have often reported a significant association 

between hyperglycaemia and adverse outcomes while interventional studies have often 

failed to demonstrate a significant benefit arising from lowering blood glucose. While there 

are potentially other explanations for this discordance, a number of inherent limitations of 

observational studies, considered when planning my thesis, could contribute to these 

findings: 

 Causal inferences cannot reliably be drawn 

 Recall bias and missing data when trials are conducted retrospectively 

 Selection bias when selecting cases for observational trials, especially retrospectively 

 Confounders may exist that may explain an observed relationship. 

While I cannot eliminate these factors completely, to minimise them I have considered: 

 Prospectively registering my study in the Australian New Zealand Clinical Trials 

Registry (ANZCTR) 

 Pre-specifying inclusion and exclusion criteria and the primary endpoint. 

 Recruiting consecutive patients until an appropriate number of patients have been 

recruited based on a priori power analysis. 

 Minimising confounding from other clinical variables by adjusting for them. 

 Further studies to investigate plausible mechanisms that might explain my main 

findings. 

1.5.5 Prognostic Scoring in ICU 

As noted above, one limitation of observational studies is the potential confounding from 

other variables that are related to the variable being studied and influence the results. This 

limitation can be minimized by adjusting the results for other important variables that affect 

the outcome. This is possible in critically ill patients, as prognostic or severity scoring 
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systems in clinical use include the main clinical factors that affect mortality in ICU. These 

scoring systems are used to compare quality-of-care between different ICUs and 

stratification of variables in clinical trials (Rapsang and Shyam 2014).  

Most scoring systems utilise data collected from the first day of ICU admission. These 

include the Acute Physiology and Chronic Health Evaluation (APACHE), Simplified Acute 

Physiology Score (SAPS) and the Mortality Prediction Model (MDM). Other scoring systems 

utilise daily data from the first three days of ICU stay such as the Sequential Organ Failure 

Assessment (SOFA) and Multiple Organs Dysfunction Score (MODS). There are also 

scoring systems developed and validated for a specific region, such as the Australian New 

Zealand Risk of Death (ANZROD) (Paul et al. 2016; Paul, Bailey, and Pilcher 2013). At the 

time of the research conducted in this thesis, the APACHE II, APACHE IIIj (a variant of 

APACHE III) and the simplified SAPS II scoring systems were used by the Australia and 

New Zealand Intensive Care Society Centre for Outcome and Resource Evaluation (ANZICS 

CORE) to benchmark ICUs in Australasia. 

APACHE II, a validated ICU prognostic scoring system first published in 1985 (William A. 

Knaus et al. 1985), includes 12 acute physiology variables: rectal temperature, mean arterial 

pressure, heart rate, respiratory rate, oxygenation status, arterial pH, serum sodium, serum 

potassium, serum creatinine, haematocrit, white blood count and Glasgow Coma Score 

(GCS). It assigns age points based on a number of age ranges, with a higher score for older 

patients. For patients with a history of severe organ system insufficiency or 

immunocompromise, a score is assigned depending on the reason for admission, higher 

points being given for non-elective admissions. The sum total of the scores from the acute 

physiology score, the age score and the chronic health points are totalled to calculate the 

APACHE II score. While this score has been used in research as a prognostication tool, the 

original intent was to compute a predicted death rate which further accounts for the 

diagnostic category that led to an ICU admission (William A. Knaus et al. 1985). This is often 
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referred to as the Risk of Death score, and the formula is available as part of the Appendix in 

the original paper. 

The APACHE III scoring system was developed in 1991 in an attempt to improve upon the 

risk prediction based on APACHE II (W A Knaus et al. 1991). It included similar physiologic 

variables, but removed serum potassium and added urine output, blood urea nitrogen, 

serum albumin, serum bilirubin and importantly, admission glucose. Furthermore, the risk 

computation is no longer published, but has become proprietary and requires a licensing fee 

for use. As such, the APACHE II scoring system remains widely used in publications. 

For this thesis, I used APACHE II in Chapter 4 to calculate the risk of death score as it does 

not include glucose and admission glucose was an independent variable in the analyses. In 

Chapter 5, APACHE III was used to calculate the risk of death score as admission glucose 

was not being studied. 

1.6 Arginine Metabolomics and Hyperglycaemia 

1.6.1 Introduction 

As noted in Figure 1-2, hyperglycaemia has been postulated to exert direct tissue effects by 

modulating the nitric oxide pathway and causing endothelial dysfunction. The endothelium 

plays a key role in maintaining vascular homeostasis. A number of investigative techniques 

have been developed to quantify endothelial function in humans. Clinically, endothelial 

dysfunction can be evaluated using non-invasive techniques that measure post-ischaemic 

blood flow in large conduit arteries (flow-mediated dilation) or finger vasculature (reactive 

hyperaemia index). However, these techniques are impractical in critically ill patients, in 

whom consent is difficult and the requirement for multiple sites for venous access often 

preclude induction of ischaemia in an arm. 

L-arginine and its metabolites are central to endothelial function (see Figure 1-4). The 

plasma concentration of L-arginine is affected by dietary intake, arginine synthesis in the 



Chapter 1 Introduction     

24 

kidney and its metabolism by arginases. L-arginine then enters endothelial cells, 

predominantly through the y+ transporter system. In endothelial cells, L-arginine is the main 

substrate for the enzyme endothelial nitric oxide synthase (eNOS), which converts L-arginine 

to citrulline (Figure 1-4). This chemical reaction results in the synthesis of the potent 

endogenous vasodilator nitric oxide (NO) (L J Ignarro 2002; Louis J Ignarro, Napoli, and 

Loscalzo 2002). NO has anti-inflammatory, anti-thrombotic, anti-atherosclerotic effects, and 

also exerts effects on the vascular tone (Louis J Ignarro and Napoli 2005). Unsurprisingly, 

decreased eNOS activity, and hence decreased NO have been associated with increased 

cardiovascular morbidity and mortality (Lerman and Zeiher 2005; Versari et al. 2009). 

 

Figure 1-4 Interactions between arginine, asymmetric dimethyl-L-arginine (ADMA), symmetric 
dimethyl-L-arginine (SDMA), monomethyl-L-arginine (MMA) and L-homoarginine (HA) with 

nitric oxide synthase (NOS) 

PRMT, protein arginine methyltransferases. Adapted from (Brinkmann et al. 2013), with additional 

information from (Davids, Ndika, et al. 2012; Jr 2016; Hecker et al. 1990). 
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1.6.2 Methylarginine Metabolites and the NOS Pathway 

Metabolites of L-arginine play a key role in the nitric oxide pathway as shown in Figure 1-4. 

Proteins containing methylated arginine residues release, during proteolysis, asymmetric 

dimethyl-L-arginine (ADMA), symmetric dimethyl-L-arginine (SDMA) and monomethyl-L-

arginine (MMA). ADMA and MMA are powerful competitive inhibitors of eNOS (Siroen et al. 

2006). An increase in plasma ADMA reduces endothelial nitric oxide production, vascular 

tone and arterial blood flow (Mortensen et al. 2019). MMA has a similar action to ADMA, but 

circulates at a far lower concentration. In contrast, SDMA decreases nitric oxide production 

indirectly by reducing L-arginine availability and increased production of reactive oxygen 

species (Mangoni 2009). L-homoarginine is synthesized from lysine and arginine via 

arginine:glycine amidinotransferase (Kayacelebi et al. 2015). L-homoarginine is postulated to 

increase NOS activity by increase arginine availability by competitively inhibiting arginase 

(which metabolises arginine) and also acting as a substrate for eNOS in place of arginine, 

which despite its weaker affinity can be metabolised to NO and homocitrulline (Pilz et al. 

2015). In studies of mice, L-homoarginine supplementation has been shown to contribute to 

more sustained NOS activation than arginine supplementation (Atzler, Schwedhelm, and 

Choe 2015).  

1.6.3 Arginine Metabolites in Critical Illness 

Several small studies have investigated the association of different arginine metabolites to 

mortality in the critically ill. Higher arginine concentration was weakly associated with better 

outcomes in critically ill patients (Brenner et al. 2012). In a recent meta-analysis, a higher 

ADMA level was associated with poorer outcomes (Mortensen et al. 2019). The 

ADMA/arginine ratio has been proposed as a good marker of mortality in critically ill patients, 

as it combines an inhibitor of nitric oxide synthase (ADMA) and its substrate (arginine) (Patel 

et al. 2016). However, in a meta-analysis the ADMA/arginine ratio was not significantly 

associated with mortality (Mortensen et al. 2019). Recent studies reported poorer outcomes 

in patients with higher SDMA and lower L-homoarginine concentrations in ICU (Ghashut et 
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al. 2017; Bode-Böger et al. 2006; Pilz et al. 2014; Zinellu et al. 2018). No studies to date 

have investigated MMA in the critical care or acute illness setting, although it has been 

previously associated with endothelial dysfunction (Karlsson, Sørensen, and Kruuse 2017; 

Jamwal and Sharma 2018). In this thesis I have measured L-arginine and its metabolites in 

the largest cohort of critically ill patients in the literature and assessed whether plasma 

contributions are associated with mortality (Chapter 5) and relative hyperglycaemia (Chapter 

6). If so, changes in arginine metabolites could be one mechanism linking relative 

hyperglycaemia and mortality in ICU. 

1.6.4 Dimethylarginine Dimethylaminohydrolase and Hyperglycaemia 

As shown in Figure 1-4, dimethylarginine dimethylaminohydrolase (DDAH) is the primary 

enzyme that metabolises ADMA to citrulline and dimethylamine and thus its activity is the 

main determinant of circulating ADMA concentration. There are two DDAH isoforms in 

humans. DDAH1 is the key enzyme that metabolises ADMA and MMA and thus the main 

determinant of serum concentrations, while the contribution of DDAH2 is unknown (Leiper et 

al. 1999; Altmann et al. 2012). It was previously hypothesized that glucose reduces DDAH 

activity (Lin et al. 2002), thereby decreasing degradation of ADMA and MMA (Siervo et al. 

2011). This could provide a putative link between hyperglycaemia, arginine metabolism and 

cardiovascular disease. In Chapter 6 of this thesis, I report an in vitro study investigating the 

effect of glucose concentration on DDAH1 activity to support the clinical data in critically ill 

patients. 

1.7 Statement of Aims 

In summary, management of acute hyperglycaemia has advanced through the years, but 

there remain questions to be answered. Preliminary, mainly retrospective, observational 

studies have reported that relative hyperglycaemia is more strongly associated with adverse 

health outcomes in hospitalised patients than absolute hyperglycaemia. However, it is not 

clear how best to diagnose relative hyperglycaemia, nor to what extent relative 
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hyperglycaemia is simply a marker of disease severity or whether it directly affects health 

outcomes. Clinical trials of intensive insulin therapy to lower blood glucose in critically ill and 

AMI patients have reported conflicting results. These studies have utilised absolute glucose 

targets and, if relative hyperglycaemia is a more important variable than absolute 

hyperglycaemia, it is possible that variability in treatment of relative hyperglycaemia between 

studies could have affected the results. Finally, there are data suggesting that lowering blood 

glucose in hospitalised patients has greater benefits in patients without diabetes than in 

patients with diabetes. These finding are consistent with the hypothesis that it is more 

important to treat relative, than absolute, hyperglycaemia. 

In this PhD project I hypothesized that: 

1. Relative rather than absolute hyperglycaemia is associated with mortality in acutely ill 

hospitalized patients. 

2. The association between relative hyperglycaemia and mortality is similar in patients 

with and without diabetes. 

3. Arginine metabolites independently affect mortality in critically ill patients. 

4. The relationship between relative hyperglycaemia and mortality is mediated by 

changes in arginine metabolites. 

Thus, the major aims of this thesis were to determine whether: 

1. Relative hyperglycaemia is more strongly associated with mortality than absolute 

hyperglycaemia in patients with acute myocardial infarction and critical illness. 

2. The association between relative hyperglycaemia and mortality is affected by 

background glycaemia. 

3. Arginine metabolites are independently associated with mortality in critically ill 

patients. 

4. Relative hyperglycaemia results in changes in arginine metabolites that may underlie 

the associated increase in mortality 
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Chapter 2 Methods 

2.1 Introduction 

This PhD project comprises two clinical studies and an in vitro study. Chapter 3 reports a 

retrospective analysis of the association between relative hyperglycaemia and mortality in 

the HI-5 study (N W Cheung et al. 2008). The data were collected under the supervision of 

the original study authors, Professor Wah Cheung, Associate Professor Vincent Wong and 

Professor Mark McLean. I performed the statistical analysis for this study and drafted the 

manuscript. Chapter 4, Chapter 5 and Chapter 6 report analyses of a prospective study 

investigating the relationship between relative hyperglycaemia and arginine and its 

metabolites with mortality in critically ill patients. For this study I assisted with study design, 

drafted the ethics application, collected the data, performed the statistical analysis and 

drafted the associated manuscripts. Arginine and its metabolites were measured in the 

laboratory of Professor Ciriaco Carru by Dr. Salvatore Sotgia with methodology developed 

with Assoc Prof Angelo Zinellu (University of Sassari, Italy). In Chapter 6 a small in vitro 

study is also included as it supports the clinical data. This was conducted by Dr Sara 

Tommasi, Department of Clinical Pharmacology, Flinders University. 

2.2 Storage, Transportation and Analysis of Samples 

For the prospective study reported in this thesis (Chapter 4-6), samples of blood collected for 

clinical purposes that are routinely stored at 4°C by SA Pathology for up to 10 days were 

utilised (Figure 2-1). If patients did not have HbA1c requested during the ICU admission this 

parameter was requested using blood in a stored EDTA tube. A further 0.2-0.5 mL of plasma 

was also taken from a sodium heparin tube for each patient and stored in a -70 or -80°C 

freezer for subsequent assessment of arginine and its metabolites. If patients did not have 

adequate suitable samples for these analyses they were excluded. 
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Figure 2-1 Recruitment and measurement of HbA1c 

 

2.3 Assessment of Absolute and Relative Hyperglycaemia 

2.3.1 Glucose 

In Chapter 3, the original HI-5 study utilised capillary glucose measurements as their 

measure of absolute glycaemia (N Wah Cheung, Wong, and McLean 2006). As the HI-5 

study was a randomized-controlled trial of treatment of hyperglycaemia during which glucose 

was systematically recorded I used mean glucose on treatment as the measure of absolute 

glycaemia. 

Point-of-care glucose meters and capillary glucose measurements have been shown to be 

less reliable in critically ill patients (Pereira et al. 2015), and less reproducible in general 

(Colagiuri et al. 2003). Therefore, the studies conducted in the ICU and reported in Chapter 

4-6 used venous plasma glucose measurements by the Flinders Medical Centre pathology 

service, SA Pathology, to measure absolute glycaemia. These were performed using a 

Roche P modular analyser (Hitachi High-technologies Corporation, Tokyo, Japan) using the 

hexokinase/glucose-6-phosphate dehydrogenase assay (between run CV 1.7% at glucose 

4.9 mmol/L and 1.4% at glucose 15.7 mmol/L), As the prospective study reported in Chapter 

4-6 was an observational study without systematic laboratory glucose measurements I pre-
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specified admission glucose as the measure of absolute glycaemia. The closest glucose 

measurement to time of admission was used in analyses. 

2.3.2 Glycosylated haemoglobin 

In Chapter 3, HbA1c measurements were performed by the hospital pathology services in 

the six participating hospitals. The specific details for those measurements are not available. 

In Chapter 4-6, HbA1c measurements were measured by SA Pathology using High 

Performance Liquid Chromatography  HPLC) by PDQ, Primi’s Diagnostics, Kansas City, Mo, 

USA and boronate affinity chromatography. The between-run CV was 2.2% at a HbA1c of 

6.1% [43 mmol/mol] and 1.9% at HbA1c of 11.1% [98 mmol/mol]). 

2.3.3 Calculation of relative hyperglycaemia 

HbA1c levels were then translated into an estimated average glucose over the last 3 months 

using the equation derived by Nathan et al (Nathan et al. 2008): 

  59.259.1glucose average Estimated 1  cHbA  

Relative hyperglycaemia was quantified using the Stress Hyperglycaemia Ratio using the 

formula (Roberts et al. 2015) : 

glucose average Estimated

glucose  Current
SHR  

2.4 Assessment of Risk of Death in Intensive Care 

Risk of death in ICU can be predicted using various validated measures detailed in section 

1.5.5 Prognostic Scoring in ICU. The data for these calculations were collected as part of 

routine clinical care for submission to the Australian and New Zealand Intensive Care 

Society (ANZICS) Clinical Outcomes Research (CORE) audit by dedicated clinical research 

nurses and administration staff in the ICU. For retrieval of data, I worked closely with the 

clinical research nurses collecting ANZICS data, including the calculated risk of death scores 
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based on APACHE II and IIIj (the variant of APACHE III used by ANZICS). These data were 

available in an Excel spreadsheet which was then merged into my database for analysis. 

In Chapter 4, risk of death scores were calculated from the APACHE II score, as it does not 

contain glucose and glucose was included in analyses as an independent variable (William 

A. Knaus et al. 1985). In Chapter 5, the risk of death score was derived from the APACHE 

IIIj score, as this is a more modern derivation of the APACHE scoring system and glucose 

was not a variable in the analysis. The risk of death score based on the APACHE II and 

APACHE IIIj scoring systems is computed for all patients by the ANZICS CORE database. 

