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Abstract 

INTRODUCTION: Acute kidney injury is a common cause of in-hospital morbidity and mortality. However, little is known concerning the non-cardiothoracic, non-vascular, non-urological and non-transplant patient undergoing elective surgery, and their risk of perioperative acute kidney injury. METHODS: A systematic literature review was conducted to identify the incidence of and pertinent modifiable risk factors for the development of perioperative acute kidney injury in this population. A multi-centre case study was undertaken to ascertain the consequences of severe acute kidney injury as defined by the clinical outcome of renal replacement therapy. A retrospective cohort study was performed to ascertain the incidence of and clarify if anecdotal perioperative urine output was a risk factor for the development of acute kidney injury along with the quantity of intravenous fluid used to treat it. These studies will aid the design and implementation of a randomised non-inferiority trial testing the hypothesis that a lower urine output target is as safe as current practice and thus reducing the risk of perioperative fluid excess and its clinical consequences. RESULTS: Acute kidney injury in this population is common at 5.07%. Increasing body mass index and use of perioperative angiotensin converting enzyme inhibitors are modifiable factors that potentially convey an increased risk for its development. Whilst rare, acute kidney injury in its severest form (requiring renal replacement therapy) has a mortality of 26% and amongst survivors, results in a significant reduction in long-term renal function. Whilst acute kidney injury appears to be uncommon, oliguria, as currently defined as ≥0.5ml/kg/h, is common in the general surgical population (84%), but does not appear to be correlated to a change in renal function and results in increased intravenous fluid administration. A lower perioperative urine output target of ≥0.2ml/kg/h is non-inferior to the traditional target of ≥0.5ml/kg/h using uNGAL as a surrogate biomarker of acute kidney injury, and reduces the risk of clinically significant administration of excess intravenous fluid. CONCLUSION: Acute kidney injury is common, and whilst rare, its sequelae are clinically and financially significant. These studies have demonstrated that preoperative optimisation of patient factors can reduce these sequelae. Furthermore, they have shown that much of the intravenous fluid prescribed in the perioperative period is in response to perceived clinically significant low urine outputs. Employing a lower urine output target of ≥0.2ml/kg/h results in fewer patients receiving overhydration and its associated increase in mortality and morbidity without risking renal damage. 
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Chapter 1 – Introduction 

“Poison is in everything, and no thing is without poison. The dosage makes it either a poison 
or a remedy.”  Philippus Von Honenheim (1493–1541) Major surgery is a cornerstone of modern medicine. With an estimated 45% of people living in the industrialised world undergoing some form of abdominal surgery within their lifetime, the reduction of perioperative mortality and morbidity is paramount(1).  Over recent decades, perioperative surgical care has undergone considerable advancement. With the advent of new surgical techniques(2), use of prophylactic antibiotics(3), development of intensive care therapies and the optimisation of perioperative care pathways(4), clinical outcomes after surgery have improved(5,6). Examples include the advent of laparoscopic surgery and Enhanced Recovery After Surgery (ERAS) protocols that have been developed with the specific aim of improving patient outcomes as part of a multimodal design. Whilst laparoscopy has been instrumental to the reduction of in-hospital length of stay, ERAS protocols take into consideration multiple facets of patient care to improve all outcomes throughout the entire surgical process. In spite of ERAS protocols, complications following elective surgery remain significant, specifically after abdominal surgery, ranging anywhere from 15–48%(7-9). Because of this and the complex nature and multimodal nature of ERAS protocols, the protocols are in constant need of updating as new developments and research becomes available regarding the attenuation of the surgical stress response.  

1.1 Enhanced Recovery After Surgery Protocols Since their instigation, ERAS protocols have worked to improve the quality of care of patients undergoing major elective surgery. Initially introduced in colorectal surgery with the subsequent adaption to other surgical specialties, the protocols were designed to challenge historical practices and their ad-hoc application to patients by individual clinician’s personal preference, replacing them with evidence-based practices which as unimodal interventions have been shown to either attenuate or reduce the impact of the surgical stress response and thus improve clinical outcomes when compared to traditional approaches. For example, postoperative fasting used to be the standard for 
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patients undergoing bowel resection to reduce the risk of anastomotic leak, which was subsequently disproved in randomised controlled trials and meta-analyses in the early 2000s(10-12). These evidence-based practices have been separated into three distinct time periods of patient care(13). 
1.1.1 Preoperative 

1.1.1.1 Education Preoperative counselling is an often underestimated aspect of ERAS protocols. Designated clinic appointments utilising a specialist nurse have been shown to not only improve outcomes, but to also halve opiate analgesia in the postoperative period, a known instigator of prolonged gastrointestinal ileus(14). 
1.1.1.2 Fasting and preoperative carbohydrates  Overnight fasting has been routine surgical practice, with the belief that an empty stomach reduces the risk of aspiration on induction of anaesthetic. A meta-analysis(15) and Cochrane review(16) of recent randomised controlled trials showed no difference in gastric content of patients fasted from midnight, when compared to those consuming a meal six hours and clear oral fluids up to two hours prior to anaesthesia. Such fasting also trends towards a dehydrated state prior to surgery, obviated by patients controlling their own volume status up to two hours prior to surgery. Preoperative fasting is also associated with postoperative insulin resistance and a reduction in biochemical carbohydrate catabolism(17,18). It should be taken the evening prior to surgery in addition with a further 200ml two hours prior to surgery(19). 
1.1.1.3 No bowel preparation Mechanical bowel preparation was once a prerequisite for all colonic and rectal surgery, as it was thought to reduce faecal contamination of both anastomoses and wounds(20). Furthermore, mechanical bowel preparation significantly alters fluid homeostasis, leading to preoperative dehydration(21,22). The most recent Cochrane review of mechanical bowel preparation in elective colonic surgery, excluding rectal surgery, found no difference in either complications or mortality between patients receiving full mechanical bowel preparation, compared to rectal enemas or neither(19).  
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1.1.1.4 Medications There is suggestion that restriction of sedating medications the night prior to surgery may help to maintain normal diurnal hormonal patterns and reduce complications(23). 
1.1.2 Intraoperative 