2.5 Assessment of Arginine and Metabolites 

Arginine and related metabolites (monoethyl-L-arginine [MMA], L-homoarginine [HA], 

asymmetric dimethyl-L-arginine [ADMA], symmetric dimethyl-L-arginine [SDMA]), were 

measured in Italy at the University of Sassari under the supervision of Salvatore Sotgia 

(Sotgia et al. 2019).  

The method was as follows: 

1. 200 µL aliquots of plasma were spiked with 1 µL of internal standard solution 

containing L homoarginine-d4 dihydrochloride (d4-hArg), NG,NG-dimethyl-L-arginine-

d6 dihydrochloride (d6-ADMA), and NG,NG’-dimethyl-L-arginine-d6 (d6-SDMA).  

2. After vigorous vortex mixing, tubes were placed in a block heater for 5 min at 100 °C 

then cooled to room temperature.  

3. After the addition of 400 µL of ultrapure water (Milli-Q grade), tubes were vortexed 

vigorously for 10 sec to displace the clot from the bottom of the vial.  

4. Tubes with dislodged clots were then heat-treated again for 5 min at 100 °C, cooled 

down to room temperature, and centrifuged at 17,000×g for 5 min.  

5. A 200-µL volume of clear supernatant was recovered and added with 20 µL of 

potassium phosphate monobasic buffer (100 mmol/L, pH 7.0) and 40 µL of 

diethylpyrocarbonate (33 mmol/L).  
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6. Tubes were mixed thoroughly and after leaving them at room temperature for 1 min, 

20 µL of sample were analyzed by an Agilent liquid chromatography tandem mass 

spectrometry (LC-MS/MS) system (Agilent Italia, Milan, Italy) using a 100 mm × 4.6 

mm Agilent Zorbax Eclipse Plus C18 3.5 µm column and a mixture of an aqueous 

solution of 0.4% v/v formic acid and acetonitrile (95:5) as a mobile phase, delivered 

isocratically at a flow-rate of 0.8 mL/min.  

7. Mass detection was accomplished in positive ion mode by MRM of the precursor-

product ion transitions m/  247.14→142, 261.28→70, 261.28→84, 275.33→46, and 

275.33→70 for arginine, MMA, L-homoarginine, ADMA, and SDMA, respectively, as 

well as m/  265.28→88, 281.3→52, and 281.3→70 for d4-homoarginine, d6-ADMA, 

and d6-SDMA, respectively. 

2.6 Assessment of Human DDAH1 Activity 

In Chapter 6, the effect of glucose concentration on DDAH1 activity was assessed in vitro by 

Dr Sara Tommasi to support the clinical data I collected, using a method previously reported 

(S Tommasi et al. 2017). In this experiment, DDAH1 is incubated with its substrate, ADMA, 

and with varying concentration of glucose (0, 5, 7.5, 10, 15, 22.5mM). Citrulline is then a 

measure of DDAH1 activity, as ADMA is metabolised to citrulline in the absence of a DDAH1 

inhibitor. As glucose has been postulated to modulate arginine metabolomics through 

inhibition of DDAH1, a decreasing amount of citrulline would be expected with higher 

concentrations of glucose (J. H. Lee et al. 2011).  

The detailed process is as follows: 

HEK293T cells expressing DDAH1 were lysed in 100 mM phosphate buffer (pH 7.4) by 

sonication at 16 × 1 sec bursts at 40% amplitude  Sonics Vibracell). Reactions for L-citrulline 

formation were undertaken in glass tubes at 37 °C in a 100 µL volume comprising 

100 mmo/L phosphate buffer  pH 7.4), DDAH1 cell lysate  40 µg), glucose (0, 5, 7.5, 10, 15 

and 22.5 mmol/L) and ADMA as substrate (45 µmol/L, equivalent to Km). The DDAH1 
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inhibitor ZST316 (compound 10a, (Sara Tommasi et al. 2015)) was used as a positive 

control for DDAH1 inhibition at a concentration of 1 µmol/L. Following a 60 min pre-

incubation at 37 °C, reactions were initiated by the addition of ADMA, and were terminated 

after 30 min by the addition of 10 µL of an aqueous solution of the assay internal standard 

(L-citrulline-d6, 30  µmol/L) and 300 µl 0.1% formic acid in isopropanol. Each reaction 

mixture was vortex mixed, cooled on ice and centrifuged at 18,000 × g for 5 min. A 300 µL 

aliquot of supernatant was transferred into a glass tube and evaporated to dryness in a 

MiVac  50 °C, -OH programme, 25 min)  SP Scientific). Samples were reconstituted in 

125 μL of 1:4 water/0.1% formic acid in isopropanol and a 3 μL aliquot assayed by UPLC-

MS. 

Citrulline analysis was performed using an Aquity Ultra Performance Liquid 

Chromatography, UPLC, (Waters, Sydney, Australia) coupled to a quadrupole time-of-flight 

(qToF) Premier high-resolution mass spectrometer (Waters, Sydney, Australia). Time-of-

flight (ToF) data were collected in MS mode between 100 and 500 Da with an instrument 

scan time of 0.5 sec and inter-scan delay of 0.05 sec. Experimental parameters were as 

follows: capillary voltage 3.5 kV, source temperature 90°C, desolvation temperature 300°C, 

sampling and extraction cone voltages were 20 and 5 eV, respectively. The collision gas flow 

was 0.4 mL/min. Instrument control, data acquisition and data processing were performed 

using Waters MassLynx version 4.1 software. 

Chromatographic separation was performed at a flow rate of 0.3 mL/min on a Waters 

ACQUITY UPLC® BEH HILIC column (1.7 µm, 2.1 mm x 100 mm) held at 35°C. Mobile 

phase composition was 0.1% v/v formic acid in acetonitrile (mobile phase A) and 10% v/v 

acetonitrile in water containing 0.1% v/v formic acid (mobile phase B). Initial conditions were 

95% mobile phase A and 5% mobile phase B. The proportion of mobile phase B was 

increased linearly to 40% over 5 min and then returned to 5% for 2 min to re-establish 

equilibrium before injection of the following sample for analysis. Extracted ion 

chromatograms (EICs) were obtained with a mass window of 0.02 Da from total ion 
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chromatograms  TIC) employing the m/  corresponding to the 176.10→159.10 and 

181.13→165.12 fragments of L-citrulline and L-citrulline-d6 respectively. For quantitation, L-

citrulline was spiked into the incubation matrix at 6 concentrations (0, 1, 2, 3, 4 and 5 µM) 

then extracted and reconstituted in the same manner as incubation samples. A calibration 

curve was constructed by plotting the peak area ratio L-citrulline to internal standard versus 

the L-citrulline concentration. 

2.7 Other Laboratory Tests 

All other laboratory tests were performed under standard laboratory procedures at NSW 

Health Pathology (Chapter 3) and SA Pathology (Chapter 4-6). eGFR was calculated using 

the Modification of Diet in Renal Disease Study (MDRD) equation (Levey et al. 2006): 

   femaleif  742.0Age
4.88

Creatinine
186 203.0

154.1















eGFR  

2.8 Determination of Mortality 

The primary source of outcomes data was the data submitted to ANZICS. I also recorded all 

deaths manually for every ICU visit, to ensure data was robust, especially for in-hospital 

death after discharge from the ICU. For patients transferred to another hospital, patients 

were manually tracked for mortality up to 90 days post-transfer using the state-wide 

computing system (OACIS).  

2.9 Data Storage and Linkage 

The study reported in Chapters 4-6 of this thesis was prospectively registered with the 

Australian New Zealand Clinical Trials Registry (ANZCTR) trial registry 

ACTRN12615001164583 on 2/11/2015. The registration information can be accessed at: 

https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=369388. 
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For this study, I developed a password protected database using Filemaker 14.04 

(Filemaker Inc, USA, an Apple subsidiary, 2015) and placed it within the hospital network. 

The database was developed to simplify collection of data, and to ensure appropriate 

inclusion and exclusion criteria were applied (Figure 2-2). The database also allowed 

immediate estimation of the relationship between Stress Hyperglycaemia Ratio and mortality 

rate (Figure 2-3). The use of a specialized database was important as the dataset was very 

large. It facilitated easier merging of the collected data with data from the intensive care 

registry, automated collection of HbA1c data from SA Pathology, merging of arginine 

metabolomic data from Italy and allowed relevant data to be exported to spreadsheets such 

as Excel or to statistical packages such as SPSS for further data analysis. 
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Figure 2-2 Database software to store data. It automatically checks for eligibility for recruitment to reduce recruitment error. 
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Figure 2-3 Live statistics from database software to check on progress during research. 
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2.10 Statistical analyses 

Statistical analyses were performed using IBM SPSS version 23 for Windows (IBM, New 

York, USA) initially in Chapter 3 and Chapter 4 but subsequently on version 25 for Chapter 5 

and Chapter 6. A p-value of <0.05 was considered statistically significant. Receiver 

Operating Characteristics (ROC) analyses were performed using MedCalc Software version 

18.2.1 for Windows (MedCalc Software Ltd, USA). Subject characteristics were presented as 

mean +/- standard deviation if the data were normally distributed and median and 

interquartile range if they were not distributed normally. In Chapter 3 to 5, univariable 

binomial regression analyses were conducted and statistically significant variables were then 

included in multivariate analyses. In Chapter 6, simple linear regression analyses were used 

to compare the relationship between measures of glycaemic control and arginine 

metabolites. Variables were log-transformed when they were not normally distributed. 

Multiple linear regression was performed to ensure renal dysfunction did not affect results. 

Comparison of ROC analyses in Chapter 4 and Chapter 5 used a well-accepted 

methodology (DeLong, DeLong, and Clarke-Pearson 1988) for comparing the areas under 

two or more correlated ROC curves using a non-parametric approach. Odd ratios were 

computed and forest plots of the secondary outcomes after an acute myocardial infarction 

were constructed for Chapter 3. 
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3.2 Abstract 

Background: Hyperglycaemia is associated with increased morbidity and mortality in 

patients with an acute myocardial infarction (AMI). We evaluated whether complications after 

AMI are associated with absolute or relative glycaemia. 

Methods: A total of 192 patients with AMI were randomized to intensive or conventional 

insulin therapy. Absolute glycaemia was defined as mean blood glucose level (BGL) during 

the first 24 hours following randomization. Relative glycaemia was defined by the stress 

hyperglycaemia ratio (SHR), calculated as mean BGL divided by average glucose 

concentration over the prior 3 months estimated from glycosylated haemoglobin. The 

primary endpoint was a “complicated AMI”, defined as an AMI complicated by death, 

congestive cardiac failure, arrhythmia, cardiac arrest, reinfarction, cardiogenic shock, 

inotrope use or emergency revascularization. 

Results: There was not a significant association between mean BGL and complicated AMI 

(odds ratio (OR) 1.05 per mmol/L glucose increment, 95% confidence intervals (CI) 0.93-

1.19). In contrast, SHR was positively associated with a complicated myocardial infarction 

(OR 1.22 per 0.1 SHR increment, 95% CI 1.06-1.42), and individual complications of death 

(OR 1.55, 95% CI 1.14-2.11), congestive cardiac failure (OR 1.27, 95% CI 1.05-1.54), 

arrhythmia (OR 1.31, 95% CI 1.12-1.54) and cardiogenic shock (OR 1.42, 95% CI 1.03-

1.97). The relationship between SHR and a complicated AMI was independent of diabetic 

status, intensive insulin therapy, sex and hypoglycaemia. 

Conclusions: Relative, but not absolute, glycaemia during insulin treatment is 

independently associated with complications after an AMI. Future studies should investigate 

whether basing therapeutic glycaemic targets on relative glycaemia improves patient 

outcomes. 
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3.3 Background 

Hyperglycaemia is associated with increased morbidity and mortality in hospitalized patients 

with a variety of medical conditions (Baker et al. 2006; Capes et al. 2001; 2000). However, 

while the association between glucose concentration in hospital and mortality is strong in 

patients without known diabetes, paradoxically glucose concentration is not as strongly 

associated with mortality in patients with diabetes (Capes et al. 2001; 2000; G. E. Umpierrez 

et al. 2002; Lanspa et al. 2013; Kim et al. 2017). This suggests that background glycaemia 

influences the relationship between glucose and mortality in patients admitted to hospital. 

An elevated blood glucose in a hospitalized patient can occur because a patient has poor 

chronic glycaemic control or if there is an acute increase in glucose, often termed stress 

hyperglycaemia. (Dungan, Braithwaite, and Preiser 2009) Stress hyperglycaemia is the 

relative increase in glucose in response to an intercurrent illness. Our group has recently 

proposed a novel metric for relative glycaemia termed the stress hyperglycaemia ratio 

(SHR), whereby admission glucose concentration is  corrected for background glycaemia 

estimated from glycosylated haemoglobin (HbA1c) (Roberts et al. 2015). We reported that 

SHR was associated with critical illness in hospitalized patients, independent of absolute 

glycaemia. Moreover, the association between relative glycaemia and critical illness was 

present in patients with and without background hyperglycaemia. Since this publication, 

several other studies have reported that relative glycaemia at hospital admission predicts 

outcomes for patients admitted to hospital with a stroke (C.-J. Yang et al. 2017), acute 

illness (Su et al. 2017), acutely ill requiring intensive care unit (ICU) admission (W. Liao et al. 

2015) and after percutaneous coronary intervention (Y. Yang et al. 2017). These studies 

demonstrate that quantifying relative hyperglycaemia at admission to hospital provides 

important prognostic information in patients with and without diabetes.  

Calculation of relative hyperglycaemia could also potentially provide a basis for 

individualized glycaemic targets in patients treated with insulin in hospital. If relative 

hyperglycaemia during glucose-lowering treatment was associated with adverse patient 
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outcomes, it would support this hypothesis. However, in our previous study blood glucose 

levels (BGLs) were not systematically recorded in all patients throughout the hospital 

admission and this analysis could not be undertaken (Roberts et al. 2015). 

The Hyperglycaemia: Intensive Insulin Infusion in Infarction (HI-5) study was a prospective 

randomized-controlled trial investigating the effect of intensive insulin therapy on mortality in 

patients with an acute myocardial infarction (N Wah Cheung, Wong, and McLean 2006). In 

the primary analysis, there was no significant difference in mortality in patients randomized 

to intensive insulin and conventional care. However, as finger prick BGLs were 

systematically recorded in both groups, the study cohort provides an opportunity to 

investigate the association between relative hyperglycaemia during glucose-lowering 

treatment and adverse patient outcomes. 

We hypothesized that, in the HI-5 study cohort, relative hyperglycaemia during the first 24 

hours following AMI would be more strongly associated with an adverse outcomes for 

patients than absolute glycaemia. If true, this would provide supportive evidence for a 

change in treatment paradigm whereby glucose-lowering treatment in patients following an 

AMI is targeted at relative, rather than absolute, hyperglycaemia. Therefore, the aim of this 

study was to assess the relationship between relative glycaemia and complications following 

a myocardial infarction and whether this relationship was affected by other potential 

confounding factors.  

3.4 Methods 

3.4.1 Study design 

This is a secondary analysis of a prospective randomized-controlled trial that has previously 

been reported (N Wah Cheung, Wong, and McLean 2006). In brief, consecutive consenting 

patients presenting with an AMI at six hospitals in New South Wales, Australia with either 

known diabetes or without diabetes and BGL >7.8 mmol/L were randomized to receive 

insulin/dextrose infusion therapy for at least 24 hours to maintain finger prick BGL between 4 
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and 10 mmol/L or conventional therapy comprising their usual glucose-lowering therapy 

except metformin and supplemental subcutaneous short-acting insulin if finger prick BGL 

was ≥16 mmol/L. BGL were recorded at 8 pre-defined timepoints in all patients (0700, 

0900,1200, 1400, 1700, 1900, 2200 and 0300 in all patients. Additional BGLs were 

performed on an hourly basis in patients on intensive insulin therapy. The study was 

approved by local ethics committees of Westmead Hospital, Nepean Hospital, Blacktown 

Hospital, Mt. Druitt Hospital and John Hunter Hospital. All subjects participating in the study 

provided written informed consent. 

3.4.2 Subjects 

This analysis included all participants in the HI-5 study in whom HbA1c was measured at 

admission to hospital. Patients were treated with angioplasty, thrombolysis or anti-

coagulation at the discretion of the admitting doctors. All patients received beta blocker 

therapy unless specifically contraindicated (N Wah Cheung, Wong, and McLean 2006). 

Demographic data, laboratory data, and in-hospital mortality and complications that were 

recorded at the time of the original study were used in the analysis. A Charlson Comorbidity 

Index was calculated from the co-morbidities recorded during the original data collection 

(Charlson et al. 1987). 

3.4.3 Calculation of Stress Hyperglycaemia Ratio 

Finger prick point of care capillary BGLs were measured at predefined time points during the 

first 24 hours as previously described (N Wah Cheung, Wong, and McLean 2006), and the 

readings were averaged to calculate mean BGL during glucose-lowering treatment for each 

subject. Estimated average glucose over the prior 3 months was calculated using the 

equation “estimated average glucose = (1.59 x HbA1c) - 2.59” derived by Nathan et al. 

(Nathan et al. 2008) Relative hyperglycaemia during glucose-lowering treatment (SHR) was 

then calculated using the formula mean BGL divided by estimated average glucose. 
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3.4.4 Statistical methods 

Before undertaking this secondary analysis we pre-specified a composite primary endpoint 

of a “complicated AMI,” defined as AMI complicated by death during the hospital admission, 

congestive cardiac failure, arrhythmia, cardiac arrest, reinfarction, cardiogenic shock, 

inotrope use or the need for rescue percutaneous transluminal coronary angioplasty (PTCA) 

or emergency coronary arterial bypass graft (CABG). These events were defined as per the 

original HI-5 study (N Wah Cheung, Wong, and McLean 2006). Reinfarction was defined as 

a new AMI that occurred at least 72 hours following the index AMI. A patient was considered 

in congestive cardiac failure if there was documented dyspnea in the notes and the chest X-

ray report confirmed pulmonary edema or interstitial edema. Cardiogenic shock referred to a 

state where the patient was in cardiac failure with a concomitant systolic blood pressure of 

less than 80 mmHg. The primary variables of interest were absolute hyperglycaemia, 

defined as mean BGL during glucose-lowering treatment and relative hyperglycaemia, 

defined as SHR during glucose-lowering treatment. 

Characteristics of patients with and without a complicated AMI are reported as mean ± 

standard deviation if normally distributed and median (interquartile range) if the distribution 

was not normal. These variables were compared using unpaired t-tests, Mann-Whitney U-

tests or Chi-squared tests as appropriate. Univariable binomial logistic regression analyses 

were undertaken to calculate the odds ratio of a complicated AMI for each BGL and SHR 

increment. Odds ratios for the individual components of the composite primary endpoint for 

each BGL and SHR increment were also calculated. We then included treatment group and 

known diabetes and interaction terms for these variables as co-variates in analyses to 

assess whether they moderated the relationship between SHR and a complicated AMI. 

Finally, univariable binomial logistic regression analyses were undertaken to examine 

whether other variables of interest such as sex, age, Charlson Comorbidity Index, 

hypoglycaemia, treatment type and peak creatinine phosphokinase were associated with a 

complicated AMI. If a variable was not normally distributed, it was log-transformed to achieve 
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a normal distribution before inclusion in regression analyses. Variables that were 

significantly associated with a complicated AMI in a univariable analysis were then included 

in a multiple binomial logistic regression analysis. 

Statistical analysis was undertaken using SPSS version 23 for Windows (IBM, New York, 

USA). A two-tailed P-value of <0.05 was considered statistically significant. 

3.5 Results 

3.5.1 Patient characteristics 

A total of 192 subjects were included in the final analysis; 48 patients out of the 240 patients 

included in the original study cohort were excluded as there were no recorded HbA1c. In this 

cohort, 82 patients were defined as having a complicated AMI: 6 patients died, 22 developed 

congestive cardiac failure, 48 had an arrhythmia, 21 had a cardiac arrest, 3 had a re-

infarction, 5 developed cardiogenic shock, 10 were treated with inotropic support, 26 

required a rescue PTCA and 7 an emergency CABG. A number of subjects had more than 

one complication. Although subjects with a complicated AMI were more likely to be female, 

there were no significant differences in age, Charlson Comorbidity Index, intensive insulin 

therapy, known diabetes, other cardiovascular risk factors, cardiovascular medications, 

serum cholesterol, peak creatinine phosphokinase and use of anticoagulant, thrombolytic 

and angioplasty treatment and ST elevation on ECG between patients with a complicated 

and uncomplicated AMI (Table 3-1). 
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 Complicated AMI Uncomplicated 
AMI 

P value 

Number 82 110  

Age (years) 63 (10) 61 (12) 0.108 

Female (N, (%)) 24 (29) 16 (15) 0.017 

Charlson Comorbidity Index 
a
 0.5 (0.0-1.0) 0.0 (0.0-1.0) 0.843 

Intensive Insulin (N, (%)) 44 (54) 58 (53) 0.898 

Diabetes (N, (%)) 38 (46) 53 (48) 0.801 

Diagnoses prior to admission    

 Hypertension (N, (%)) 50 (61) 57 (52) 0.287 

 Hyperlipidemia (N, (%)) 44 (54) 67 (61) 0.388 

 Smoker (N, (%)) 26 (32) 35 (32) 0.372 

 Previous AMI (N, (%)) 20 (24) 21 (19) 0.445 

Medications at admission    

 ACE Inhibitor (N, (%)) 16 (20) 23 (21) 0.845 

 Aspirin (N, (%)) 19 (23) 28 (25) 0.752 

 Beta-blocker (N, (%)) 17 (21) 13 (12) 0.098 

 CCB (N, (%)) 9 (11) 13 (12) 0.880 

 Fibrate (N, (%)) 1 (<1) 1 (<1) 0.826 

 Nitrate (N, (%)) 11 (13) 16 (15) 0.850 

 Statin (N, (%)) 22 (27) 31 (28) 0.918 

Initial treatment   0.583 

 LMWH / Heparin (N, (%)) 22 (27) 39 (35)  

 Thrombolysis (N, (%)) 33 (40) 20 (18)  

 Acute PTCA (N, (%)) 24 (29) 49 (45)  

 Not documented 3 (4) 2 (2)  

Total Cholesterol (mmol/L) 4.67 (1.31) 4.92 (1.23) 0.197 

Peak CPK 
a 

923 (292-3130) 1115 (517-2844) 0.305 

STEMI (N, (%)) 
b 

62 (76%)  84 (76%) 0.780 

 

Table 3-1 Characteristics of patients with and without a complicated myocardial infarction 

Values represent mean (standard deviation) unless otherwise stated; 
a
 Median (interquartile range); 

b
 

There were 6 patients missing STEMI status, 2 with uncomplicated AMI and 4 with complicated AMI. 

 

ACE = Angiotensin Converting Enzyme; AMI = acute myocardial infarction; N = number of patients 

with endpoint; CCB = Calcium Channel Blocker; LMWH = low molecular weight heparin; PTCA = 
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percutaneous transluminal coronary angioplasty; Peak CPK = peak creatinine phosphokinase; STEMI 

= ST elevation on ECG or presence of Q-waves 

 

3.5.2 Associations between absolute and relative glycaemia during 

glucose-lowering treatment and a complicated acute myocardial 

infarction 

 

There was not a significant association between mean BGL and the incidence of 

complicated AMI (odds ratio (OR) 1.05 per mmol/L glucose increment, 95% confidence 

intervals (CI) 0.93-1.19, p=0.437) (Figure 3-1A). Furthermore, no individual component of 

the composite “complicated AMI” endpoint was significantly associated with mean BGL 

(Figure 3-1A). In contrast, SHR was associated with a complicated AMI (OR 1.22 per 0.1 

SHR increment, 95% CI 1.06-1.42, p=0.006) (Figure 3-1B). Moreover, SHR was positively 

associated with death (OR 1.55, 95% CI 1.14-2.11, p=0.005), congestive cardiac failure (OR 

1.27, 95% CI 1.05-1.54, p = 0.014), arrhythmia (OR 1.31, 95% CI 1.12-1.54, p = 0.001) and 

cardiogenic shock (OR 1.42, 95% CI 1.03-1.97, p = 0.033). SHR was not significantly 

associated with cardiac arrest, reinfarction, inotrope use, rescue angioplasty or emergency 

CABG (Figure 3-1B). 
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Figure 3-1 Odds ratios for the risk of complications of an acute myocardial infarction in 192 
patients 

(a) Complications per 1 mmol/L glucose increment and (b) 0.1 stress hyperglycaemia ratio increment. 

The size of the squares represents the observed frequency of each complication post myocardial 

infarction while the whiskers represent the 95% confidence intervals. CCF = congestive cardiac 

failure; PTCA = percutaneous transluminal coronary angioplasty; CABG = coronary arterial bypass 

graft. 
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3.5.3 Effect of diabetes and intensive insulin therapy on association 

between relative glycaemia and a complicated acute myocardial 

infarction 

Figure 3-2A shows that the relationship between SHR and a complicated AMI was similar in 

patients with and without diabetes. The association between SHR and a complicated AMI 

was independent of diabetes status (OR 1.38 per 0.1 SHR increment, 95% CI 1.08-1.75 

p=0.009), which was not independently associated with a complicated AMI (p=0.204). 

Furthermore there was not a significant interaction between SHR and diabetes status 

(p=0.216), demonstrating that diabetes status did not significantly modulate the relationship 

between SHR and a complicated AMI. Figure 3-2B shows that the relationship between SHR 

during insulin treatment and a complicated AMI was not different in patients randomized to 

intensive insulin and conventional therapy. The association between SHR and a complicated 

AMI was independent of intensive insulin therapy (odds ratio = 1.37 per 0.1 SHR increment, 

95% CI 1.09-1.72, p=0.006), which was not associated with a complicated AMI (p=0.173). 

Moreover there was not a significant interaction between SHR and intensive insulin 

treatment (p=0.206), demonstrating that treatment group not significantly modulate the 

relationship between SHR and a complicated AMI. 



Chapter 3 Relative hyperglycaemia is associated with complications following an acute 
myocardial infarction: a post-hoc analysis of HI-5 data.   

52 

 

Figure 3-2 Rates of a complicated acute myocardial infarction per stress hyperglycaemia ratio 
range in 192 patients 

(a) Patients with ( , solid line) and without ( , dotted line) Diabetes Mellitus; and (b) patients 

receiving intensive ( , solid line) or conventional ( , dotted line) glucose-lowering therapy. 

 

 

( a )

( b )

S t r e s s  H y p e r g l y c a e m ia  R a t i o

S t r e s s  H y p e r g l y c a e m ia  R a t i o



Chapter 3 Relative hyperglycaemia is associated with complications following an acute 
myocardial infarction: a post-hoc analysis of HI-5 data. 

53 
 

3.5.4 Effect of other variables on a complicated acute myocardial 

infarction 

In univariate analyses, female sex (p=0.015) and hypoglycaemia (p=0.015) were significantly 

associated with a greater risk of a complicated AMI (Table 3-2). Age, Charlson Comorbidity 

Index, treatment of the AMI, peak creatinine phosphokinase and ST elevation on ECG were 

not significantly associated with a complicated AMI. In a multiple regression analysis the 

relationship between SHR and a complicated AMI was independent of sex and 

hypoglycaemia (Table 3-2). Female sex and hypoglycaemia were also independently 

associated with a complicated myocardial infarction. 

3.6 Discussion 

Our secondary analysis of the HI-5 study observed no significant association between 

absolute glycaemia during glucose-lowering treatment, defined as the mean finger prick BGL 

during the first 24 hours post-AMI, and a complicated AMI. In contrast, when mean BGL was 

corrected for background glycaemia to estimate relative glycaemia, it was positively 

associated with a complicated AMI. Moreover, the association with relative glycaemia was 

independent of diabetes status, treatment group and a number of other variables that 

potentially affect the prognosis after an AMI. As relative glycaemia during glucose-lowering 

treatment is more strongly associated with patient outcomes than absolute glycaemia, we 

hypothesize that defining individualized therapeutic glucose targets based on relative, and 

not absolute, glycaemia could potentially reduce morbidity and mortality after an AMI. 
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Variable Univariate Multivariate 

 Beta p-value Beta p-value 

Sex -0.888 0.015 -0.917 0.017 

Age 0.021 0.108 NA  

SHR 0.202 0.006 0.245 0.002 

Charlson Score 
a 

1.105 0.740 NA  

Hypoglycaemia 1.109 0.049 1.218 0.038 

Treatment 
b
 -0.094 0.590 NA  

Peak CPK 
a 

-0.382 0.169 NA  

STEMI 
c 

0.102 0.779   

 

Table 3-2 Univariate and multivariate analyses of associations between selected variables and 
a complicated acute myocardial infarction 

a  
Log transformed for statistical analysis; 

b 
Treatment groups were heparin or low-molecular weight 

heparin, thrombolysis or percutaneous transluminal coronary angioplasty.
 c
 There were 6 missing 

STEMI status which were excluded in this analysis. 

NA = not assessed; SHR = stress hyperglycaemia ratio; Peak CPK = peak creatinine phosphokinase; 

STEMI = ST elevation on ECG or presence of Q-waves. 

3.6.1 Absolute hyperglycaemia and mortality 

A number of studies have reported that glucose concentration on admission to hospital is 

positively associated with mortality in patients with an AMI (Capes et al. 2000; Kosiborod et 

al. 2008; Wernly et al. 2016; Baker et al. 2006; Kosiborod et al. 2005; Goyal et al. 2009). 

Moreover, the association between mortality and mean glucose during hospitalization is 

even stronger than with admission glucose (Kosiborod et al. 2008; Deedwania et al. 2008; 

Suleiman et al. 2005; Goyal et al. 2006). In contrast, in the HI-5 patient cohort mean glucose 

concentration during glucose-lowering treatment was not significantly associated with a 

complicated AMI or any individual component of this composite endpoint. There are a 

number of potential explanations for this negative result. Firstly, approximately half the 

patients in the HI-5 study had diabetes and the association between glucose concentration 

and mortality is attenuated in this group (Capes et al. 2000; Kosiborod et al. 2008; G. 
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Umpierrez et al. 2015). Secondly, the primary endpoint of this analysis is a composite and 

there may be individual components of the endpoint that are not related to glucose 

concentration. Most importantly, the sample size in this analysis is relatively small compared 

to previous studies. 

3.6.2 Relative hyperglycaemia and mortality 

Measurement of HbA1c in addition to glucose has revolutionized the management of chronic 

hyperglycaemia, where HbA1c is both a diagnostic test for diabetes and the primary 

measurement used to guide the need for and efficacy of glucose-lowering therapy 

(Chamberlain et al. 2016). In addition to a clear relationship with microvascular disease, a 

lower HbA1c during long-term follow-up has been associated with reduced macrovascular 

disease (Wang et al. 2015; Bots et al. 2016). It has also been hypothesized that HbA1c could 

be used to quantify stress or relative hyperglycaemia and assist management of acute 

hyperglycaemia (Braithwaite 2010; Marik and Egi 2014). However, other studies have 

utilized varying definitions of stress hyperglycaemia based on absolute glucose 

concentrations, sometimes taking a patients’ diabetic status into account (Deedwania et al. 

2008; Koracevic et al. 2008; Fujino et al. 2014). While it has been proposed that therapeutic 

targets should differ in patients with and without diabetes, the optimum method to quantify 

relative glycaemia remains to be determined (Koracevic 2016; Marik and Egi 2014). SHR is 

a novel metric to quantify relative glycaemia in a single numerical value that is cheap to 

measure and simple to calculate. It directly relates a patient’s current glucose control during 

an acute presentation to their background glycaemia, providing an individualized 

quantification of stress or relative hyperglycaemia. 

In contrast to absolute glycaemia, relative glycaemia during glucose-lowering treatment was 

positively and significantly associated with mortality, heart failure, arrhythmia, cardiogenic 

shock and a composite endpoint of a complicated AMI in the HI-5 study. These associations 

between relative glycaemia and a number of adverse patient outcomes are striking, given 

the fairly small sample size in this analysis. Our study extends previous observations by 
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demonstrating that relative hyperglycaemia during glucose-lowering treatment is also 

associated with adverse outcomes in patients with and without diabetes. This suggests that 

a management strategy that selectively targets glucose-lowering therapy for patients with an 

elevated SHR irrespective of prior diabetes status may improve outcomes after an AMI. 

Others have reported that relative hyperglycaemia at admission to hospital has been 

associated with poor outcomes in patients with acute illness (Su et al. 2017), stroke (C.-J. 

Yang et al. 2017), acute myocardial infarction (W.-I. Liao et al. 2016; Fujino et al. 2014) and 

in cardiogenic shock (Kataja et al. 2017). In addition to SHR two other measures of relative 

glycaemia have been proposed. The “glycaemic gap” is the difference between the 

admission glucose and the estimated average glucose i.e it is the absolute rather than the 

relative difference in glucose concentration (W.-I. Liao et al. 2016; W. Liao et al. 2015; W.-I. 

Liao et al. 2013). Another proposal was for a “glucose concentration-to-HbA1c ratio”, in 

which the admission glucose is divided by the HbA1c (C.-J. Yang et al. 2017). This is 

theoretically similar to SHR. Whether one measure has advantages over the others has yet 

to be fully determined, although they are likely perform similarly (C.-J. Yang et al. 2017).  

3.6.3 Effects of diabetes status and insulin use 

During long-term follow-up of patients with AMI diabetes is associated with increased 

mortality (Kuhl et al. 2015; Pararajasingam et al. 2016). However, during a hospital 

admission the association between absolute glycaemia and mortality is stronger in patients 

without, as opposed to with, diabetes (Kosiborod et al. 2005; Capes et al. 2000; Kim et al. 

2017). We previously reported that the relationship between relative glycaemia and critical 

illness was similar in patients with and without background hyperglycaemia. (Roberts et al. 

2015) In this analysis, relative glycaemia was also associated with a complicated AMI 

independent of diabetes, which was not independently associated with a complicated AMI 

(Figure 2A). This suggests that relative hyperglycaemia is clinically important regardless of 

diabetes status. 
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A potential confounder in this analysis is that half the cohort was randomized to intensive 

insulin therapy, which will lower absolute, and consequently relative, glycaemia. However, 

the 0.7 mmol/L difference in absolute glucose between the two groups was not statistically 

significant (N Wah Cheung, Wong, and McLean 2006). Furthermore, the positive association 

between relative glycaemia and a complicated AMI was independent of treatment group. 

Treatment group itself was not independently associated with a complicated AMI and there 

was not a significant interaction between treatment group and SHR in regression analysis. 

This suggests that insulin treatment did not confound the relationship between relative 

glycaemia and a complicated AMI. 

3.6.4 Other variables affecting outcomes 

The other variables that were independently associated with a complicated AMI were female 

sex and hypoglycaemia. The association between female sex and a poorer outcome after an 

AMI is consistent with previous studies (Maas and Appelman 2010; Hochman et al. 1999). 