1.1.2.1 Epidural – mid-thoracic Multimodal analgesia continues to be the gold standard for pain relief in the perioperative period. Specifically, the recent addition of a mid-thoracic epidural analgesia for open abdominal surgery has been shown to improve key outcome parameters, including postoperative pain(24), nausea and vomiting(14), as well as overall complications(25). These findings are thought to be due to a reduction in postoperative opiate use as well as chemical splanchnic sympathectomy, which may contribute to nausea and vomiting and propagation of ileus(26). Regarding laparoscopic approaches to colonic surgery, recent evidence suggests that transverse-abdominis plane blocks are equally effective at improving recovery of gut function compared to epidurals(27). 
1.1.2.2 Avoidance of fluid and salt overload Historically, surgical patients have received large volumes of intraoperative crystalloid fluid (0.9% saline). This was based on work by Shires in the 1960s showing a reduction in extracellular volume independent of blood loss but proportional to operative trauma following abdominal surgery(28). It was hypothesised that extracellular fluid was sequestered into additional compartments—“the non-anatomical third space”.  More recently, this model has been questioned with the current aim of intraoperative fluid administration being the maintenance of normovolaemia(29) highlighting intravascular volume as being a key component of cardiac output and subsequent oxygen delivery to end-organs. Once normovolaemia has been achieved using physiological parameters ensuring correct end-diastolic volume, the preservation of mean arterial blood pressure is achieved via the use of vasopressors, negating the increased incidence of complications arising from fluid overload (30). 
1.1.2.3 Surgical approach Different surgical approaches to the abdominal cavity have risks and benefits. Contemporary abdominal surgery utilises a vertical midline as opposed to transverse 
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incision. Whilst postoperative pain is reduced in a transverse incision, the incidence of superficial wound infection and incisional hernia may be higher(31). With the advent of laparoscopic surgery, postoperative pain, infection and incisional hernia rates have further reduced. Laparoscopic approaches to colorectal surgery are advisable when appropriate, as it is also associated with a reduction in hospital length of stay, an increased time to return of gastrointestinal function and superficial wound infections(32). 
1.1.2.4 Avoidance of drains The use of drains, whether nasogastric or intra-abdominal, are to be minimised as they are associated with an increase in morbidity(33,34). A case can be made for short-term use of pelvic drains following low anterior resections, but not for routine colonic surgery above the pelvic brim. Likewise, the routine use of nasogastric tubes should only be used in the setting of a prolonged postoperative ileus resulting in vomiting(35,36). 
1.1.2.5 Normothermia Avoidance of hypothermia (or maintenance of normothermia) is essential in reducing postoperative complications(37). Excessive heat loss from anaesthetic vasodilation and excessive skin exposure to cold operating theatres is to be avoided(38). 
1.1.3 Postoperative 

1.1.3.1 Avoidance of fluid overload  A recent meta-analysis of randomised controlled trials comparing liberal and restrictive intravenous fluid regimes found that excess perioperative intravenous fluid administration resulted in a 2–3kg weight gain and increased the incidence of complications(39). Equally, the constitution of intravenous fluid given is important. Multiple randomised controlled trials have shown that crystalloids are superior to colloids for the resuscitation of the acutely shocked patient(40-42). However, heterogeneity amongst the type of crystalloids used did not identify which was superior(43-45). Following logistic regression modelling, a recent cohort study from the United States showed a direct correlation between the amount of chloride loading in more than 60,000 acutely shocked patients and mortality, thus favouring balanced crystalloids over 0.9% saline(46). Balanced crystalloids are therefore recommended for intraoperative fluid therapy. For postoperative maintenance requirements, 0.45% saline with 5% dextrose is recommended for those who are unable to tolerate oral fluid. This 
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contains 40mmol of both sodium and chloride in 1000ml and thus meets normal daily requirements of these electrolytes(47). Despite acknowledging that the amount and type of intravenous fluid administration in the perioperative period is important, recent studies still highlight difficulties in avoiding such fluid overload within contemporary ERAS protocols(48,49). Specifically, low UO may play a role as a causative factor triggering the administration of intravenous fluid to treat this oliguria. 
1.1.3.2 Urinary catheter  Urinary catheters are routinely placed for monitoring of renal function in the perioperative period. However, bedside interpretation of observations of urine output are dependent on a multitude of factors, including use of diuretics and vasoactive medications, as well as whether the fluctuations are a response to a pathophysiological insult resulting in acute kidney injury (AKI), or represent normal physiology. The exact transition from physiology to pathophysiology in specific populations remains unclear and consequently so does the threshold for instigation of treatment(50-53). Furthermore, UO monitoring via catheters is not benign with risks, including urinary tract infection and urethral strictures. Urinary catheters do have their place, specifically in patients who are at high-risk of urinary retention, i.e. patients who suffer from benign prostatic hyperplasia, or those undergoing rectal dissection who may develop postoperative bladder dysfunction.  
1.1.3.3 Early postoperative oral nutrition Despite traditional fears, early oral diet has been shown not to be associated with increased rates of anastomotic leak(11), although the risk of minor complications including vomiting may increase. Early feeding has also been shown to be beneficial with reduced hospital length of stay and complications such as wound infections(12). 
1.1.3.4 Multimodal postoperative analgesia Postoperative analgesia has changed significantly in recent years to incorporate a multimodal approach and reduce strong opiate use, known for their emetogenic effect. This approach incorporates mid-thoracic epidurals such as paracetamol, non-steroidal anti-inflammatory drugs (NSAIDs) and tramadol. Whilst NSAIDs have been shown to be superior in effect to other analgesic, their association in the postoperative period with 
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anastomotic leak has been proposed(54). However, no conclusive data currently exists, and consequently they remain an integral part of the multimodal approach.   
1.1.3.5 Prevention of nausea and vomiting Nausea and vomiting is associated with numerous pre-morbid characteristics including female sex and smoking. However, it is more associated with opiate analgesia and specifically fluid overloading in the postoperative setting which delays early mobility and nutrition(55,56).   
1.1.3.6 ERAS and urine output Current surgical and anaesthetic teaching highlights the need for a perioperative UO of 
≥0.5ml/kg/h(57,58) to pre-empt AKI. Despite this teaching, few published studies exist to support this target. In fact, the published literature suggests no association between perioperative UO and the subsequent development of AKI(52,53). However, these studies only provide low grade evidence so they neither support nor refute this target, hence urinary catheters remain to be protocol following major abdominal surgery.  Many components of contemporary ERAS protocols have potential influences on UO that may also compound perioperative UO targets. Avoidance of bowel preparation and overnight fasting avoid significant preoperative hypovolaemia. Conversely, use of epidural analgesia results in lower limb sympathectomy with venous pooling, and thus, relative hypovolaemia in the postoperative setting. This may result in hypotension with subsequent low UO either due to ANP or that a reduction in effective renal plasma below the limits of renal autoregulation, would result in a reduction in glomerular filtration rate and consequently UO. Patients with an epidural therefore often receive significant volumes of compensatory fluid infusion(59). 
1.2 ERAS, audit and research In spite of these interventions there remains room for improvement, with incidence of complications following contemporary colorectal surgery quoted between 35–55%(49,60). ERAS protocols are continually adapting to help reduce perioperative complications and improve patient outcomes, based on auditing contemporary practice(61) and incorporating robust research(13).  
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One area that current ERAS protocols have identified as requiring further investigation is the association between UO and perioperative renal function. Whilst there is a plethora of literature on perioperative renal function in the cardiothoracic population, very little has been published regarding patients undergoing major abdominal or even non-cardiothoracic population. However, before we can understand perioperative renal physiology, we must first understand both normal renal physiology and the physiology of surgery itself. 
1.3 Physiology 