An association between hypoglycaemia after an AMI and mortality is well described (Goyal 

et al. 2009; Kosiborod et al. 2008; Kosiborod, Inzucchi, Goyal, et al. 2009). However, 

previous studies have reported that the association is predominantly in patients with 

spontaneous hypoglycaemia while not on insulin therapy and at admission to hospital (Goyal 

et al. 2009; Kosiborod, Inzucchi, Goyal, et al. 2009). In our study, hypoglycaemia during 

glucose-lowering treatment was independently associated with a complicated AMI. This 

suggests that if a therapeutic approach targeting relative glycaemia were to be trialled, it will 

be important to avoid hypoglycaemia. 

Some variables that are usually associated with poor outcomes after AMI were not 

statistically significant in our analyses. ST elevation was not a predictor of complicated AMI. 

Our analysis cannot determine the reason for this, but we postulate contributory factors 

include that only patients with STEMI were revascularized, the primary endpoint was 

composite and that the sample size was relatively small. The association between age and 

complicated AMI was positive but did not reach statistical significance (p=0.108). Peak CK 
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also did not show an association with poorer composite outcomes. Only peak CK was 

measured and recorded, as CKMB and troponin measurements were not routine at the time 

of the HI-5 study. Other variables can affect peak CK, such as procedures like PTCA. 

3.6.5 Mechanisms linking stress hyperglycaemia and patient outcomes 

An elevation in plasma glucose concentration is potentially an epiphenomenon and not 

directly contributing to cardiovascular events. For example, patients with an AMI have 

elevations of serum cortisol that could mediate both an increase in blood glucose and 

contribute to increased cardiovascular risk (Carmen Wong et al. 2010; Petersons et al. 2014; 

2013). However, a number of mechanisms have been proposed by which stress 

hyperglycaemia could directly increase morbidity and mortality after an AMI. These include 

endothelial apoptosis, endothelial dysfunction and oxidative stress (Quagliaro et al. 2003; 

Monnier et al. 2006; Ceriello et al. 2008; Evans et al. 2002). Interventional studies 

demonstrating that lowering plasma glucose reduces cardiovascular events are needed to 

confirm that stress hyperglycaemia per se increases cardiovascular risk. 

Studies that have lowered glucose concentration to a target absolute glucose range using 

insulin therapy have produced conflicting results (K Malmberg 1997; K Malmberg et al. 2005; 

N Wah Cheung, Wong, and McLean 2006). Consequently, the importance of this therapeutic 

approach has not been clearly defined, supported only by a low-level of evidence in clinical 

practice guidelines (Deedwania et al. 2008; Judith Jacobi 2016; G. E. Umpierrez et al. 2012). 

As relative glycaemia during glucose-lowering treatment is more strongly associated with 

adverse outcomes, we propose that SHR could be used to derive individualized glycaemic 

targets for patients with an AMI. If this improved patient outcomes it would represent a 

paradigm shift in the management of hyperglycaemia in hospitalized patients. Treatment of 

relative hyperglycaemia should be the subject of future interventional studies. 
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3.6.6 Strengths and Limitation 

The strengths of this study include the use of a novel metric that quantifies stress 

hyperglycaemia as a continuous variable, a patient population that reflects usual clinical 

practice, patient data that was systematically and prospectively recorded, and defining a pre-

specified primary endpoint before undertaking the analysis. However, we acknowledge that 

the study has limitations. This is a retrospective, post-hoc analysis, and is thus hypothesis 

generating. The study design cannot show causality, does not assess mechanisms by which 

relative hyperglycaemia could confer a poorer prognosis and does not distinguish whether 

spontaneous normalization of glucose or insulin treatment underlies a relationship between 

relative hypoglycaemia and a complicated AMI. In particular, it cannot distinguish whether 

relative hyperglycaemia is simply a marker of the severity or duration of an AMI, or directly 

contributes to poorer outcomes. Moreover, we did not assess the effect of other variables in 

this analysis that potentially affect cardiovascular outcomes, such as glycaemic variability 

and postprandial hyperglycaemia (Strojek et al. 2016; Okada et al. 2015). Another potential 

limitation is that glucose was assessed using point of care BGLs, which may differ from gold 

standard laboratory measurements. However, this approach reflects usual clinical practice. 

Management of AMI has also changed since the HI-5 study, notably the greater use of 

PTCA. This could potentially affect results, although treatment was not a predictor of 

outcome in this analysis. The mortality rate was fairly low in this study and the results may 

not be able to be extrapolated to patient groups with a higher mortality rate. Finally, the 

sample size was relatively small, which may have resulted in a type 2 error, especially in 

subgroup analysis of treatment groups as the numbers of patients in the insulin-treated 

group with a high SHR were low. Nevertheless, the study was of sufficient size to show a 

significant independent association between relative glycaemia and several cardiovascular 

endpoints. 
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3.7 Conclusion 

Absolute glucose concentration during glucose-lowering treatment following an AMI was not 

significantly associated with a complicated AMI. In contrast, SHR was positively associated 

with mortality, heart failure, arrhythmia, cardiogenic shock and a composite endpoint of a 

complicated AMI. We conclude that relative glycaemia during glucose-lowering treatment is 

more strongly associated with adverse outcomes than absolute glycaemia in patients after 

an AMI. This research adds to other published research by demonstrating the prognostic 

utility of quantifying relative hyperglycaemia during glucose-lowering treatment after an AMI, 

and should provide a basis for prospective studies using relative, rather than absolute, 

glycaemic thresholds for intervention and therapeutic glycaemic targets.  
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4.2 Abstract 

Objective: To determine whether relative hyperglycaemia was associated with in-hospital 

mortality in critically ill patients independent of other prognostic variables and whether this 

association is affected by background glycaemia. 

Design: Prospective observational study.  

Setting: Mixed medical-surgical Intensive Care Unit (ICU) in a metropolitan teaching 

hospital. 

Patients: From 2,617 admissions to ICU between 27 January 2016 and 30 March 2017, 

1,262 consecutive patients who met inclusion and exclusion criteria were studied.  

Interventions: Glycosylated haemoglobin was used to estimate average glucose 

concentration over the prior 3 months. Glucose concentration on ICU admission was divided 

by estimated average glucose concentration to calculate the stress hyperglycaemia ratio 

(SHR), an index of relative glycaemia. Risk of death score was calculated using data 

submitted to the Australia and New Zealand Intensive Care Society. 

Measurements and Main Results: In this study, there were 186 (14.7%) deaths. Admission 

glucose was significantly associated with mortality in univariate analysis (odds ratio = 1.08 

per mmol/L glucose increment, p<0.001) but not after adjustment for risk of death score 

(odds ratio = 1.01, p=0.338). In contrast, SHR was significantly associated with mortality 

both in univariate analysis (odds ratio = 1.09 per 0.1 SHR increment, p<0.001) and after 

adjustment for risk of death score (odds ratio = 1.03, p=0.014). Unlike admission glucose 

concentration, SHR was significantly associated with mortality in patients with HbA1c <6.5% 

(odds ratio = 1.08 per 0.1 SHR increment, p<0.001) and HbA1c ≥6.5%  48 mmol/mol)  odds 

ratio = 1.08 per 0.1 SHR increment, p=0.005). 

Conclusions: Unlike absolute hyperglycaemia, relative hyperglycaemia, as assessed by 

SHR, independently predicts in-hospital mortality in critically ill patients across the glycaemic 

spectrum. Future studies should investigate whether using measures of relative 
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hyperglycaemia to determine individualized glycaemic treatment targets improves outcomes 

in ICU. 

4.3 Introduction 

Hyperglycaemia in hospitalized patients is associated with increased mortality in a wide 

range of patient groups, including the critically ill (G. E. Umpierrez et al. 2002; James 

Stephen Krinsley 2003; Baker et al. 2006; Capes et al. 2001; 2000). However, the 

association between hyperglycaemia and mortality is stronger in patients without known 

diabetes than those with diabetes (Baker et al. 2006; G. E. Umpierrez et al. 2002). 

Furthermore, there have been discordant results from studies prescribing intensive insulin 

therapy in Intensive care Unit (ICU) patients, whereby patients without diabetes benefit from 

intensive insulin therapy, while patients with diabetes do not (Greet Van den Berghe, Wilmer, 

Milants, et al. 2006; Lanspa et al. 2013). Consequently, it may be important to identify and 

treat patients with new hyperglycaemia differently to those with chronic hyperglycaemia. 

Hyperglycaemia in a hospitalized patient can either occur in patients with poor chronic 

diabetes control, and be “expected” for that patient, or represent a transient physiologic 

response to an intercurrent illness (stress hyperglycaemia). In this manuscript, absolute 

hyperglycaemia refers to the blood glucose concentration per se, while relative 

hyperglycaemia is the acute rise of blood glucose concentration because of stress 

hyperglycaemia above background levels. Several recent studies have consistently 

demonstrated that the relative increase in glucose concentration is more strongly associated 

with adverse patient outcomes than absolute hyperglycaemia (Roberts et al. 2015; W.-I. Liao 

et al. 2013; W. Liao et al. 2015; W.-I. Liao et al. 2016; C.-J. Yang et al. 2017; Su et al. 2017). 

Moreover, this association has been reported in patients with and without diabetes (T. F. Lee 

et al. 2017; Roberts et al. 2015). 

A subject of ongoing investigation is whether relative hyperglycaemia is simply an indicator 

of the severity of underlying illness, or contributes per se to increased mortality. If relative 
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hyperglycaemia directly affects mortality, then the association should be independent of 

other variables affecting this end-point. One study reported that in critically ill patients with 

diabetes relative hyperglycaemia was associated with mortality independent of APACHE II 

scores (W. Liao et al. 2015). However, the relationship between APACHE II score and 

mortality varies for different disease states. For heterogeneous groups of patients, an 

algorithm can be applied to adjust APACHE II scores for the underlying disease state to 

calculate a patients risk of death score (William A. Knaus et al. 1985; Wong and Knaus 

1991). The aim of this study was to evaluate whether relative glycaemia is more strongly 

associated with in hospital mortality in critically ill patients than absolute glycaemia and 

whether this association is independent of risk of death score. 

4.4 Methods 

4.4.1 Study population 

We prospectively reviewed admissions to the Intensive Care Unit (ICU) at Flinders Medical 

Centre between 27 January 2016 and 30 March 2017. Flinders Medical Centre’s ICU is a 32 

bed general medical and surgical ICU; admissions include patients with an acute medical 

problem and surgical patients undergoing liver transplants, following trauma, cardiothoracic 

surgery and neurosurgery. All adult patients aged ≥18 years were potentially eligible for the 

study. Subjects were excluded if they were admitted more than once to Flinders Medical 

Centre ICU within the study period. Clinical exclusion criteria were pregnancy, if the primary 

reason for admission to ICU was glycaemic-related (diabetes ketoacidosis, hyperosmolar 

hyperglycaemia syndrome or hypoglycaemia), a blood transfusion within the hospital 

admission prior to ICU or within 24 hours of admission to ICU, and elective admissions for 

routine post-operative surgery (Figure 4-1). The reason for admission to ICU was recorded 

by the ICU team, and surgical and medical admissions were defined based on the unit they 

were admitted under. We included patients who were admitted to ICU for other reasons but 

had a secondary diagnosis of an acute glycaemic event, and patients undergoing elective 
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surgery but had an acute complication that resulted in ICU admission. Subjects were also 

excluded from the analysis if glucose concentration was not measured within 24 hours of 

admission to ICU, there was no sample available to measure HbA1c or no APACHE II score 

was available. All patients who were transferred while acutely unwell to another public 

hospital were tracked for mortality up to 3 months after transfer using the state-wide 

computing system. All patients discharged from the hospital or surviving for more than 3 

months in-hospital are considered survivors.  

 

Figure 4-1 Patient recruitment summary 

a 31 patients met more than one clinical exclusion criteria. 

Consecutive ICU 

admissions 

(N=2,617)

Previous ICU admission in study period 

(N=322)

Rejected fora:

Age < 18: N=37

Pregnancy: N=53

Glycaemia-related admission: N=33

Blood transfusion: N=190

Elective admission: N=586

No formal glucose  24 hours: N=64

No suitable samples for HbA1c: N=56

No APACHE II score: N=34

Unmatched with ICU database: N=11

Study population

N=1,262
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Ethics approval was granted by the Southern Adelaide Clinical Human Research Ethics 

Committee (reference number 268.15). Informed consent was not required as the study met 

all the requirements for a waiver under the Australian National Statement on Ethical Conduct 

in Human Research (updated 2015). 

4.4.2 Assessment and Management of Hyperglycaemia 

Glucose and HbA1c were measured by the hospital pathology laboratory, SA Pathology. 

HbA1c was measured by HPLC (PDQ, Primus Diagnostics, Kansas City, Mo, USA) using 

boronate affinity chromatography (between-run CV 2.2% at HbA1c 6.1% [43 mmol/mol] and  

1.9% at HbA1c 1.1% [98 mmol/mol]), and venous plasma glucose was measured on a 

Roche P modular analyzer (Hitachi High-Technologies Corporation, Tokyo, Japan) using the 

hexokinase/glucose-6-phosphate dehydrogenase assay (between-run CV 1.7% at glucose 

4.9 mmol/L and 1.4% at glucose 15.7 mmol/L). 

4.4.3 Calculation of relative hyperglycaemia 

HbA1c was measured from the first blood sample drawn after admission to ICU as part of 

routine clinical care. Estimated average glucose over the prior 3 months was calculated 

using the equation “estimated average glucose = (1.59 x HbA1c) - 2.59” derived by Nathan et 

al (Nathan et al. 2008). We then calculated the stress hyperglycaemia ratio (SHR), defined 

as admission plasma glucose divided by estimated average glucose (Roberts et al. 2015). In 

this calculation, we used the closest formal plasma glucose concentration to admission to 

ICU in the 24 hours prior to ICU admission, which were available in 56% of patients. If 

glucose was not measured in the 24 hours before ICU admission, we used the first formal 

plasma glucose concentration within 24 hours after ICU admission. Hypoglycaemia was 

defined as any glucose below 4.0 mmol/L (72 mg/dl) in the first 24 hours of ICU admission. 

Subgroup analysis was performed in patients with HbA1c <6.5% and HbA1c ≥6.5%  48 

mmol/mol). 
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4.4.4 ICU care and risk of death calculation 

Patients received usual care from the ICU team, who had access to glucose concentrations, 

but not HbA1c, unless HbA1c was requested for routine clinical care. Data collected for 

submission to the Australia and New Zealand Intensive Care Society (ANZICS) were used to 

calculate the APACHE II score for each patient. This was then used to calculate a disease-

specific risk of death score for each patient using the algorithm derived by Knaus et al. 

(William A. Knaus et al. 1985). 

4.4.5 Treatment of Hyperglycaemia and Nutrition 

The standard insulin protocol used in the ICU commences insulin infusion for any patient 

with a glucose concentration above 10 mmol/L (180 mg/dL). For patients with known 

diabetes, the insulin infusion is titrated to a target glucose of 8-10 mmol/L, and for patients 

without known diabetes, it is titrated to a target glucose of 6-8 mmol/L.  

In the absence of contraindications, if adequate oral intake is not possible, enteral feeding is 

commenced within 12-24 hours of ICU admission and rapidly up-titrated to 30 kcal/kg during 

each 24 hour epoch. 

4.4.6 Statistical Analysis 

Odds ratios for in-hospital mortality per unit change in admission glucose concentrations and 

SHR were assessed in univariable logistic regression analysis. We then adjusted odds ratios 

for in-hospital mortality for glucose concentrations and SHR for risk of death scores in 

multiple binomial logistic regression analysis. Secondary endpoints included comparison of 

the association between SHR and in-hospital mortality in patients with and without 

background hyperglycaemia and evaluation of the potential for variables to predict mortality 

by calculating the area under receiver operating characteristics (ROC) curves. 
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Statistical analysis was undertaken using SPSS version 23 for Windows (IBM, New York, 

USA). A two-tailed P-value of <0.05 was considered statistically significant. The area under 

ROC curves was calculated using MedCalc Version 18.2.1. 

4.4.7 Sample size calculation 

The primary endpoint was in-hospital mortality, defined as death during the acute admission 

to Flinders Medical Centre or within 3 months of a hospital transfer for treatment of the acute 

illness. The primary variables of interest were glucose concentrations and SHR. Prior to 

study commencement, we conducted a simulation analysis using data from a previous study 

by our group (Roberts et al. 2015), assuming a mortality rate of 15%, to determine the 

required sample size. A sample size of 1,200 subjects has 80% power to detect an 

association between SHR and mortality at the two-tailed 0.05 significance level.  

4.5 Results 

4.5.1 Patient characteristics 

There were 2,617 admissions to Flinders Medical Centre ICU during the study period (Figure 

1). From this cohort, 322 patients were excluded as they had previously been admitted to 

Flinders Medical Centre ICU during the study period. A further 868 patients were excluded 

as they had one or more clinical exclusion criteria and 165 patients because glycaemic or 

APACHE II data were unavailable. Consequently, a total of 1,262 subjects were included in 

the final analysis.  

In this cohort, 186 patients (14.7%) died while in hospital. Patients who died were older, less 

likely to be admitted under a surgical unit and had a higher admission glucose concentration 

and SHR than patients who survived (Table 4-1). There were no significant differences in 

sex, known diabetes, HbA1c and prevalence of hypoglycaemia between patients who 

survived and those who died (Table 4-1). 
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4.5.2 Association between glycaemia and mortality 

In univariate analyses, admission glucose concentrations (odds ratio 1.08 per mmol/L 

glucose increment, p<0.001), SHR (odds ratio 1.09 per 0.1 SHR increment, p<0.001), insulin 

use (odds ratio = 1.57, p=0.008) and risk of death score (odds ratio 1.62 per 0.1 unit 

increment in risk of death score, p<0.001) were significantly associated with a greater risk of 

mortality (Table 4-2). By contrast, patient’s sex, known diabetes status, and presence of 

hypoglycaemia within the first 24 hours of ICU admission, were not significantly associated 

with mortality. After adjustment for risk of death score, SHR was significantly associated with 

mortality (odds ratio 1.03 per 0.1 SHR increment, p=0.014) whereas admission glucose 

concentrations did not (odds ratio 1.01 per mmol/L glucose increment, p=0.338).  

Patient Characteristic Survivors Deceased p-value 

Number 1,076 186  

Age (years)
a 

61 ± 18 70 ± 16 <0.001 

Male sex (%) 55 57 0.617 

Surgical Admission (%) 34 9 <0.001 

Known diabetes (%) 

- Type 1 

- Type 2 

21.6 

1.3 

20.3 

18.3 

0.5 

17.8 

0.312 

0.245 

0.412 

Glucose (mmol/L)
b
 7.4 (6.0-9.4) 8.9 (6.5-12.4) <0.001 

HbA1c (%)
b
 (mmol/mol) 5.7 (5.4-6.5) 

38.8 (35.5-47.5) 
5.8 (5.3-6.3)  

39.9 (34.4-45.6) 
0.273 

SHR
b
 1.10 (0.89-1.35) 1.34 (1.02-1.84) <0.001 

Hypoglycaemia (%)
c
 4.5 6.5 0.242 

APACHE II 17.6 ± 6.65 25.13 ± 7.81 <0.001 

ROD score 0.353 ± 0.234 0.649 ± 0.240 <0.001 

Length of Stay (days)
d 

3 (2-5) 3 (1-7) 0.354 

Insulin Use (%)
e
 24.2 33.3 0.008 
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Table 4-1 Clinical characteristics of patients who survived and died 

a
 Values are mean ± standard deviation; b Values are median (interquartile range); c Hypoglycaemia 

defined as glucose <4.0 mmol/L (72 mg/dl) in first 24 hours. d Length of stay in ICU. e Insulin use is 

defined as having used any insulin infusion during the ICU admission. HbA1c = glycosylated 

haemoglobin, SHR = stress hyperglycaemia ratio, ROD = risk of death. 

Measure Univariate Analysis Adjusted for Risk of Death 

 Odds ratio 
(mortality) 

95% CI P-value Odds Ratio 
(mortality) 

95% CI P-value 

Glucose
a
 1.08 1.04-1.11 <0.001 1.01 0.98-1.05 0.338 

SHR
b
 1.09 1.06-1.11 <0.001 1.03 1.01-1.06 0.014 

Insulin Use
c 

1.57 1.12-2.19 0.008 0.87 0.59-1.27 0.469 

ROD score
d 

1.62 1.51-1.75 <0.001    

Sex 1.08 0.79-1.48 0.618    

Known diabetes  0.81 0.55-1.21 0.312    

Hypoglycaemia
e
 1.47 0.77-2.84 0.241    

 

Table 4-2 Univariate analyses of relationships between mortality and variables and after 
adjustment for Risk of Death Score in patients admitted to an Intensive Care Unit 

a
 Glucose at admission to ICU, reported as per mmol/L change; b Stress Hyperglycaemia Ratio (SHR) 

is per 0.1 change, calculated as admission glucose divided by estimated average glucose based on 

HbA1c; c Insulin use is defined as having used any insulin infusion during the ICU admission. d Risk 

of death (ROD) score is calculated from APACHE II scores, and is reported as per 0.1 change; e 

Hypoglycaemia is defined as a blood glucose of <4.0 mmol/L (72 mg/dl) in the first 24 hours of ICU 

admission. 

4.5.3 HbA1c subgroup analyses 

Figure 4-2 shows that above glucose of 8 mmol/L (145 mg/dl) each increment in glucose 

concentrations was associated with a greater risk of mortality in patients with HbA1c <6.5% 

than in those with HbA1c ≥6.5%  48 mmol/mol). Admission glucose concentrations were 

associated with mortality in patients with HbA1c <6.5% (odds ratio = 1.14 per mmol/L 
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glucose increment, p<0.001) but not in those with HbA1c ≥6.5%  48 mmol/mol)  odds ratio = 

1.04 per mmol/L glucose increment, p=0.124). Moreover, there was a statistically significant 

interaction between admission glucose concentrations and HbA1c status (p=0.002). In 

contrast, SHR was associated with mortality in patients with HbA1c <6.5% (odds ratio = 1.08 

per 0.1 SHR increment, p<0.001) and in those with HbA1c ≥6.5%  48 mmol/mol) (odds ratio 

= 1.08 per 0.1 SHR increment, p=0.005). There was no interaction between SHR and HbA1c 

status (p=0.909). Above the threshold of 1.0, the relationship between SHR and mortality 

was similar for patients in either HbA1c groups. Below this threshold, SHR plateaued in 

patients with a HbA1c < 6.5%, whereas there appeared to be a J-shaped curve in patients 

with HbA1c >= 6.5% with an increase in mortality in patients with a low SHR (Figure 4-2). 

4.5.4 Receiver Operating Characteristics (ROC) curves 

The area under the ROC curve for risk of death score was significantly higher than that for 

APACHE II score (0.806, (95% CI: 0.783-0.828) vs 0.771, (0.747-0.794), p < 0.001), as 

shown in Figure 3. The area under the ROC curve for SHR was 0.642, (0.615-0.668). The 

area under the ROC curve for APACHE II score and SHR was slightly but significantly higher 

than that for APACHE II score alone (0.782, (0.758-0.804) vs 0.771, (0.747-0.794), p = 

0.014). However, there was no significant difference between the area under the ROC curve 

for risk of death score and SHR and that for risk of death score alone (0.810, (0.787-0.831) 

vs 0.806, 95% CI: 0.783-0.828, p=0.163). 
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A  

B  

Figure 4-2 Relationship between glucose (A) and SHR (B) with mortality in patients admitted to 
an Intensive Care Unit with HbA1c <6.5% (48 mmol/mol) (º, continuous line) and ≥6.5% (, 

dotted line). 

Stress Hyperglycaemia Ratio
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A  

B  

 

Figure 4-3 Receiver operator characteristic curves for Stress Hyperglycaemia Ratio (SHR), 
APACHE II and combined SHR+APACHE II (A), and for SHR, risk of death (ROD) score, and 

combined SHR+ROD score (B) 
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4.6 Discussion 

This study of 1,262 consecutive critically ill patients admitted to Intensive Care showed that 

relative hyperglycaemia independently was associated with in-hospital mortality after 

adjusting for risk of death score and the relationship between relative hyperglycaemia and 

mortality was not affected by background glycaemia. In contrast, absolute hyperglycaemia 

did not independently predict in-hospital mortality. Furthermore, its relationship with mortality 

differed in patients with and without diabetes. These results raise the hypothesis that 

treatment based upon relative, rather than absolute hyperglycaemia, might reduce mortality 

in patients across the glycaemic spectrum, which should be tested in an interventional study.  

Previous studies have reported that glucose concentrations, either on or during admission to 

ICU, were positively associated with mortality in critically ill patients (Bochicchio et al. 2005; 

T. F. Lee et al. 2017; Kim et al. 2017; Roberts et al. 2015). However, while this association 

has been reported to be significant after correction for APACHE II score (James Stephen 

Krinsley 2003), in other studies glucose concentrations did not independently predict 

mortality (Kang et al. 2015; Terzioglu, Ekinci, and Berkman 2015; Koyfman et al. 2018; 

Ligtenberg et al. 2006). In our study, admission glucose concentrations were associated with 

mortality in univariate analysis, but not after correction for the risk of death score. Therefore, 

our data suggest that absolute glycaemia does not independently predict mortality in this 

setting. 

Measurement of HbA1c has revolutionized the management of diabetes, as it can be used 

both as a diagnostic test and to evaluate the efficacy of glucose-lowering therapy 

(Chamberlain et al. 2016). Moreover, HbA1c is not acutely affected by critical illness (Luethi 

et al. 2016). In this study, we used HbA1c to estimate background glycaemia, allowing us to 

calculate relative or new hyperglycaemia. The main finding of this study is that, unlike 

absolute glycaemia, relative hyperglycaemia as defined by SHR, was significantly 

associated with mortality after correcting for risk of death score. This finding is concordant 

with our previous reports that SHR is an independent predictor of adverse patient outcomes 
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(T. F. Lee et al. 2017; Roberts et al. 2015), but extends them as the study was prospective 

and because we were better able to account for other variables that might impact this 

relationship. Risk of death score incorporates many factors that have been shown to impact 

prognosis, including 12 physiologic measurements, age and previous health status, along 

with a correction for the underlying diagnosis. 

In this study each 0.1 increment in SHR was associated with a 3% increase in the odds ratio 

for mortality after adjustment for risk of death score. At first glance this increase appears 

small and its clinical significance modest. However, for a patient with HbA1c of 5%, an 

increase in glucose of just 0.55 mmol/L (9.9 mg/dL) above background levels is associated 

with a 3% increase in odds ratio for death. As the mortality in this cohort of patients is 

approximately 15%, a small change in odds ratio is associated with a major impact on 

survival. The SHR range in this cohort was 0.22 to 5.67, so the odds ratio for death varied by 

more than 150% across the cohort. 

The relationship between SHR and mortality was similar in patients with HbA1c above and 

below 6.5% (48 mmol/mol), particular above a threshold of 1.0. However, the relationship 

between absolute glycaemia and mortality was much stronger in patients without diabetes. 

Furthermore, there was a significant interaction between glucose and diabetes status, 

demonstrating that the relationship between glucose and mortality differs in patients with and 

without diabetes. This is consistent with previous studies reporting that diabetes glucose is 

more strongly associated with mortality in patients without diabetes (T. F. Lee et al. 2017; 

Roberts et al. 2015; Lanspa et al. 2013; Plummer et al. 2014; N W Cheung et al. 2008; Egi 

et al. 2016; Kar et al. 2016; Kotagal et al. 2014). In contrast, measures of relative 

hyperglycaemia such as SHR are associated with adverse outcomes in patients across the 

glycaemic spectrum (Roberts et al. 2015; T. F. Lee et al. 2017). The apparent higher 

mortality for patients with HbA1c ≥6.5%  48 mmol/mol) and SHR below 1.0  Figure 2), but 

not for those with HbA1c <6.5%, should be further investigated as it may signify that over-

treating relative hypoglycaemia in patients with diabetes adversely affects outcomes. 
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We also assessed whether the inclusion of SHR increased the area under ROC curves for 

APACHE II and risk of death scores. Consistent with a previous study, the addition of SHR 

to APACHE II resulted in a small, but significant, increase in the area under the ROC curve 

(W. Liao et al. 2015). However, the addition of SHR did not significantly increase the area 

under the risk of death score ROC curve. Therefore, although the association between SHR 

and mortality is independent of risk of death score, it is unlikely to substantially increase the 

power of risk of death score to predict mortality. This is probably not surprising given the 

large number of variables already incorporated into the calculation of risk of death scores. 

An optimum treatment target for glycaemia in critically ill patients remains uncertain. The 

results of randomized controlled trials from the early 2000s, showing a benefit of very tight 

glucose control, were not replicated in the largest prospective multi-centre trial, which 

reported an increase in mortality in patients prescribed intensive insulin therapy (G van den 

Berghe et al. 2001; Greet Van den Berghe, Wilmer, Hermans, et al. 2006; Finfer et al. 2009).  

This increase in mortality was postulated to be due, at least in part, to increased 

hypoglycaemia with intensive insulin therapy (Investigators 2012). In the future, 

implementation of technologies in ICU such as continuous glucose monitoring may alter the 

risk/benefit of intensive insulin therapy. 

There is evidence that differences in background glycaemia could influence the outcomes of 

glycaemic therapy in ICU (Kar et al. 2016; Lanspa et al. 2013; Egi et al. 2016; Olariu et al. 

2018; Luethi et al. 2018; Balintescu and Mårtensson 2019). A retrospective analysis of 3,529 

critically ill patients reported that a glucose target of 5-7.8 mmol/L (90-140 mg/dl), was 

associated with higher mortality compared to a lower glucose target of 4.4-6.1 mmol/L (80-

110 mg/dl) in patients without diabetes (Lanspa et al. 2013). However, in patients with 

diabetes the converse was found, with higher mortality in patients treated to a lower absolute 

glucose target. Although our research was not interventional, it is consistent with this. A 

patient without diabetes and HbA1c of 5% has an estimated average glucose of 5.4 mmol/L 

(98 mg/dl) over the preceding 3 months (Nathan et al. 2008), hence, any glucose elevation 

represents a large increase in relative glycaemia and treating to the tighter range (4.-6.1 
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mmol/L, 80-110 mg/dl) targets a SHR of about 1.0. In contrast, a patient with diabetes and 

HbA1c of 7% has an estimated average glucose of 8.6 mmol/L (155 mg/dl) over the last 3 

months, hence, tight glucose control (4.4-6.1 mmol/L, 80-110 mg/dl) targets a glucose that is 

lower than their normal (equivalent to a SHR of approximately 0.6.).  

As relative hyperglycaemia is independently associated with mortality, we propose that the 

benefits of treating relative rather than absolute hyperglycaemia in critically ill patients should 

be tested in a prospective randomized-controlled trial. Treating relative and not absolute 

hyperglycaemia will result in a lower glucose target for patients without diabetes than for 

patients with diabetes. While some authors already recommend different glycaemic targets 

for patients with and without diabetes using a HbA1c threshold (Marik and Egi 2014; James 

S Krinsley, Preiser, and Hirsch 2017; Luethi et al. 2018) and our ICU targeted slightly 

different glucose ranges for patients with and without diabetes, basing intervention and 

glycaemic targets on SHR has the potential to individualize treatment in critically ill patients 

and return them to their usual glycaemic status. This might be the answer to the call for an 

individualized glycaemic target (Judith Jacobi 2016; James S Krinsley, Preiser, and Hirsch 

2017; James Stephen Krinsley 2018). 

The strengths of this study include prospectively recruiting a large cohort of consecutive 

patients. Consequently, our results are likely to be generalizable to other cohorts of critically 

ill patients. The data collection was performed independent to clinical care and HbA1c 

requests for study purposes were unavailable to the treating clinicians. Patient data were 

systematically recorded from reliable sources. However, this study has limitations. It is an 

observational study, and has not proven causality nor does it provide a mechanism by which 

relative hyperglycaemia confers a poorer prognosis. Secondly, while we excluded pregnant 

patients and those receiving a blood transfusion in hospital prior to ICU admission and within 

24 hours of admission, we do not have data on blood transfusions in the weeks prior to ICU 

admission and we did not exclude other conditions that might alter HbA1c including 

haemoglobinopathy, chronic renal impairment, hypothyroidism, use of iron infusion or 
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erythropoietin (Campbell, Pepper, and Shipman 2019; Radin 2014; Shepard et al. 2015). 

Thirdly, we did not study the severity or recurrence of hypoglycaemia. Fourthly, protocols for 

insulin therapy differed slightly in patients with and without diabetes. Finally, categorization 

of patients as medical or surgical is based on the team they were admitted under, and not 

whether they completed a surgical procedure. 

In summary, relative hyperglycaemia, as assessed by SHR, is independently associated with 

in-hospital mortality in patients presenting to ICU with an acute critical illness, while absolute 

hyperglycaemia does not. The association between SHR and mortality is not affected by 

diabetes status. An interventional study should be performed to investigate the utility of using 

measures of relative hyperglycaemia to determine individualized glycaemic treatment targets 

in critically ill patients. If this showed a benefit, SHR is a clinically intuitive metric that 

quantifies relative glycaemia as a continuous variable and could rapidly be incorporated into 

clinical practice. 
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5.2 Abstract 

Purpose: Arginine metabolites are associated with cardiovascular and all-cause mortality 

in several patient groups. The aim was to investigate whether arginine metabolites are 

associated with mortality in patients with critical illness and whether associations are 

independent of other factors affecting prognosis in an Intensive Care Unit (ICU). 

Methods: 1,155 acutely unwell adult patients admitted to a mixed medical-surgical ICU 

were studied. Arginine, asymmetric dimethyl-L-arginine (ADMA), monomethyl-L-arginine 

(MMA), symmetric dimethyl-L-arginine (SDMA) and L-homoarginine were measured in a 

plasma sample collected at admission to ICU by liquid chromatography tandem mass 

spectrometry. Risk of death score was calculated using data submitted to the Australia and 

New Zealand Intensive Care Society. 

Results: In this cohort, 163 patients (14.1%) died. ADMA (odds ratio = 1.159 (1.033-

1.300) per 0.1 µmol/L increment, p = 0.012), L-homoarginine (odds ratio = 0.963 (0.934-

0.992), p = 0.013) and risk of death score (odds ratio = 1.045 (1.037-1.053) per 1% 

increment, p<0.001) were independently associated with mortality in ICU patients. The 

area under the receiver operator characteristic curve for risk of death score, ADMA and L-

homoarginine combined for mortality was greater than for risk of death score alone (0.815  

(95% CI 0.790-0.837) vs 0.796 (95% CI 0.781-0.820), p = 0.019). Other arginine 

metabolites were not independently associated with mortality. 

Conclusions: ADMA is positively and L-homoarginine negatively associated with mortality 

in ICU patients, independent of other clinical factors. Measuring ADMA and L-

homoarginine may refine models to predict ICU mortality. Reducing ADMA and increasing 

L-homoarginine are potential therapeutic targets to reduce mortality in critically ill patients. 