1.3.1 Normal renal physiology 

1.3.1.1 Anatomy  The kidneys are extra-peritoneal organs positioned posteriorly and sub-diaphragmatically. They are made up of an outer cortex and an inner medulla. The medulla is encased by the cortex with its most medial aspect, the hilum, housing the insertion of the renal artery, vein and ureter. At the hilum, the medulla can further be divided into pyramids with multiple papillae at their tips. The papillae sit within the calyxes of the ureters, which collect urine. Both cortex and medulla predominantly consist of nephrons, collecting tubules and capillaries, responsible for the production of urine (Figure 1.1).   
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Figure 1.1. Effects on the renal tubule 

1.3.1.2 Nephron There are approximately 1,000,000 nephrons in each human kidney. The nephron comprises Bowman’s capsule, proximal convoluted tubule, the loop of Henle (both descending and ascending limbs) and distal convoluted tubule. The separation of the ascending limb and distal convoluted tubule is marked by the macular densa, a set of 



 9

specialised cells in contact with both afferent and efferent arterioles at the level of Bowman’s capsule. Bowman’s capsule, or glomerulus, is designed to filter large volumes of plasma from the afferent arterioles, through the capillary endothelium and glomerular basement membrane, past the capillary podocytes and into Bowman’s space, where it emerges into the proximal convoluted tubule. Running in parallel with the tubules are the peritubular capillaries in the cortex and the vasa densa in the medulla, formed from the efferent arterioles of the glomerulus. Their proximity to the renal tubule allows for the concentration of filtrate depending on changing physiological mechanisms throughout the body.  
1.3.1.3 Physiology The nephron is a complicated system that regulates the concentration of water and solutes in the filtrate. In basic terms, these concentrations are under the control of two mechanisms:  
1.3.1.4 Neuronal innervation The neural innervation of the kidneys is predominantly sympathetic, derived from the coeliac plexus. Its role in water and solute handling can be separated into two main mechanisms. The first mechanism is on smooth muscle in the afferent and efferent arterioles of the glomerulus. Contraction and relaxation of opposing smooth muscle in either sets of arterioles alters the blood flow through the glomerulus and thus the volume of plasma filtered. Using this myogenic mechanism, the body is able to regulate renal blood flow and glomerular filtration rate over mean arterial blood pressures between 50 and 200mmHg(62). The second mechanism is on the cells of the macula densa, releasing vasoactive substance such as renin in response to decreased arterial pressure (baroreceptors), decrease in serum sodium concentration and innervation of the sympathetic nervous system (see below). 
1.3.1.5 Hormonal innervation The kidneys are under the influence of multiple hormones: 
Renin is released from the macula densa by multiple mechanisms, but principally following sympathetic innervation. Its role is in the conversion of angiotensinogen (an 
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alpha-2-globulin produced by the liver) into angiotensin I, that is subsequently converted into angiotensin II by angiotensin converting enzyme in the lungs. Angiotensin II is a potent vasoconstrictor via its action on the arterial smooth muscle, as well acting as an anti-natriuretic, via its action on reabsorption of sodium chloride in the tubule. 
Antidiuretic hormone (ADH) or arginine vasopressor is a nonapeptide released by the pituitary gland in response to increases in plasma osmolality or by reductions in plasma volume (leading to an increase in plasma osmolality). Whilst being a potent vasoconstrictor, ADH primarily increases isolated water absorption in the distal convoluted tubule.  
Aldosterone is a steroid hormone produced by the adrenal cortex, primarily in response to an increase in circulating angiotensin II. Its main function is long-term correction of plasma sodium levels by increasing reabsorption in the collecting tubules. This mechanism is enhanced by a similar action on the collecting tubules by ADH to water. 
Natriuretic peptides act in opposition to the renal and adrenal hormones. Despite their names, both atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) are produced in the heart and are produced in response to baroreceptors in the atria responding to dilatation. They act on renal vasculature by way of relaxing the afferent arterioles to the glomerulus, thus increasing plasma volume filtered, and inhibit sodium reabsorption in the collecting tubules whilst also inhibiting the actions of the renin-angiotensin system.  By way of these processes (hormonal and neuronal), the body is able to regulate water and electrolyte balance as well as blood pressure (autoregulation). These mechanisms are excellent at retaining both water and sodium in situations of relative or absolute reduction of either. However, with the advent of intravenous fluid therapies, other states such as hypernatraemia or hyperchloraemia have become more common. In normal physiology, hypernatraemic states usually occur as a result of relative increase from dehydration and are thus easily corrected. Consequently, the body has not evolved an effective natural response to true hypernatraemia and can only correct this condition over several days(63).  
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1.3.2 Physiological response to surgery Surgery has a profound effect on normal physiology with research over the last few decades spurring on the development of certain areas within ERAS protocols. Specifically, research has focused on reducing the surgical stress response by modulation of the immune and metabolic systems.  
1.3.2.1 Immune The surgical stress response of surgical trauma increases demand on various bodily systems(64). The systematic inflammatory response syndrome (SIRS) is a normal response to a range of stressors. However, with the advent of modern health care, SIRS has been well documented as a manifestation of an exaggerated and harmful immune response. This can present clinically as haemodynamic instability, immunosuppression and respiratory instability due to increased capillary permeability to water known as acute respiratory distress syndrome (ARDS)(65). In particular, increased levels of inflammatory mediators such as interleukin 6, have been shown to be linked to surgical morbidity(66,67), which can be blunted by the use of techniques employed by ERAS protocols(68,69). In cancer surgery, there is also an increased risk of tumour recurrence due to blunting of residual disease control(70). 
1.3.2.2 Metabolic The metabolic demands of surgery are equally well documented. Surgery results in increased energy demands(71). Compounding this, there is a decrease in nitrogen balance secondary to protein breakdown from muscles(72). Whilst there is good evidence supporting poorer surgical outcomes in malnourished states(73), there is minimal literature to support this net nitrogen loss and increased morbidity. 
1.3.3 Renal pathophysiology There are multiple mechanisms by which normal physiology can be adversely affected in the acute setting. These mechanisms are collectively termed AKI. Specifically when looking at the surgical population, a significant cause of AKI is acute tubular necrosis (ATN). ATN is a well described pathophysiological process characterised by three phases: initiation, maintenance and recovery. 
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1.3.3.1 Initiation of acute tubular necrosis Initiation of ATN occurs as a consequence of the kidney’s autoregulatory mechanisms becoming inundated and subsequently overwhelmed. The resulting reduction in glomerular filtration rate (GFR) causes hypoperfusion of the tubular cells, in particular the thick ascending and proximal tubule where it is located within the relative hypoxia of the renal medulla. Ischaemia of the cells leads to a reduction of adenosine triphosphate with a consequent build-up of intracellular free radicals and destruction of the phospholipid membranes. It also interferes with active ion transport across cell membranes, leading to swelling of the cell and further disruption to intracellular mechanisms. If ischaemia persists, cells die via necrosis. Whether damaged or dead, the breakdown products of these cells leak into the tubule lumen where they cause a relative obstruction and back pressure of filtrate through the glomerulus and already damaged cells, further perpetuating ATN.  Furthermore, ischaemia leads to a reduction in production of vasoactive substances, particularly those involved with vasodilation such as prostaglandins and nitric oxide, propagating vasoconstriction and hypoperfusion. 
1.3.3.2 Maintenance of acute tubular necrosis An increase in tubular salt load from cellular dysfunction results in continued afferent arteriole vasoconstriction as controlled by the macula densa. Combined with the above mechanisms, GFR is maintained at a pathophysiologically low level. 
1.3.3.3 Recovery of acute tubular necrosis Recovery from ATN is characterised by the restoration of the epithelial cells and re-establishment of normal intracellular function. Although this diuretic mechanism is not fully understood, it may be a consequence of the resulting intravenous fluid loading prescribed for critically unwell patients who develop AKI. 
1.3.4 Perioperative renal physiology 