  



Chapter 5 ADMA and homoarginine independently predict mortality in critically ill patients: A 
prospective, observational cross-sectional study  

83 
 

5.3 Introduction 

The majority of patients admitted to an Intensive Care Unit (ICU) have an acute severe 

illness and consequently, the mortality rate is high. Mortality is dependent on many patient 

factors, especially the reason for admission, but averages more than 10% in ICUs across 

the United States (Zimmerman, Kramer, and Knaus 2013). Mortality in ICU has fallen 

dramatically in the last twenty years, demonstrating that advances in management of 

critically ill patients can substantially improve survival (Zimmerman, Kramer, and Knaus 

2013).  

There has been substantial interest in the contribution of microvascular dysfunction to 

mortality in ICU. The endothelium synthesizes nitric oxide which is a potent vasodilator 

and plays an important role in reducing vascular tone, the interaction of white blood cells 

and platelets with the endothelium and proliferation of vascular smooth muscle cells and 

thus maintenance of tissue perfusion in critically ill patients (Hollenberg and Cinel 2009; 

Yuyun, Ng, and Ng 2018). Endothelial dysfunction is present in many conditions that 

cause admission to ICU including trauma, hemorrhagic shock, ischaemia and sepsis (Ince, 

De Backer, and Mayeux 2020). However, currently there are no treatments that specifically 

target increasing endothelial function in critically ill patients. 

Arginine, methylated arginines and L-homoarginine are important modulators of the nitric 

oxide pathway. Most interest has focused on asymmetric dimethyl-L-arginine (ADMA), 

which is a potent inhibitor of nitric oxide synthase, and its plasma concentration has been 

positively associated with mortality in many patient groups including those with acute 

coronary syndrome (Schulze et al. 2006), acute infection (Siroen et al. 2005; Nijveldt et al. 

2003; Blackwell 2010; Davis et al. 2011) and end-stage renal failure (Zoccali et al., n.d.). 

Monomethyl-L-arginine (MMA) also inhibits nitric oxide synthase, and was previously 

shown to increase mortality when used therapeutically in acute myocardial infarction 
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(TRIUMPH Investigators et al. 2007), cardiogenic shock (TRIUMPH Investigators et al. 

2007) and septic shock (López et al. 2004). Symmetric dimethyl-L-arginine (SDMA) does 

not directly inhibit nitric oxide synthase but inhibits cellular uptake of arginine, the substrate 

for nitric oxide synthase. SDMA is positively associated with mortality in the general 

population and patients with ischemic stroke (Schulze et al. 2010; Gore et al. 2013). In 

contrast L-homoarginine, which is produced by metabolism of arginine via arginine:glycine 

amidinotransferase, is negatively associated with cardiovascular and / or all-cause 

mortality in the general population (Gore et al. 2013) and patients with ischemic heart 

disease (Atzler, Baum, et al. 2016), congestive cardiac failure (Pilz et al. 2014) and stroke 

(Choe et al. 2013). It is not clear whether arginine, L-homoarginine or methylated arginines 

affect mortality directly or are an epiphenomenon (Karetnikova et al. 2019). 

Several studies have explored the relationship between arginine and its metabolites and 

mortality in critically ill patients. ADMA and SDMA have been reported to be higher 

(Ghashut et al. 2017; Koch et al. 2013; Winkler et al. 2018; Gough et al. 2011) and L-

homoarginine lower in patients who die in ICU (Ghashut et al. 2017; Zinellu et al. 2018). 

However, the sample sizes in the above studies were relatively small and independence 

from other variables was only partially assessed and only in some studies (Mortensen et 

al. 2019). The relationship between MMA and mortality in critically ill patients has not been 

previously studied.  

This prospective study investigated whether arginine metabolites are independently 

associated with mortality in patients with critical illness. If true, arginine metabolites could 

enhance models predicting patient outcomes and be a potential therapeutic target in ICU 

patients. 
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5.4 Methods 

5.4.1 Study design and ethical approval 

This was a single centre, prospective, cross-sectional study. Ethics approval was granted 

by the Southern Adelaide Clinical Human Research Ethics Committee (reference number 

268.15). Informed consent was not required as the study met all the requirements for a 

waiver under the Australian National Statement on Ethical Conduct in Human Research 

(updated 2015). 

5.4.2 Patients 

This patient cohort was recruited to assess the relationship between relative 

hyperglycaemia and mortality in critically ill patients, as previously described in detail (T. F. 

Lee et al. 2020). In brief, we prospectively included consecutive medical and surgical 

admissions to Intensive Care Unit (ICU) at Flinders Medical Centre between 27 January 

2016 and 30 March 2017 that met inclusion and exclusion criteria. Subjects were excluded 

if they had previously been admitted to ICU within the study period or were admitted for 

routine post-operative monitoring following a surgical procedure, aged <18 years, pregnant 

or had a recent blood transfusion, were admitted primarily for treatment of hyper- or 

hypoglycaemia or had missing data preventing calculation of risk of death score. In the 

remaining subjects, we stored the plasma sample collected closest to admission to ICU at 

-70o Celsius for subsequent measurement of arginine and metabolites. If no plasma 

sample was collected within 24 hours of admission to ICU, the subject was excluded from 

this analysis.  

Patients received usual care from the ICU medical and nursing team. All patients who 

were transferred while acutely unwell to another public hospital were tracked for mortality 

up to 3 months after transfer using the state-wide computing system. Data collected for 
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submission to the Australia and New Zealand Intensive Care Society (ANZICS) were used 

to calculate the APACHE IIIj score for each patient. This was then used to calculate a 

disease-specific risk of death score for each patient (W A Knaus et al. 1991). 

5.4.3 Laboratory measurements 

Arginine and its chemically related metabolites and analogs MMA, L-homoarginine, ADMA 

and SDMA were measured according to the method developed by Sotgia et al (Sotgia et 

al. 2019). For this purpose, 200 µL aliquots of plasma were spiked with 1 µL of internal 

standard solution containing L-homoarginine-d4 dihydrochloride (d4-hArg), NG,NG-

dimethyl-L-arginine-d6 dihydrochloride (d6-ADMA), and NG,NG’-dimethyl-L-arginine-d6 

(d6-SDMA). After vigorous vortex mixing, tubes were placed in a block heater for 5 min at 

100 °C then cooled to room temperature. After the addition of 400 µL of ultrapure water 

(Milli-Q grade), tubes were vortexed vigorously for 10 s to displace the clot from the bottom 

of the vial. Tubes with dislodged clots were then heat-treated again for 5 min at 100 °C, 

cooled down to room temperature, and centrifuged at 17,000×g for 5 min. A 200-µL 

volume of clear supernatant was recovered and added with 20 µL of potassium phosphate 

monobasic buffer (100 mmol/L, pH 7.0) and 40 µL of diethylpyrocarbonate (33 mmol/L). 

Tubes were mixed thoroughly and after leaving them at room temperature for 1 min, 20 µL 

of sample were analyzed by an Agilent liquid chromatography tandem mass spectrometry 

(LC-MS/MS) system (Agilent Italia, Milan, Italy) using a 100 mm × 4.6 mm Agilent Zorbax 

Eclipse Plus C18 3.5 µm column and a mixture of an aqueous solution of 0.4% v/v formic 

acid and acetonitrile (95:5) as a mobile phase, delivered isocratically at a flow-rate of 0.8 

mL/min. Mass detection was accomplished in positive ion mode by MRM of the precursor-

product ion transitions m/z 247.14→142, 261.28→70, 261.28→84, 275.33→46, and 

275.33→70 for arginine, MMA, L-homoarginine, ADMA, and SDMA, respectively, as well 
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as m/z 265.28→88, 281.3→52, and 281.3→70 for d4-homoarginine, d6-ADMA, and d6-

SDMA, respectively. 

Other laboratory measurements were taken from the Intensive Care Unit's registry, and 

were measured by standard clinical laboratory methods as part of routine care. Estimated 

glomerular filtration (EGFR) was calculated using the Modification of Diet in Renal Disease 

Study (MDRD) equation (Levey et al. 2006). 

5.4.4 Statistical Analysis 

Data are presented as mean ± standard deviation if the distribution was normal or median 

(interquartile range) if they were not normally distributed. Comparisons between variables 

in patients who survived and died were assessed using unpaired t-tests or the Mann-

Whitney U-test as appropriate. Odds ratios for in-hospital mortality per unit difference in 

arginine metabolites were first assessed in univariable binary logistic regression analyses. 

As many arginine metabolites are renally cleared, these odds ratios were then adjusted for 

GFR in a multiple binary logistic regression analysis to ensure that differences in renal 

function were not underlying results. The relationship between arginine metabolites and 

mortality were then adjusted for the risk of death score. As renal function is incorporated 

into the risk of death score it was not included as a separate variable in these analyses. 

The units in these analyses were chosen as they are 1-5% of the range for each variable, 

to allow some comparison of odds ratios for the different variables. We used the 

collinearity diagnostics in SPSS to confirm there was no collinearity in the multiple 

regression models. Finally, receiver operator characteristic (ROC) curves were generated 

for the variables that were independent predictors of mortality in regression analyses, to 

assess whether measurement of arginine metabolites improved the power of the risk of 

death score to predict mortality. 
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Statistical analysis was undertaken using SPSS version 23 for Windows (IBM, New York, 

USA) for Chapter 3 and subsequently version 25 for later chapters. A two-tailed P-value of 

<0.05 was considered statistically significant. The area under ROC curves was calculated 

using MedCalc Version 18.2.1 (MedCalc Software Ltd, Ostend, Belgium). 

5.5 Results 

5.5.1 Patient characteristics 

There were 1,262 critically ill patients in our original study. In this cohort, 107 patients did 

not have an adequate plasma sample stored for arginine metabolomics studies. Therefore, 

1,155 patients were included in this analysis (Table 5-1). In this cohort, 163 patients 

(14.1%) died while in hospital or within 3 months of a hospital transfer. Patients that died 

were older, admitted for non-surgical reasons, had a higher glucose, heart rate, respiratory 

rate and white blood count and a lower EGFR, systolic and diastolic blood pressure, 

albumin, arterial pH, and Glasgow Coma Scale (Table 5-1). Patients that died had a higher 

APACHE IIIj (89 (71-114) vs 61 (46-78), p<0.001) and risk of death score (0.53 (0.34-0.75) 

vs 0.22 (0.10-0.38), p<0.001) than those who survived. 
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 Survivors Deceased p-value 

Number 992 163  

Age (years)a 61 ± 18 70 ± 15 <0.001 

Male sex (%) 56 58 0.671 

Surgical Admission (%) 34 16 <0.001 

Glucose (mmol/L)b 7.4 (6.0-9.4) 8.9 (6.5-12.4) <0.001 

EGFR (ml/min/1.73m2) 67 (38-96) 45 (24-72) <0.001 

Systolic BP (mmHg) 99 (89-160) 92 (80-150) <0.001 

Diastolic BP (mmHg) 60 (48-78) 54 (43-72) 0.005 

Albumin (mmol/L) 29 (25-32) 27 (24-31) 0.003 

APACHE II    

 Temperature 36.0 ± 1.4ºC 35.7 ± 1.8ºC 0.085 

 MAP 85.5 ± 27.8 82.7 ± 31.3 0.29 

 HR 91 ± 35 102 ± 39 0.001 

 RR 22 ± 9 26 ± 9 <0.001 

 Arterial pH 7.34 ± 0.10 7.28 ± 0.14 <0.001 

 Serum Na+ 139 ± 5 140 ± 6 0.365 

 Serum K+ 4.12 ± 0.81 4.23 ± 0.95 0.168 

 Creatinine 89.0 (67.0-143.0) 122.5 (77-194.3) 0.049 

 Haematocrit 0.34 ± 0.07 0.35 ± 0.08  0.334 

 WBC 14.10 ± 7.52 15.62 ± 8.67 0.037 

 GCS 15 (13-15) 14 (3-15) <0.001 

 

Table 5-1 Clinical characteristics of patients who survived and died 

EGFR = estimated glomerular filtration rate; BP = blood pressure; MAP = Mean Arterial Pressure; HR = heart 

rate; RR = respiratory rate; WBC = white blood cell count; GCS = Glasgow Coma Score; ICU = intensive 

care unit. Values are mean ± standard deviation or median (interquartile range). 
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5.5.2 Mortality and arginine metabolites 

Patients who died had higher plasma concentrations of ADMA, MMA and SDMA and lower 

concentrations of arginine and L-homoarginine than patients who survived (Table 5-2). The 

arginine / ADMA ratio was lower in patients who died (Table 5-2).  

In univariate analyses, the odds ratios for death were significantly higher for ADMA, MMA 

and SDMA and lower for L-homoarginine and arginine / ADMA ratio (Table 3). The odds 

ratios for ADMA, MMA, L-homoarginine and arginine / ADMA ratio were independent of 

GFR. After correction for risk of death score, the odds ratios for mortality were significantly 

higher for ADMA and MMA and lower for L-homoarginine. The arginine / ADMA ratio was 

also independently associated with mortality, but the associated was not as strong as for 

ADMA per se.  

Finally, in a multiple binary logistic regression model ADMA (odds ratio = 1.159 (1.033-

1.300) per 0.1 µmol/L increment, p = 0.012), L-homoarginine (odds ratio = 0.963 (0.934-

0.992), p = 0.013) and risk of death score (odds ratio = 1.045 (1.037-1.053) per 1% 

increment, p<0.001) were independent predictors of mortality, while MMA was not (odds 

ratio = 0.999 (0.947-1.054), p = 0.971). 
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 Survivors Deceased P value 

ADMA (µmol/L) 0.54 (0.45-0.66) 0.60 (0.49-0.79) <0.001 

Arginine (µmol/L)) 61.7 (42.9-83.4) 53.8 (32.8-81.7) 0.005 

Homoarginine (µmol/L)) 0.88 (0.55-1.36) 0.65 (0.35-1.16) <0.001 

MMA (nmol/L) 65.0 (50.8-82.6) 76.7 (57.1-106.2) <0.001 

SDMA (µmol/L)) 0.69 (0.51-1.12) 0.85 (0.60-1.45) <0.001 

Arginine/ADMA 114.1 (81.1-156.3) 84.2 (53.5-130.6) <0.001 

 

Table 5-2 Arginine metabolites in patients who survived and died 

Values are median (interquartile range). 

ADMA = asymmetric dimethyl-L-arginine; MMA = monomethyl-L-arginine, SDMA = symmetric dimethyl-L-

arginine
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 Univariate Adjusted EGFR Adjusted Risk Of Death score 

 OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value 

ADMA (per 0.1 µmol/L) 1.225 (1.143-1.314) <0.001 1.203 (1.119-1.293) <0.001 1.133 (1.045-1.228) 0.003 

Arginine (per 10 µmol/L) 0.950 (0.901-1.001) 0.056 0.963 (0.914-1.014) 0.155 0.978 (0.928-1.031) 0.406 

HA (per 0.1 µmol/L) 0.955 (0.928-0.983) 0.002 0.964 (0.936-0.992) 0.012 0.971 (0.943-0.1.000) 0.047 

MMA (per 10 nmol/L) 1.088 (1.048-1.130) <0.001 1.076 (1.036-1.118) <0.001 1.040 (1.001-1.081) 0.047 

SDMA (per 0.1 µmol/L) 1.020 (1.008-1.034) 0.002 1.011 (0.996-1.026) 0.155 1.009 (0.994-1.024) 0.232 

Arginine/ADMA ratio (per 10) 0.929 (0.900-0.958) <0.001 0.937 (0.907-0.968) <0.001 0.965 (0.934-0.998) 0.036 

 

Table 5-3 Odds ratios for in-hospital death for different arginine metabolites 

 

EGFR = estimated glomerular filtration rate. ADMA = asymmetric dimethyl-L-arginine; HA = L-homoarginine; MMA = monomethyl-L-arginine, SDMA = symmetric 

dimethyl-L-arginine 
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5.5.3 Receiver Operator Characteristic Curves 

The areas under the receiver operator characteristic curves (AUC) for risk of death score 

(AUC = 0.796, 95% confidence intervals (CI) 0.771-0.820, p<0.001), ADMA (AUC = 0.623, 

95% CI 0.594-0.652, p<0.001) and L-homoarginine (AUC = 0.581, 95% CI 0.551-0.611, 

p<0.001) for mortality were significantly greater than 0.5 (Figure 5-1A). The area under the 

receiver operator characteristic curves for risk of death score, ADMA and L-homoarginine 

combined for mortality was significantly greater than for risk of death score alone (0.815  

(95% CI 0.790-0.837) vs 0.796 (95% CI 0.781-0.820), p = 0.019, Figure 5-1B). 

5.1 Discussion 

This study assessed the relationship between 5 arginine metabolites and mortality in 

critically ill patients. We found that ADMA on admission to ICU is positively and L-

homoarginine negatively associated with in-hospital mortality, independent of each other 

and other variables that predict mortality in ICU. Adding ADMA and L-homoarginine to the 

risk of death score increased its ability to predict mortality. These findings suggest that 

measurements of these arginine metabolites on admission to ICU might enable refinement 

of methods to predict mortality and potentially suggest new approaches to reduce mortality 

in critically ill patients. 

In our study ADMA was positively associated with mortality. A recent meta-analysis of 15 

smaller studies comprising a total of 1300 patients reported that ADMA was higher in non-

survivors of critical illness (Mortensen et al. 2019). The authors of this meta-analysis noted 

that there was substantial heterogeneity in these studies and that only some studies 

accounted for other variables that affected prognosis (Mortensen et al. 2019). Our study 

provides the strongest evidence available that higher ADMA levels are associated with 
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Figure 5-1 Receiver Operator Characteristic Curves assessing the sensitivity and specificity of Risk 
of Death score (ROD), L-homoarginine (HA) and asymmetric dimethyl-L-arginine (ADMA) individually 

(a) and combined (b) to predict mortality in critically ill patients (1A) 
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increased mortality in ICU. The sample size in our study is almost as large as the entire 

cohort in the recent meta-analysis. Most importantly, we show the positive association with 

mortality is independent of other arginine metabolites and risk of death score. Risk of 

death score applies an algorithm to adjust APACHE III scores for the underlying disease 

state in heterogeneous patient groups and is a better predictor of mortality in ICU than the 

raw APACHE scores (T. F. Lee et al. 2020; W A Knaus et al. 1991).  

The arginine to ADMA ratio has been proposed as a good measure of arginine 

homeostasis as it incorporates a substrate and a suppressor of nitric oxide synthase (Patel 

et al. 2016). However, while a few smaller studies have reported that this ratio is inversely 

associated with poorer outcomes (Visser et al. 2012), most others have reported no 

significant relationship (Ghashut et al. 2017; Koch et al. 2013; Mortensen et al. 2016; 

Visser et al. 2012; Brenner et al. 2012). In our study the arginine to ADMA ratio was 

associated with mortality independent of the risk of death score, but this association was 

not as strong as for ADMA alone. Arginine itself was not significantly associated with 

mortality. As such, our data suggest that arginine does not provide additional information 

beyond measuring ADMA alone. 

We found that L-homoarginine was negatively associated with mortality, independent of 

ADMA and risk of death score. A previous study reported similarly that L-homoarginine 

was lower in non-survivors of ICU (Ghashut et al. 2017). However, in that study, after 

adjustment for other prognostic factors the odds ratio for the association between L-

homoarginine and mortality of 0.545 was not statistically significant. Our study cohort was 

more than 10 times the size of the study of Ghashut et al and their results could represent 

a type 2 error. Our data strongly suggest that L-homoarginine is negatively and 

independently associated with mortality in critically ill patients. 
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Other arginine metabolites potentially affect mortality in critically ill patients. Similar to 

previous studies (Gough et al. 2011; Koch et al. 2013), we found SDMA is higher in non-

survivors of critical illness. One previous study reported that SDMA was associated with 

mortality after adjustment for several laboratory variables including serum creatinine (Koch 

et al. 2013). However, SDMA is not metabolized but eliminated by renal excretion (Bode-

Böger et al. 2006), and in our study the association between SDMA and mortality was not 

significant after adjustment for renal function. No previous studies have investigated the 

relationship between MMA and mortality in critically ill patients. In our study the association 

between MMA and mortality was independent of risk of death score, but not of other 

arginine metabolites. MMA inhibits nitric oxide synthase with a similar potency to ADMA 

(Jarzebska et al. 2019). However, MMA circulated in plasma at a concentration <15% of 

ADMA and this may contribute to its lack of an independent association with mortality. Our 

data show that SDMA and MMA are not as important determinants of mortality as ADMA 

and L-homoarginine.  

The APACHE / risk of death scoring system is an important tool used to benchmark 

outcomes (hospital mortality) from year to year within and between ICU sites and is also a 

simple measure of acuity for comparative research. In this study the addition of ADMA and 

L-homoarginine increased the area under the receiver operator characteristic curve for 

mortality, an integrated measure of the sensitivity and specificity of an investigation / 

clinical tool to identify an outcome. This suggests that measurement of ADMA and L-

homoarginine on admission to ICU has the potential to further refine the ability of the 

APACHE / risk of death scoring system to predict mortality. As measurements of ADMA 

and L-homoarginine by LC-MS/MS are relatively cheap and simple, if future studies 

confirm their utility they could be readily incorporated into routine clinical practice. 

Previous studies that have investigated the effect of treatment with arginine and MMA on 

mortality in critically ill patients have not shown a benefit (TRIUMPH Investigators et al. 
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2007; López et al. 2004; Patel et al. 2016). However, as ADMA is positively and 

independently associated with mortality in ICU patients, this raises the hypothesis that 

lowering ADMA could potentially reduce mortality in ICU. Early clinical studies 

demonstrated direct effects of ADMA that could increase mortality in ICU; infusion of 

ADMA causes endothelial dysfunction and reduces renal and cerebral blood flow (Vallance 

et al. 1992; Kielstein et al. 2004; 2006). ADMA is predominantly metabolized by 

dimethylarginine dimethylaminohydrolase 1 (DDAH1) and overexpression of DDAH1 in an 

animal model reduces plasma ADMA concentration (Johannes Jacobi et al. 2005). 

However, studies screening for modulators of DDAH, have not identified any activators of 

DDAH1 that could reduce ADMA in vivo (Jarzebska et al. 2019). 

Homoarginine was negatively associated with mortality in this cohort of critically ill patients. 

This association was independent of other factors affecting prognosis and other arginine 

metabolites. This suggests that L-homoarginine may directly affect mortality and that 

increasing L-homoarginine concentration could potentially have a therapeutic benefit in 

ICU. In a mouse model of L-homoarginine deficiency cerebral infarction size was reduced 

by supplementation with L-homoarginine (Choe et al. 2013). Oral supplementation with L-

homoarginine has been reported to be safe and well tolerated, but did not improve 

endothelial function in healthy volunteers (Atzler, Schönhoff, et al. 2016). Our data suggest 

it may be worth investigating the potential therapeutic benefits of L-homoarginine in 

critically ill patients if nasogastric or intravenous preparations were available. 

The strengths of this study include that we prospectively recruited a large cohort of 

consecutive patients, pre-specified measurement of arginine metabolites as a key 

endpoint and systematically recorded patient data from reliable sources. However, we 

acknowledge this study has limitations. Firstly, we only measured arginine metabolites on 

admission to ICU. As a previous study reported that the increase in ADMA over the first 



Chapter 5 ADMA and homoarginine independently predict mortality in critically ill patients: A 
prospective, observational cross-sectional study   

98 

two days of ICU admission is associated with an increased risk of mortality (Siroen et al. 

2005), measurements of ADMA and L-homoarginine at additional time points could further 

refine results. Secondly, while we adjusted for variables incorporated into the APACHE III 

scoring system, there may have been unknown variables that affected results. Thirdly, 

while it is likely that critically ill patients are fasting, we did not include any data on 

nutritional status which might influence the concentrations of arginine and its metabolites. 

Finally our study reports an association between ADMA and L-homoarginine and mortality 

but does not demonstrate a cause-and-effect relationship. 

In summary, ADMA concentration on admission to ICU is positively and L-homoarginine 

negatively associated with mortality in patients with an acute critical illness. These 

associations are independent of renal function, other clinical factors predicting mortality 

and other arginine metabolites. These findings suggest measurements of these two 

arginine metabolites at admission may allow refinement of models to predict ICU mortality. 

The data support exploring whether reducing ADMA and increasing L-homoarginine are 

therapeutic targets to reduce mortality in critically ill patients. 
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6.2 Abstract 

Purpose: Changes in the arginine metabolites asymmetric dimethyl-L-arginine (ADMA) and L-

homoarginine and acute blood glucose concentration have been shown to cause endothelial 

dysfunction and have also been independently associated with mortality in critical illness. The aim 

of this study was to investigate whether hyperglycaemia potentially modulates these arginine 

metabolite concentrations to provide a mechanism that may link hyperglycaemia and mortality in 

Intensive Care Unit (ICU) patients. 

Methods: Glucose, glycosylated haemoglobin-A1c and the stress hyperglycaemia ratio (SHR) (to 

quantify absolute, chronic and relative hyperglycaemia respectively) were measured in 1,155 

acutely unwell adult patients admitted to a mixed medical-surgical ICU. ADMA, and L-

homoarginine were measured in a plasma sample collected at admission to ICU by liquid 

chromatography tandem mass spectrometry. DDAH1 activity was assessed at varying glucose 

concentrations in vitro by quantifying conversion of ADMA to citrulline in HEK293 cells that 

overexpress DDAH1.  

Results: Plasma ADMA was not significantly associated with any measure of hyperglycaemia. L-

homoarginine was positively associated with glucose  β=0.067, p=0.018) and SHR  β=0.107, 

p<0.001) after correction for GFR. However, as L-homoarginine is a negative predictor of mortality, 

the direction of these associations are the opposite of those expected if hyperglycaemia was 

affecting mortality via changes in L-homoarginine. DDAH1 activity was not different at differing 

concentrations of glucose (p=0.506). 

Conclusion: In critically ill patients the association between relative hyperglycaemia and mortality 

is not mediated by changes in arginine metabolites. 
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6.3 Introduction 

Hyperglycaemia in critically ill patients is associated with increased mortality and morbidity (G. E. 

Umpierrez et al. 2012; Bochicchio et al. 2005; Koyfman et al. 2018; Egi et al. 2006; James Stephen 

Krinsley 2003). Furthermore, the relative increase in blood glucose is more strongly associated 

with mortality than absolute hyperglycaemia, and this relationship is independent of other variables 

that predict prognosis in ICU (see Chapter 4). However, these findings do not demonstrate that 

relative hyperglycaemia contributes to mortality directly or provide a mechanism linking 

hyperglycaemia and mortality.  

A number of plausible pathogenic mechanisms have been postulated to link hyperglycaemia with 

adverse patient outcomes. Both direct and indirect effects have been implicated. Indirect effects 

include changes in circulation and electrolytes causing electrolyte imbalances, hypoperfusion, 

volume depletion or acid-base imbalance. Direct effects previously studied include oxidative stress, 

inflammation, induction of apoptosis, activation of the coagulation cascade, and down-regulation of 

the endothelium-dependent vasodilation in humans due to endothelial dysfunction. (Williams et al. 

1998; Esposito et al. 2002; Stegenga et al. 2006; Jafar, Edriss, and Nugent 2016). Endothelial 

dysfunction is present in septic patients in ICU (Vassiliou et al. 2014; Szabo and Goldstein 2011), 

and is an independent predictor of mortality in critically ill patients (Duffy et al. 2011).  

Endothelial dysfunction is often assessed by quantifying limb blood flow following localized 

ischaemia.  However, this is impractical in large cohorts of critically ill patients. An alternative 

approach to assess endothelial function is measurement of L-arginine and related metabolites in 

plasma. As highlighted in Chapter 1, asymmetric dimethyl-L-arginine (ADMA), symmetric dimethyl-

L-arginine (SDMA), monomethyl-L-arginine (MMA), and L-homoarginine (HA) directly or indirectly 

regulate the activity of the enzyme endothelial nitric oxide synthase (eNOS), which converts L-

arginine to citrulline. This chemical reaction results in the synthesis of the potent endogenous 

vasodilator nitric oxide (NO), which also has anti-inflammatory, anti-thrombotic and anti-

atherosclerotic effects  (Louis J Ignarro, Napoli, and Loscalzo 2002).  
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Decreased NO production has been associated with increased cardiovascular morbidity and 

mortality in patients with cardiovascular disease and hypertension (Lerman and Zeiher 2005; 

Versari et al. 2009). Consistent with this, in Chapter 5 it was demonstrated that ADMA is positively 

and L-homoarginine negatively associated with increased mortality in patients with an acute critical 

illness. Acute hyperglycaemia is a well-recognized cause of endothelial dysfunction (Ceriello et al. 

2008). Moreover, previous studies in a rodent model have reported that the activity of the main 

enzyme that regulates ADMA concentration in plasma, dimethylarginine-dimethylaminohydroxylase 

(DDAH), is down-regulated by hyperglycaemia (Lin et al. 2002). This would increase ADMA 

concentration, consequently reducing NO production, and potentially provide a mechanistic link 

between acute hyperglycaemia, endothelial dysfunction and mortality (Siervo et al. 2011). 

We hypothesized that acute hyperglycaemia in critically ill patients reduces DDAH1 activity, 

thereby increasing plasma ADMA concentration and reducing endothelial-dependent 

vasodilatation. To investigate this we have undertaken: 1) a clinical study investigating whether 

measurements of glycaemia are associated with arginine metabolites in critically ill patients; and 2) 

an in vitro study assessing the effect of glucose concentration on DDAH1 activity. 

6.4 Methods 

6.4.1 Subjects 

For the clinical study, we studied the patient cohort recruited to assess the relationship between 

relative hyperglycaemia and mortality in critically ill patients, as described in Chapter 4. In brief, we 

prospectively included consecutive medical and surgical admissions to Intensive Care Unit (ICU) at 

Flinders Medical Centre between 27 January 2016 and 30 March 2017 that met inclusion and 

exclusion criteria. Subjects were excluded if they had previously been admitted to ICU within the 

study period or were admitted for routine post-operative monitoring following a surgical procedure, 

aged <18 years, pregnant or had a recent blood transfusion, were admitted primarily for treatment 

of hyper- or hypoglycaemia or had missing data preventing calculation of risk of death score. In the 

remaining subjects, we stored the plasma sample collected closest to admission to ICU at -70°C 
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for subsequent measurement of arginine and metabolites. If no plasma sample was collected 

within 24 hours of admission to ICU, the subject was excluded from this analysis. 

6.4.2 Arginine metabolites 

Arginine and its chemically related metabolites and analogues MMA, L-homoarginine, ADMA and 

SDMA were measured according to the method developed by Sotgia et al (Sotgia et al. 2019) and 

described in detail in Chapter 2 and Chapter 5. 

6.4.3 Absolute and relative hyperglycaemia 

Glucose and HbA1c were measured by the hospital pathology laboratory, SA Pathology, using 

methodologies as previously described in Chapter 2 and Chapter 4. Relative hyperglycaemia was 

quantified using the Stress Hyperglycaemia Ratio, which was based on the admission glucose and 

the estimated average glucose derived from HbA1c (Roberts et al. 2015). 

6.4.4 DDAH1 activity  

In the in vitro study, cell lysate prepared from HEK293T cells overexpressing DDAH1, were used to 

investigate the direct effect of glucose on DDAH1 activity (Sara Tommasi et al. 2015). This enables 

a full kinetic characterisation of the inhibitory potency of glucose on DDAH1 activity. An established 

DDAH1 activity assay using isotope dilution UPLC-MS was used to measure the conversion of 

ADMA to citrulline (Sara Tommasi et al. 2015). When the substrate (ADMA) is mixed with DDAH1, 

ADMA will be metabolized to citrulline. Hence, DDAH1 activity in presence of glycaemia can be 

measured indirectly by measuring citrulline concentrations when ADMA and DDAH1 are combined 

with varying glucose concentrations. 

All analyses were undertaken in triplicate. HEK293T cell lysate over expressing DDAH1 (0.4 

mg/mL) in 0.1M phosphate buffer and glucose (0, 5, 7.5, 10, 15 and 22.5 mmol/L) were pre-

incubated for one hour prior to the addition of ADMA (45 µmol/L, equivalent to Km) to initiate the 

reaction. After 30 min the reaction was terminated by the addition of acidified propanol, L-citrulline-

d6 added as the assay internal standard and the sample centrifuged to remove the precipitated 
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proteins. Following evaporation and reconstitution of the supernatant fraction to achieve a more 

concentrated solution, the concentration of L-citrulline formed during the incubation was measured 

by UPLC-MS. 

6.4.5 Statistical Analysis 

Simple linear regression analyses were used to compare the relationship between measures of 

glycaemic control and arginine metabolites. As all variables were not normally distributed they 

were log-transformed to attain a normal distribution before the statistical analysis. As many 

arginine metabolites are renally cleared, these odds ratios were then assessed for independence 

from GFR in a multiple linear regression analysis to ensure that differences in renal function were 

not underlying results. Finally, the effect of glucose concentration on DDAH1 activity was assessed 

using one way analysis of variance. 

Statistical analysis was undertaken using SPSS version 25 for Windows (IBM, New York, USA); A 

two-tailed P-value of <0.05 was considered statistically significant. 

6.5 Results 

6.5.1 Subject characteristics 

There were 1,262 critically ill patients recruited for the study investigating the relationship between 

relative hyperglycaemia and mortality in critically ill patients (T. F. Lee et al. 2020). In this cohort, 

107 patients did not have an adequate plasma sample for arginine metabolomics studies and 

excluded from further analysis. Therefore, 1,155 patients were included in this analysis. The 

subject characteristics of this cohort are reported in Chapter 5. 

6.5.2 Arginine metabolites in Critical Illness 

Homoarginine was weakly but significantly positively associated with HbA1c and SHR in univariate 

analyses and with glucose and SHR after correction for GFR (Table 1). SDMA was significantly 

associated with glucose, HbA1c and SHR in univariate analyses. After correcting for GFR, the 

correlations with glucose and SHR remained statistically significant (Table 1). ADMA, arginine, and 
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MMA were not significantly associated with any glucose parameter, either unadjusted or after 

correction for GFR (Table 1). GFR was associated with all arginine metabolites, an effect that was 

independent of all glucose parameters (data not shown) 

6.5.3 DDAH1 activity 

Citrulline production at different glucose concentrations in vitro is shown in Figure 1. There was no 

significant effect of glucose concentration on citrulline production (p = 0.506).  