1.3.4.1 Historical A plethora of research has focused on blunting the surgical stress response via the optimisation of these perioperative systems, as well as the cardiovascular and 
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gastrointestinal systems. Comparatively, sparse literature exists examining perioperative effects on renal physiology.  The altered metabolism of water and electrolytes following surgery was first noted in 1905(74) by Harold Pringle, reporting his findings that ether anaesthetic resulted in oliguria within the first 30 minutes after induction, hypothesising that ether suppresses renal epithelial activity. His observations also showed that the oliguria persisted the longer the duration of anaesthesia, but could also be blunted, to some degree, by excessive intravenous fluid administration. Further studies followed, most notably by Frederick Coller in 1936(75), showing an obviation of this oliguria and avoidance of perioperative renal failure by the infusion of saline based intravenous fluids. His work and subsequent studies(76), sparked considerable interest in the field of perioperative renal physiology over the next decade, with major advances in its understanding. In 1949, Wilkinson et al showed a reduction in sodium excretion for up to six days following surgical trauma(77). Furthermore, their research revealed that the reduction was secondary to sodium reabsorption, as had been postulated by Coller’s group, rather than the traditional view that it represented a depletion in total body sodium. His group also went on to describe renal potassium excretion following gastrectomy(78).  The culmination of this era of study was the landmark paper by Lewis and Le Quesne(79) in 1952, who amalgamated the research to date. Their study of 21 surgical patients proposed a three phase model explaining the findings of previous studies. The first phase (primary water retention) showed not only a reduction in UO within the first 24 hours after surgery, but an increase in urine osmolality secondary to chloride. These are the characteristic effects of ADH resulting in water retention. The overlapping second phase (early sodium retention), showed a high urine osmolality with a low concentration of sodium that was reversed by postoperative day 1. The third phases (late sodium 

retention), starting on postoperative days 1–2, comprised a prolonged retention of sodium, not attributable to water reabsorption, resulting in further weight gain. It was these studies that underpin our understanding of perioperative renal physiology regarding both salt and water retention. Following their work, Francis Moore, cemented the idea that fluid balance, by expansion of the extracellular compartment, was primarily under the control of pituitary, cortical and renal hormones, in particular ADH(80,81). His work expanded on this oliguric phase 
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following induction of anaesthetic, secondary to an adrenergic and corticoid release, and further described a period of “brisk diuresis” at the cessation of this phase (although it would not be until 1964 when Moran junior’s group were finally able to prove this phenomenon biochemically after the development of a highly sensitive method for detecting plasma ADH(82)). In summary of his work on perioperative renal physiology, and what could be considered the cornerstone of modern perioperative fluid physiology, Moore described that diminished excretory capacity for water should be borne in mind when prescribing postoperative fluids, as efforts to increase urine volumes by large infusions resulted only in the retention of a high proportion of the administered fluid(83).  Unfortunately in the 1950s, these works were abruptly overshadowed by America’s foray into the Korean War, where large volumes of fluid resuscitation and the maintenance of high urine outputs were established as a clinical necessity for their battlefield trauma patients(84). His observation that the battlefield trauma patients with an adequate UO had a higher chance of survival, led him to suggest an arbitrary, but extremely influential recommendation that “urine output should be maintained at 30–40cc per hour”. This recommendation was soon adapted by his civilian colleagues in the emergency setting, but as the widely recommended 0.5ml/kg/h target. From here, it filtered through to the emergency surgical patient and further to the elective surgical patient. These findings were reinforced by similar clinical findings from the Vietnam War, in spite of published work identifying cases of pulmonary oedema secondary to administration of such volumes of intravenous fluids(85). These clinical data superseded the previous half century of research, imposing this new principle of liberal fluid in surgery to not only the trauma, but subsequently, the general surgical populations(86). During this period, little research was conducted into the phenomenon of perioperative water and salt retention despite the physiology being at odds with clinical practice. Compounding this, surgeons were also becoming more aware of the danger of perioperative renal failure. In one of the first cohort studies to identify this concept, Sawyer studied 100 consecutive patients who had developed perioperative acute renal failure, wisely concluding that patients who undergo major surgery need particular renal evaluation(87). Unfortunately, he also concluded that: “early identification and vigorous treatment of pre-renal oliguria significantly reduces the incidence of renal parenchymal disorders”. His observations were qualified by identifying that the patients consisted of a 
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heterogeneous group who developed severe postoperative complications including myocardial infarction and multi-organ dysfunction. By the 1970s, this work had been taken further by Fidgor who attempted to differentiate “functional” versus “organic” renal failure in the same population(88). His conclusion was that the differentiation was irrelevant, as the treatment remained the same: “we invariably start with infusions in association with Mannitol therapy, with the aim of producing abundant diuresis without delay”.  This literature dominated perioperative fluid therapy during these decades and perpetuated the need to maintain higher urine outputs in the surgical population with intravenous fluid therapy, blunting the postoperative decrease in diuresis to prophylactically treat AKI(89).  
1.3.4.2 Contemporary  Specific understanding of contemporary perioperative renal physiology remains elusive. Firstly, little is known on how the kidneys respond to anaesthesia and the surgical insult, and specifically whether UO is truly a predictor of renal injury. Secondly, what are the important causes of AKI and do they include hypoperfusion and low UO? Thirdly, how common is AKI in elective surgery? Fourthly, what are the long-term outcomes of severe AKI? Certain treatment strategies known to influence the development of renal injury are noted below. Preoperatively, suspected predispositions to renal injury should be addressed including the management of untreated hypertension, tight glycaemic control in diabetic patients and the temporary suspension of nephrotoxic medications where possible(90).  Intraoperatively, the maintenance of cardiac output in order to achieve adequate renal perfusion has been shown to reduce perioperative AKI(91). Periods of arterial hypotension reduce the net pressure driving the ultrafiltration process through the glomerulus(92). Whilst a reduction in ultrafiltration is rarely the sole cause of perioperative AKI, it is proposed as a contributing factor. Resulting tubular necrosis disrupts intracellular tight junctions leading to reduced membrane polarity, which alters the functionality of ion channels resulting in leakage of intracellular contents into the tubular lumen. This increased tubular volume leads to increased post-glomerular tubular pressure and consequently reduced GFR. This in turn activates feedback loops causing 
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vasoconstriction of the afferent glomerular arterioles, perpetuating a reduction in ultrafiltration. Unsurprisingly, intravenous volume therapy does not correct this negative feedback loop(92,93). However, there is no consensus on how strict one must be with the avoidance of hypotension. Some studies suggest that even brief episodes of mean arterial pressure (MAP) of <65mmHg are associated with the occurrence of AKI(94-96). Studies on the use of ionotropic medications and fluid volume preservation using individualised goal direction are contradictory in their results(91,97-99). Furthermore, the type of fluid used intraoperatively to support cardiac output remains controversial. Whilst some colloids, specifically synthetic starches have been associated with renal injury(100), no trial has yet to deliver a consensus as to whether one crystalloid is superior to another(101-103), although results from contemporary trials are awaited (PLUS trial)(104). It is known that 0.9% saline delivers hyperchloremic acidosis and reduced renal perfusion in healthy volunteers(105,106). With the advent of intra-abdominal laparoscopic techniques, clinicians have postulated a link between intra-abdominal hypertension and compression of the retroperitoneum resulting in reduced effective renal plasma flow(107).  Anaesthetic medications have a profound effect on peripheral vascular resistance and cardiac output, and thus effective renal plasma flow. Propofol for example, leads to profound vasodilatation with a reduction in cardiac pre-load and hence hypotension, and may be nephrotoxic in itself.  
1.4 Perioperative fluid management 