 

Figure 6-1 Citrulline production at different glucose concentrations 
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 Glucose HbA1c SHR Glucose* HbA1c* SHR* 

 R P value r P value r P value β P value β P value Β P value 

ADMA (nmol/L) 0.012 0.671 0.002 0.940 0.016 0.590 0.004 0.879 -0.046 0.109 0.038 0.190 

Homoarginine (nmol/L) 0.057 0.054 0.086 0.004 0.123 <0.001 0.067 0.018 -0.048 0.097 0.107 <0.001 

Arginine (µmol/L) 0.004 0.897 0.009 0.755 0.001 0.994 0.005 0.860 0.025 0.405 -0.009 0.762 

MMA (nmol/L) 0.028 0.335 0.025 0.391 0.15 0.613 0.021 0.468 -0.017 0.559 0.036 0.206 

SDMA (nmol/L) 0.132 <0.001 0.068 0.021 0.189 <0.001 -0.153 <0.001 -0.035 0.105 -0.139 <0.001 

 

Table 6-1 Simple and multiple linear regression analyses between measures of glycaemic control and arginine metabolites 

* Corrected for log GFR. Log GFR is independently associated with arginine metabolite concentrations in all analyses. 
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6.6 Discussion 

We assessed the relationship between arginine metabolites and 3 different measurements of 

hyperglycaemia (absolute, relative and chronic hyperglycaemia) in a large cohort of critically ill 

patients. We found that there was no association between glucose parameters and plasma ADMA 

concentration. Concordant with these findings, differing glucose concentrations in vitro did not 

affect DDAH1 activity.  There was a weak positive correlation between L-homoarginine and 

glucose parameters. However, as L-homoarginine is negatively associated with mortality (see 

Chapter 5), the direction of these associations are the opposite of those expected if 

hyperglycaemia was affecting mortality via changes in L-homoarginine. Taken together, the 

findings strongly imply that hyperglycaemia does not increase mortality by altering arginine 

metabolites. 

In the clinical study there was not a significant association between ADMA and any of the 3 

measures of hyperglycaemia. As we had reported that relative hyperglycaemia (Chapter 4) and 

ADMA (Chapter 5) were independently associated with mortality, we hypothesized that a glucose-

mediated elevation in ADMA could be a mechanistic link between these two findings. Previous 

studies using non-invasive measures to assess endothelial function have reported that increasing 

ADMA (Çakar et al. 2014) and blood glucose acutely both cause endothelial dysfunction (Ceriello 

et al. 2008; Gordin et al. 2007). However, in this large cohort of critically ill patients there was no 

suggestion of a correlation between relative hyperglycaemia and ADMA.  

Our in vitro study was consistent with a lack of effect of acute hyperglycaemia on ADMA 

concentration. Differences in glucose concentration across the range encountered in clinical 

practice did not affect DDAH1 activity, the main enzyme metabolizing ADMA and responsible for its 

plasma concentration. It was previously hypothesized that hyperglycaemia causes endothelial 

dysfunction by downregulating DDAH1 (Siervo et al. 2011) and this theory was supported by data 

from a rodent model of chronic hyperglycaemia (Lin et al. 2002). It is likely that differences in the 

biological model and duration of hyperglycaemia contribute to the differences between our study 

and that of Lin et al (Lin et al. 2002).  Our combined clinical and in vivo data provide strong 
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evidence that changes in plasma ADMA do not mediate the relationship between acute 

hyperglycaemia and mortality in humans. 

There was a weak but significant positive association between L-homoarginine and both glucose 

and SHR after correction for GFR. In Chapter 5, plasma L-homoarginine concentration was lower 

in patients who died than in survivors of critical illness and there was a negative association 

between L-homoarginine and mortality. This is consistent with reports of a negative association 

between L-homoarginine and mortality in other patient groups (Atzler et al. 2014; Drechsler et al. 

2015; Zinellu et al. 2018). Therefore, if the relationship between relative hyperglycaemia and 

mortality was being mediated by changes in L-homoarginine, the association between L-

homoarginine and SHR should be negative. As the association is weak and in the opposite 

direction, this suggests the relationship between acute hyperglycaemia and mortality is not via 

modulation of L-homoarginine. 

After correction for renal function, there was a weak but significant association between SDMA and 

glucose and SHR. However, SDMA was not an independent determinant of mortality in this cohort 

(see Chapter 5). There was not a significant association between arginine and MMA and any of the 

3 glucose parameters. Taken with the results of Chapter 5, it is unlikely that the relationship 

between relative hyperglycaemia and mortality is mediated by SDMA, MMA or arginine. 

Acute hyperglycaemia has been clearly demonstrated to cause changes in vascular tone and 

endothelial dysfunction that are associated with increased mortality in critically ill patients (Siervo et 

al. 2011; Kawano et al. 1999; Williams et al. 1998). However, our study clearly demonstrates that 

endothelial dysfunction in the critically ill is not mediated by changes in arginine metabolites. Given 

the negative findings in this study, it is possible that relative hyperglycaemia: 1) is primarily linked 

to mortality with a different mechanism not related to endothelial dysfunction, and / or, 2) causes 

endothelial dysfunction through an arginine-independent pathway. We support further studies to 

elucidate mechanisms linking relative hyperglycaemia and mortality. 

This study has several notable strengths. It comprised a large prospective population of 

consecutive critically ill patients. The combination of an in vivo and an in vitro study provides 
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confidence that the results are valid. However, there are a number of limitations of this study. The 

clinical study was observational, with inherent limitations, such as the inability to infer causality. 

Measurement of arginine metabolites was not the primary endpoint of the study. Another limitation 

is that only one mechanism by which arginine metabolites are modulated was assessed in vitro. 

However, as ADMA was the strongest independent predictor of mortality in Chapter 5, DDAH1 

activity was considered the most important variable to study. 

 

6.7 Conclusion 

In summary, relative hyperglycaemia is not associated with plasma ADMA concentration in ICU 

patients and hyperglycaemia does not alter the activity of ADMAs main regulator DDAH1. Relative 

hyperglycaemia is weakly associated with L-homoarginine, but the direction of the association 

between L-homoarginine and SHR is the opposite to that expected if acute hyperglycaemia was 

increasing mortality by altering L-homoarginine concentration. Hence, we conclude that in critically 

ill patients, the association between relative hyperglycaemia and mortality is not mediated by 

changes in arginine metabolites.  
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Chapter 7 Summary and Conclusions 

7.1 Introduction 

Hyperglycaemia is common in hospitalized patients such as those with an acute myocardial 

infarction (AMI) or critical illness and is associated with increased mortality. Despite this, there is 

conflicting evidence in the literature as to whether treating hyperglycaemia in hospital reduces 

mortality. This has resulted in varied recommendations regarding how to treat hyperglycaemia in 

hospital from different authorities (ADA 2020; ADS 2012; G. E. Umpierrez and Pasquel 2017; 

Malcolm et al. 2018).  

One possible explanation for the abovementioned discordant results is that hyperglycaemia has 

different implications in different patients. In a hospitalized patient with sub-optimally controlled 

type 2 diabetes, a high blood glucose concentration may be similar to their pre-admission glucose 

concentrations. In contrast, in a patient without diabetes the same blood glucose concentration 

represents a substantial increase above what is normal for them. Previous studies in this area 

have used an absolute glucose level (a single glucose concentration, usually at admission) to 

select which patients to treat, and have targeted the same absolute glucose range, regardless of 

whether they have acute or chronic hyperglycaemia.  

The Stress Hyperglycaemia Ratio (SHR) is a method to quantify the acute rise of glucose 

concentrate in a hospitalized patient, thereby facilitating the differentiation between relative (stress) 

hyperglycaemia and chronic hyperglycaemia. SHR may provide a better understanding of the 

relative contributions of acute versus chronic to mortality in critical illness. SHR may help resolve 

the conflicting evidence in literature, and provide a means to tailor therapy in an individualised 

manner to hospitalized patients. 

Arginine and its major metabolites, particularly ADMA and L-homoarginine, modulate the eNOS 

pathway, and have been: 1) considered a surrogate marker for endothelial function, and 2) 

associated with poorer outcomes in a range of patient groups. In small studies, endothelial 
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dysfunction is strongly associated with mortality in critically ill patients. By inference, the arginine 

metabolic pathway should be studied for its association with mortality in critical illness and also its 

potential as a risk marker for adverse outcomes. 

Hyperglycaemia has both direct and indirect effects that potentially underlie an association with 

poorer outcomes in hospitalized patients. It has been postulated that hyperglycaemia modulates 

endothelial-dependent nitric oxide synthesis through an effect on the arginine metabolic pathway. 

This is a plausible mechanism by which acute hyperglycaemia exerts its negative effects and had 

not been studied in humans with critical illness. 

The major aims of this thesis were to determine whether: 1) relative hyperglycaemia is more 

strongly associated with mortality than absolute hyperglycaemia in patients with AMI and critical 

illness, 2) the association between relative hyperglycaemia and mortality is affected by background 

glycaemia, 3) arginine metabolites are independently associated with mortality in critically ill 

patients, and 4) relative hyperglycaemia results in changes in arginine metabolites that may 

underlie the associated increase in mortality. For patients with AMI, the association between 

mortality and absolute and relative hyperglycaemia during insulin treatment were first studied in 

Chapter 3. Chapter 4 investigated whether relative hyperglycaemia is more strongly associated 

with mortality than absolute hyperglycaemia in patients with critical illness. The associations 

between arginine metabolites and mortality in patients with critical illness were studied in Chapter 

5. Finally, in Chapter 6 the relationship between arginine metabolites and hyperglycaemia in 

critically ill patients were investigated. 

7.2 Summary and Conclusions 

The first aim was to assess whether relative hyperglycaemia is more strongly associated with 

mortality than absolute hyperglycaemia in patients with AMI and critical illness. For AMI, a post-hoc 

analysis was performed using data from 192 patients originally recruited prospectively for the HI-5 

study (Chapter 3). The primary endpoint was a “complicated AMI”, which included death, 

congestive cardiac failure, arrhythmia, cardiac arrest, re-infarction during hospitalization, 

cardiogenic shock, inotropic support and emergency revascularization. SHR was associated with a 
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complicated AMI (odds ratio = 1.22 per 0.1 SHR increment, 95% CI 1.06-1.42, p=0.006), and the 

individual components of death, congestive cardiac failure, arrhythmia and cardiogenic shock, 

while absolute glucose concentration was not statistically associated with a complicated AMI. For 

critical illness, an observational prospective study is reported in Chapter 4, including 1,262 

consecutively admitted ICU patients. After adjustment for other important prognostic markers in the 

risk of death score, SHR was significantly associated with mortality (odds ratio 1.03 per 0.1 SHR 

increment, p=0.014) whereas absolute glucose was not. The combined data from these two 

studies demonstrated that relative, but not absolute, hyperglycaemia is associated with mortality in 

hospitalized patients. 

The second aim was to determine whether the association between relative hyperglycaemia and 

mortality is affected by background glycaemia. In patients with AMI the relationship between SHR 

and complicated AMI was independent of diabetes status and there was not a significant 

interaction between SHR and diabetes (Chapter 3). In patients with critical illness, SHR was 

associated with mortality in patients with HbA1c <6.5% (odds ratio = 1.08 per 0.1 SHR increment, 

p<0.001) and in those with HbA1c ≥6.5%  odds ratio = 1.08 per 0.1 SHR increment, p=0.005). 

There was no interaction between SHR and HbA1c in critically ill patients (p=0.909) (Chapter 4). 

These results show that the relationship between SHR and mortality is not significantly affected by 

background glycaemia, suggesting that SHR has prognostic utility in patients across the glycaemic 

spectrum. 

The third aim was to investigate if arginine metabolites are independently associated with mortality 

in critically ill patients. In Chapter 5, L-arginine, ADMA, MMA, SDMA and L-homoarginine 

concentration were measured in plasma from 1,155 critically ill patients. In this cohort, ADMA was 

positively associated (odds ratio = 1.159 per 0.1 µmol/L increment, p=0.012) and L-Homoarginine 

negatively associated (odds ratio = 0.963, p=0.013) with mortality, independent of risk of death 

score and other arginine metabolites. Adding L-homoarginine and ADMA to the risk of death score 

significantly increased the area under the ROC curve for mortality. These results demonstrate that 

ADMA and L-homoarginine may refine models to predict ICU mortality. Reducing ADMA and 
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increasing L-homoarginine are potential therapeutic targets to reduce mortality in critically ill 

patients. 

The final aim was to investigate whether relative hyperglycaemia results in changes in arginine 

metabolites that may underlie the associated increase in mortality. In a cohort of 1,155 critically ill 

patients ADMA was not significantly associated with any measure of glycaemia (Chapter 6). 

Moreover, in vitro DDAH1 activity, the main regulator of plasma ADMA concentration, was not 

different at differing concentrations of glucose (p=0.506). In the same cohort, L-homoarginine was 

positively associated with glucose  β=0.067, p=0.018) and SHR  β=0.107, p<0.001) after 

correction for GFR. However, as L-homoarginine is a negative predictor of mortality, the direction 

of these associations are the opposite of those expected if hyperglycaemia was affecting mortality 

via changes in L-homoarginine. Taken together, the results indicate that hyperglycaemia does not 

result in changes in arginine metabolites that underlie its association with mortality. 

In conclusion, relative, but not absolute, hyperglycaemia is strongly associated with mortality in 

both patients with AMI and critical illness. Unlike absolute hyperglycaemia, the association 

between relative hyperglycaemia and mortality is not affected by background glycaemia. The 

arginine metabolites ADMA and L-homoarginine are independent predictors of mortality in critically 

ill patients. However, ADMA is not associated with relative hyperglycaemia and L-homoarginine is 

positively associated with relative hyperglycaemia. These results indicate that SHR, ADMA and L-

homoarginine are markers of mortality in critical illness, independent of each other and of the risk 

of death score. However, changes in arginine metabolism are not the mechanism that links 

hyperglycaemia with endothelial dysfunction and increased mortality in critical illness.  

7.3 Future Directions 

This body of work represents the first assessment of relative hyperglycaemia in AMI, and also the 

first prospective and the largest study of relative hyperglycaemia in critical illness. This was also 

the first study that corrected the association between hyperglycaemia for the severity of the 

underlying illness using the risk of death score, a severity of illness marker that corrects for the 

reason for admission to ICU. Both studies reported that relative, but not absolute, hyperglycaemia 
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is strongly associated with mortality. These positive findings suggest a need for further research 

into the importance of relative hyperglycaemia in hospitalized patients. 

An important area that requires clarification is whether the concept of relative hyperglycaemia 

could resolve reports in the literature that the benefits of tight glycaemic control in ICU differ in 

patients with and without diabetes. Several retrospective studies have reported that intensive 

insulin therapy was associated with lower mortality in patients without diabetes than more liberal 

glucose control. However, in patients with diabetes the converse was found, with higher mortality in 

patients prescribed intensive insulin (Luethi et al. 2018; Lanspa et al. 2013; Kar et al. 2016; 

Balintescu and Mårtensson 2019) (see Figure 1-3). These studies have utilised the same absolute 

glucose targets for all patients. This results in patients without diabetes who have relative 

hyperglycaemia not being treated, whereas a patient with diabetes who has absolute, but not 

relative, hyperglycaemia is treated with insulin (Table 7-1).  

 

Patient Diabetes Glucose (mmol/L) HbA1c (%) SHR Insulin 

1 No 8 5 1.5 No 

2 Yes 12 9 1.0 Yes 

 

Table 7-1 Theoretical patients and current insulin treatment recommendations in ICU 

 

There is a need is for further studies testing a new paradigm, whereby insulin therapy in hospital is 

predominantly targeted at treating relative hyperglycaemia to maintain a usual glucose 

concentration for an individual patient, rather than treating to an absolute glucose target. In this 

paradigm and contrary to current treatment, Patient 1 without diabetes in Table 7-1 would be 

prescribed an insulin infusion, while Patient 2 with diabetes would not. This could first be assessed 

retrospectively, with post-hoc analyses of previous studies, similar to my re-analysis of the HI5 

study. However, ideally a randomized controlled trial should be performed, with patients 

randomized to either an individualised relative glucose target (e.g SHR 0.8-1.2) or the current gold-

standard of care targeting an absolute glucose range (ADA 2020; Malcolm et al. 2018; Moghissi et 
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al. 2009; Qaseem 2011; Judith Jacobi et al. 2012). This concept has recently been supported by 

experts in the management of hyperglycaemia in ICU (James S. Krinsley et al. 2020). The results 

of Chapter 3 support a similar study in patients with an AMI. 

In Chapter 5, ADMA and L-homoarginine increased the area under the ROC curve for death 

compared to risk of death alone (see Chapter 5). These results suggest that measurement of these 

arginine metabolites on admission to ICU may improve upon current models to predict mortality in 

critically ill patients. However, this would need to be further evaluated and validated with 

established methodologies after incorporating SHR into a prognostic model and testing in an 

independent cohort (Leisman et al. 2020). As ADMA and L-homoarginine are independently 

associated with mortality, future studies should also explore whether reducing and increasing 

levels of these arginine metabolites respectively has an impact on mortality in ICU. 

The main negative finding in this thesis is that relative hyperglycaemia was not associated with 

arginine metabolites in critically ill patients (Chapter 6). As such, my thesis does not provide 

insights into mechanisms linking relative hyperglycaemia and mortality. Although this relationship 

was significant after correction for other known factors associated with mortality in ICU (Chapter 4), 

it remains possible that relative hyperglycaemia is only a biomarker of disease severity and not 

pathogenic. This conundrum is best addressed by a randomized controlled trial, but the rationale 

for treating relative hyperglycaemia would be further strengthened by studies investigating other 

potential mechanisms link that might link relative hyperglycaemia and mortality. 

Finally, three measures of relative hyperglycaemia have been proposed in the literature 

(Glycaemic Gap, SHR, Glucose-A1c Ratio; see Section 1.3.1). I plan to undertake a post hoc 

comparison of these 3 measures of relative hyperglycaemia using the data from Chapter 4. 
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