1.4.1 Historical  With the knowledge obtained from his predecessors, Bernard Zimmerman (Professor and Chairman of the Department of Surgery of the West Virginia University School of Medicine 1960–1973), proposed a perioperative fluid regime that considered the impact of surgery on normal physiology(108). On the basis of normal fluid intake and insensible losses, he concluded that volumes of a salt-free solution, based on 1400–1500ml/square meter of body surface area would be sufficient to meet the maintenance needs of a patient denied the normal route of alimentation by disease or surgery. In addition to this, intravenous fluid would be required to replace the isotonic movement of fluids within the body, i.e. peripheral oedema. Specifically, a balanced crystalloid such as Ringer’s lactate should be 
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used as it has a pH closer to that of plasma and a reduced chloride load compared to isotonic saline. 
1.4.2 Contemporary  Since his published work, the principles of perioperative intravenous fluid management have not changed. However, surgical principles such as ERAS protocols have, for example, reduced the period of time for which patients are unable to use the normal alimentary tract for hydration, thus reducing the overall fluid load received by patients. Dr Gary Minto recently published in the British Journal of Anaesthesia summarising the perils of both fluid over and underload for the surgical patient(109).  Despite this, recent studies assessing fluid status in contemporary care have highlighted that patients are still receiving large volumes and inconsistent of fluid in the postoperative period(48,49,110). From the available data, it appears as though a large portion of this extra fluid is being prescribed to treat low urine outputs in the postoperative surgical patient. This is further backed up in contemporary surgical and anaesthetic medical text books that recommend the use of 0.5ml/kg/h(57,58) in order to prophylactically treat AKI.  
1.5 Acute kidney injury 

1.5.1 Definition and incidence of acute kidney injury Acute kidney injury is a serious complication of any pathology effecting between 1–5% of all hospital patients(111-114). Within the intensive care population who develop the more severe end of the spectrum of AKI, non-cardiothoracic surgical patients constitute approximately one-third of total incidences(113). Given this proportion, our surgical population is relatively understudied as a group. The term acute kidney injury has, in recent years, replaced acute renal failure in current medical terminology. Whilst the terminology may have changed, the definition relating to an acute fall in GFR has not. However, there are a multitude of different physiological and pathophysiological changes that can result in a reduced GFR. 
1.5.2 Different aetiology and pathophysiology of acute kidney injury To better understand the pathophysiology of kidney injury, many textbooks simplify aetiology into three basic categories(58,115). 
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1.5.2.1 Pre-renal This encompasses all pathology leading to a reduction in effective renal plasma flow to the kidney below the kidney’s ability to auto-regulate and consequently a reduction in GFR. These include hypovolaemic states secondary to haemorrhage or dehydration. Reduced blood flow can also result from reduced cardiac output states secondary to, but not inclusive of, congestive heart failure and liver cirrhosis resulting in a hyperdynamic circulation, increased pre-load which over time causes right sided cardiomyopathy. 
1.5.2.2 Intrinsic This group involves damage to the kidney itself, whether glomeruli, renal tubules or interstitium. Examples include glomerular nephritis, ATN as a consequence of a rapid deterioration in GFR, and nephrotoxicity secondary to contrast or medication induced nephritis.  
1.5.2.3 Post-renal Post-renal AKI is caused by blockage to the outflow of urine from the pyramids. Common causes include renal tract calculi, benign prostatic hyperplasia or extrinsic compression of the ureters (e.g. colonic malignancy). Increased pressure in the ureter propagates back through the proximal tubule and to the glomerular capsule, reducing GFR. A persistent decrease in GFR results in a thromboxane A and angiotensin II mediated drop in renal plasma flow with resultant ischaemia to the renal tubules. In complete obstruction, this can occur over days.  
1.5.3 Problems with current acute kidney injury definitions  Whilst the aetiologies of AKI can be easily classified using this simplistic approach, the reality of defining exact causes of kidney injury are much more complex. Furthermore, our surrogate markers of renal function and health, for example reduced GFR, are also somewhat problematic. Precise measurement of GFR depends on the principle that a substance is freely excreted by the glomeruli and not secreted or absorbed(116): 

 
Figure 1.2. Glomerular filtration rate equation 
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Following detailed experiments investigating different substances that fulfilled these parameters, inulin was found to be the most reliable(117). Inulin is a polysaccharide produced mainly by the rhizomes of plants. Its unique molecular structure makes it useful in the measurement of GFR as it is freely filtered by the glomerular apparatus and is not secreted nor reabsorbed by the renal tubules. Since the 1930s, varying methodologies have been trialled with the accepted gold standard measurement of GFR being described by Cole et al(118). Unfortunately, whilst the methodology is sound, the implications to clinical practice are somewhat more cumbersome, requiring the infusion of inulin intravenously to obtain steady state over three hours. This is not only a timely exercise but a costly one. Subsequently, various approximations were put forward to circumvent these problems, allowing an estimate of GFR in attempt to make the figures quicker, cheaper and thus more clinically practical. 
1.5.3.1 Estimated glomerular filtration rates 

 
Figure 1.3. Cockcroft-Gault equation The first formula to be published was by Cockcroft and Gault in 1976. It was based on the assumption that an estimate of creatinine clearance could be used as a surrogate for estimated glomerular filtration. However, whilst creatinine is freely filtered by the glomerular apparatus, it is also reabsorbed by the distal tubule in small amounts. 

 
Figure 1.4. Modification of diet in renal disease equation The MDRD (Modification of diet in renal disease) was the next formula to be submitted in 1999 and is now the most widely used calculator for GFR(119). The most widely version incorporates four variables: age, gender, ethnicity and serum creatinine. Other variations are available which in addition utilise serum urea and albumin. One notable drawback to the MDRD is that it was not developed or validated for normal renal function, that is to say eGFR > 60ml/min/1.732(120).  

 
Figure 1.5. Chronic Kidney Disease Epidemiology Collaboration equation (CKD-EPI) 
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Most recently (2009), the CKD-EPI formula was developed to improve upon the MDRD, in particular in the “normal” renal function group whose GFR is greater than 60ml/min(121). Whilst it outperforms the MDRD overall, it remains lacking in areas including calculation for elderly and Afro-Caribbean females. All of the above formulae are however flawed, as they work on the assumption that creatinine is freely filtered, not absorbed or secreted. Creatinine is the breakdown product of phosphocreatine (found in skeletal muscle). Whilst creatinine is an excellent substitute for inulin in that it is produced by the body and is already at steady within the vasculature, it is however secreted in small amounts by the peritubular capillaries. This can change between 10–40% depending of physiological conditions that can mask significant changes in GFR leading to an overestimate of between 10–15%(119). Furthermore, creatinine based formulae do not take into account muscle mass, the main store of creatinine. Therefore, patients of a similar age but with differences in muscle mass as a result of cachexia for example, will have substantially variable estimates in their GFR.  In addition, the above estimates are only valid in steady state renal function. They are not valid in the event of rapidly deteriorating renal function such as in AKI and are only surrogates for renal function and not necessarily renal injury.  
1.5.3.2 Acute kidney injury definitions  Since the turn of the millennium, physicians have become increasingly aware of the need for a standardised definition of AKI to reflect rapid changes in GFR. However, as previously discussed, estimates using these formulae are unreliable for this population. In recent years, a number of grading systems have been put forward in an attempt to better define and identify patients at risk of the sequelae of AKI (Tables 1.1, 1.2, Figure 1.6).  
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Stage Serum creatinine criteria Urine output criteria 
1 Increase ≥26.4µmol/L (0.3mg/dl) OR to 150–200% of baseline <0.5ml/kg/h for >6 hours 
2 Increase of 200–300% of baseline  <0.5ml/kg/h for >12 hours 
3 Increase of >300% of baseline  OR ≥354µmol/L (4.0mg/dl) WITH an acute rise of ≥44µmol/L (0.5mg/dl) 

<0.3ml/kg/h for 24 hours OR Anuria for 12 hours 
Only one criterion (creatinine or UO) needs to be fulfilled to qualify for any stage. *Patients who receive renal replacement therapy (RRT) are considered to have met stage 3, irrespective of stage that they are in at the time of commencement of RRT.  
Table 1.1. Acute Kidney Injury Network Criteria (AKIN)
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Figure 1.6. Risk, Injury, Failure, Loss, End-Stage (RIFLE) 

 UO < 0.5ml/kg/h x 6 hours 
 Increase creatinine x 1.5 OR GFR decrease >25% 

 UO <0.5ml/k/h x 12 hours 

 Increase creatinine x 2 OR GFR decrease >50% 

Increase creatinine x 3 OR GFR decrease >75% OR  Creatinine ≥ 4mg/100ml  (acute rise of ≥0.5mg/dl) 

UO <0.3ml/kg/h x 24 hours  OR Anuria x 12 hours 

 Persistent ARF = complete loss of renal function > 4 weeks 

 End-stage renal disease 

GFR criteria Urine output criteria 
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Stage Serum creatinine  Urine output criteria 
1 1.5–1.9 times baseline OR  ≥26µmol/L (≥3.0mg/dl) increase  <0.5ml/kg/h for 6–12 hours 
2 2–2.9 times baseline <0.5ml/kg/h for ≥12 hours 
3 

3.0 times baseline  OR ≥354µmol/L (≥4.0mg/dl) increase OR  Initiation of RRT OR Decrease in eGFR <35ml/min/1.732 
<0.3ml/kg/h for ≥ 12 hours OR Anuria for ≥ 12 hours 

Table 1.2. Kidney, Disease: Improving Global Outcomes (KDIGO) All three highlighted criteria are variations on the same theme—a rise in serum creatinine or decrease in UO indicates at-risk patients. However, falling UO is also a physiological response to correcting haemodynamic derangements(122), which includes patients undergoing intravenous fluid therapies—a vast proportion of the in-hospital population. Urine outputs are also not uniformly measured due to differing equipment and protocols within individual organisations, leading to potential bias. Furthermore, as highlighted earlier, changes in creatinine can be unreliable depending on patient demographics and are thus not validated in the setting of an acute reduction in glomerular filtration. At present, these criteria are the gold standard for the diagnosis of AKI, because of the accessibility of laboratory testing for creatinine and the ease of UO measurements. However, newer biomarkers of AKI are being developed, in an attempt to identify specific types of AKI and at an earlier stage. 
1.5.4 Different proposed novel biomarkers of acute kidney injury 

1.5.4.1 Cystatin C Serum cystatin C is a protein produced by nucleated cells. It is freely filtered by the glomerular capsule and is almost completely reabsorbed in the proximal tubule where it is completely catabolised(123) (Figure 1.7).
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Figure 1.7. Cystatin C 
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In renal injury, less protein is filtered through the glomerulus but furthermore, less is reabsorbed by the proximal tubule leading to an increase in both plasma and urinary concentrations. Given these characteristics, cystatin C is therefore a more reliable marker of estimated GFR than creatinine as it is unaffected by the drawbacks previously described. It has also been validated in a number of clinical settings including cardiac surgery, transplant and contrast induced nephropathy, and a systematic review of 24 papers as far back as 2002(124) showed it to be statistically superior to creatinine as a marker of impaired GFR. 
1.5.4.2 Neutrophil gelatinase-associated lipocalin Neutrophil gelatinase-associated lipocalin (NGAL) is a lipocalin protein that was initially found in activated neutrophils, whose proposed action is that of a tubular iron scavenger and growth factor. It has subsequently been found to be excreted by various other cells in response to cell injury including those within the renal tubules. It was discovered using functional genomics and is thought to play a part in the bacteriostatic mechanisms of the tubules and as an antioxidant(123) (Figure 1.8). Of all of the novel biomarkers of renal injury, NGAL has been the most thoroughly investigated. It has been validated in multiple clinical settings including but not exclusively to cardiac surgery (both adult(125) and paediatric(126)), intensive care(127), transplant(128) and chronic renal impairment(129). Several cut-off levels have been prosed for different clinical scenarios: >273.6ng/ml for cardiac surgical patients, >155ng/ml for critically ill patients and >25ng/ml for trauma patients, although a recent meta-analysis of 65,000 pooled patients have suggested an general cut-off of >150ng/ml(130). 
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Figure 1.8. Neutrophil gelatinase-associated lipocalin 

proximal tubule membrane 

NGAL 

siderophore 

iron 
megalin 

ferroportin endosome 

NGAL receptor 

ferroportin 

endosome 

NGAL receptor 

megalin 

hepcidin 



 27 

1.5.4.3 Kidney injury module 1 Kidney injury molecule 1 is a glycoprotein that is only up-regulated and expressed in the proximal tubules following ischaemic or nephrotoxic injury. In a number of cross-sectional studies, it was able to differentiate between pre and post-renal renal injury(131,132). The ectodomain of the molecule, the extent of the membrane proteins into the extracellular space, is shed following up-regulation and is therefore detectible in urine. As with the other biomarkers, it is not produced by the healthy kidney, therefore its use is only in the detection of established AKI and thus has no pre-injury predictive value. 
1.5.4.4 Liver type fatty acid binding protein Liver type fatty acid binding protein (L-FAMP) is produced by multiple organs; however its role is thought to be the same. The main roles include cellular uptake of free fatty acids from plasma as well as up-regulation of intracellular fatty acid metabolism. L-FABP helps to attenuate the build-up of free fatty acids, that are easily oxidised and can perpetuate cellular damage(133). Ergo, measurements of L-FABP may be useful in tissue injury secondary to oxidative stress. Furthermore, given its small size, it is freely filtered by the glomerulus and, like cystatin C, reabsorbed by the proximal tubule. This is useful for detecting tubular injury of any aetiology as there is a reduction in resorption by the proximal tubule and thus an increased urinary excretion(134). Whilst the majority of studies of L-FABP are laboratory or animal based, it has been tested in a number of clinical settings including diabetic nephropathy(135). However, this may limit its applicability in the setting of acute injury on a baseline of chronic diabetic induced nephropathy(136). 
1.5.4.5 Interleukin 8 Interleukin 8 (IL8) is a pro-inflammatory cytokine which is a known mediator of acute tubular injury in experimental and animal models(137). It outperforms L-FABP in that it is induced and cleaved in the proximal tubule and is subsequently not raised in the setting of pre-renal, post-renal kidney injury or chronic renal impairment(138). Whilst it has also been validated in a number of clinical settings such as cardiac and transplant surgery(139), it showed low sensitivity in the paediatric population(140). 
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1.5.4.6 Tissue inhibitor of metalloproteinase-2/insulin-like growth factor binding 
protein 7 Tissue inhibitor of metalloproteinase-2 (TIMP-2) and insulin-like growth factor binding protein 7 (IGFBP7) are both inducers of cell cycle arrest at the G1 phase of the cell cycle. In renal injury from ischaemia or inflammation, tubular cells arrest at the G1 phase in order to prevent cell division and subsequent apoptosis. Accumulation in the urine has been shown to be diagnostic of AKI whilst increasing amounts may be predictive of worsening grades of AKI(141). Specifically IGFBP7/TIMP2 have been investigated in the general surgical population, although only in one study comprising 107 patients(142). 

1.6 Summary Acute kidney injury is a common occurrence in the surgical population and a clinically and economically important problem for the surgical patient. Its occurrence is multifactorial and remains ill understood by this population. Compounding this is the heterogeneity in its definition. Specifically, UO as a marker of AKI in specific populations may not be as relevant to the surgical patient compared to the critically ill patient, and as such, specific appraisal using novel biomarkers may be of benefit to further understand perioperative AKI. However, most novel biomarkers have only been used to demonstrate the occurrence of AKI at earlier time-points when compared to creatinine, and not been integrated into models with other surrogate markers of renal function to improve clinical outcomes. This has limited their use in clinical practice despite being widely available in a number of regions worldwide(143). 
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Chapter 2 – Thesis objectives  The introduction provided a brief overview of the historical basis for contemporary perioperative fluid management. It also highlighted the current flaws in the management of perioperative AKI, specifically relating to how it is currently defined using surrogate clinical and biochemical markers of renal function, and how this is treated with increasing volumes of intravenous fluid. As such, this thesis aims to answer the following specific questions to identify the scale and severity of the problem of perioperative AKI, the magnitude of intravenous treatments that are currently used to treat it and whether a different paradigm can be implemented to better manage this in the perioperative period: 1. Within the available literature, what is the actual incidence of perioperative AKI within the non-cardiothoracic, non-vascular, non-urological and non-transplant populations, and are there any associated risk factors that correlate with its development? 2. Given the unknown clinical consequences of mild biochemical AKI, using a clinical marker in its severest form, what is the incidence of AKI requiring RRT and what are its consequences regarding mortality and morbidity in this population?  3. We currently use UO as a surrogate marker of renal function and thus AKI in the perioperative period. However, how common is low UO in the perioperative period, what is its association with the development of AKI as defined by contemporary criteria and how much intravenous fluid is prescribed to treat it? 4. With the availability of newer biomarkers of AKI, can we ascertain whether perioperative UO is related to the occurrence of subsequent AKI? If it is not, what are its underlying mechanisms and can we redefine our UO targets to reduce the potential complications associated with fluid administration when treating it?  These questions will be answered using multiple methodologies to review, amalgamate, appraise and synthesise the current available literature. Chapter 3 consists of a systematic literature review. The review will be undertaken to assess the incidence of AKI in the non-cardiothoracic, non-vascular, non-urological and non-transplant elective surgical population. Furthermore, risk factors for its development will be identified and analysed, and specifically whether UO has been identified as a predictor of perioperative AKI. To achieve this, the contemporary literature will be 
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searched to identify any patient centred or operative risk factors that have been demonstrated to have an impact on the incidence of perioperative AKI. Chapter 4 consists of a national retrospective study of New Zealand intensive care units (ICUs) and aims to highlight the importance of avoiding severe AKI in the perioperative period. The specific study aims were to identify the incidence of patients within the thesis study population who developed severe AKI and who were clinically defined as requiring RRT, and to obtain data on their outcomes with respect to AKI. Furthermore, mortality rates, changes in long-term GFRs along with basic demographic data were collated to aid in the prediction of these complications. Chapter 5 presents a retrospective review of prospectively collected data at the North Shore Hospital in Auckland. The study population included surgical patients undergoing elective colorectal surgery within an ERAS protocol with the aim of identifying the incidence of both perioperative oliguria and whether it had any association with the development of perioperative AKI. This highlighted the problem we faced with the traditional definition of oliguria as well as aiding in the design and power calculation of the planned randomised controlled trial. Chapter 6 presents a randomised controlled non-inferiority study powered to test the hypothesis that perioperative UO is not correlated with the development of perioperative AKI. Patients were randomised to receive boluses of Plasma-Lyte 148® ™ (PL148) to bolster UO if it fell below the contemporary target of 0.5ml/kg/h or the trial target of 0.2ml/kg/h. Validated biomarkers of renal injury were used to define the occurrence of AKI. Furthermore, this study investigates a number of physiological mechanisms that may explain the occurrence of oliguria in the perioperative period and whether this is associated with the development of AKI. The results from these studies will be collated and summarised in Chapters 7 and 8, with a view to recommendations concerning how current perioperative care can be modified to reduce the incidence of AKI and how modifications in the treatment of perioperative UO may result in the reduction of overall complications.  Hypotheses generated by the preceding chapters are explored in Chapter 9 as to potential future directions for research to clarify or progress the findings of this thesis.  
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Chapter 3 – Acute kidney injury in the elective non-
cardiovascular patients: A systematic literature review  

3.1 Introduction  Acute kidney injury is common, with a quoted incidence in the literature between 1–7% across all hospitalised patients(114,144,145). Furthermore, it has been well described that surgery is the leading cause of in-hospital AKI, representing 18–47% of all documented episodes(146).  However, until recently a lack of a unified definition of AKI has confounded these results. Groups such as the Acute Kidney Injury Network (AKIN)(112), Risk, Injury, and Failure; and Loss; and End-stage kidney disease (RIFLE)(112) and the Kidney Disease Improving Global Outcomes (KDIGO)(147) have sought to standardise our definition of AKI, allowing for more accurate assessments of AKI. Subsequently, a recent meta-analysis of global AKI found a pooled incidence of 21.6% in the adult in-patient population regardless of admission diagnosis(148). Given that AKI is independently associated with increases in hospital mortality(145,149), morbidity(113), length of hospital stay(150) and cost (£434million/year in the UK)(151), it is imperative to identify at-risk patients to reduce such adverse outcomes.  There is currently a plethora of research looking at the association of AKI in cardiovascular surgery(152,153). However, sparse literature exists examining the non-cardiovascular population. A recent review of the management of patients at-risk of AKI identified 22 papers of which only two were in the general surgical or orthopaedic populations(154). In 2012, general surgical and orthopaedic operations constituted approximately 50% of all operations performed in the UK, and improving outcomes in these non-cardiovascular specialties is paramount.  
3.2 Study objectives This study aimed to conduct a systematic review of the literature to determine the incidence of AKI in the elective, non-cardiovascular surgical population, along with important potential risk factors for the development of AKI in this population.   
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3.3 Methods 

3.3.1 PRISMA A systematic literature review was performed and reported in accordance with the Preferred Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines(155).  
3.3.2 Eligibility criteria  All papers reporting renal outcomes in elective, adult (age > 16 years), non-cardiovascular surgery were eligible for this review. To reflect contemporary perioperative care, only papers from 1995 or later were included, and there were no language restrictions. Unpublished literature was eligible and to minimise bias, conference proceedings and dissertations were actively searched through.  Studies relating to cardiothoracic, vascular, transplant and urological surgeries were excluded due to known or perceived influences on renal function. Furthermore, studies incorporating all surgical specialties were only included if data could be subdivided to identify eligible procedures. The minimum data set required for outcomes was: definition of AKI, overall incidence of AKI, and risk factor predictors.  
3.3.3 Information sources, search terms and data extraction Databases (MEDLINE, the Cochrane Library, Embase and CINHAL) were searched electronically. Furthermore, relevant articles were manually searched, using reference lists to identify relevant articles. Bibliographies of publications and electronically available abstracts from recent (five years or later) major conferences including the Royal Australasian College of Surgeons Annual Scientific Congress (RACS ASC), International Surgical Week (ISW), the American College of Surgeons Clinical Congress (ACS), the American Society of Anaesthesiologists (ASA) annual meetings and the Australasian Society of Anaesthetists (AuSA) National Scientific Congresses were hand searched. All sources were last searched in February 2017.  For the database searches, Boolean operators (AND/OR functions) were used to combine database specific indexed headings in conjunction with specific “keywords”. Various combinations of the following search terms were used: “acute renal failure” OR “acute kidney injury” OR “renal dysfunction” AND “perioperative period” “postoperative period” 
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AND “surgery”. The PubMed search engine was utilised with its ability to use automatic expansion of entered terms into relevant keywords, medical subject headings terms as well as related citation functions. Electronic and manual screening of relevant abstracts was independently completed by two reviewers (Jevon Puckett [JP] and Rebecca Jaung [RJ]), with differences settled by consensus with a third author (Ian Bissett). Duplicates were removed with the remaining full-text reports of screened abstracts assessed for eligibility (JP) and data was independently extracted on a predetermined data sheet (JP and RJ). Exact data extraction included: 1) study publication details, 2) surgical specialty, 3) number of patients, 4) definition of AKI, 5) incidence of AKI, and 6) significant predictors, with levels of significance and odds ratios. Each study identified was assessed for quality using the Oxford Grading System(156). 
3.3.4 Study analysis Multiple risk factors were investigated via univariate analysis throughout all 20 studies identified in this review. Positive risk factors identified on univariate analysis were then subsequently put into a logistic regression model. Factors that were investigated fewer than three times were excluded from the analysis as interpretation of a minimal data set would lead to bias. Overall incidence of AKI was calculated on the basis of weighting by study size: (Individual incidence of AKI x Study Population) / Total pooled population 
3.3.5 Primary and secondary endpoints  Primary endpoints of this review were identified risk factors (along with odds ratios) for the development of AKI in the elective non-cardiovascular surgical patient. The secondary endpoint was the incidence of AKI following non-cardiovascular surgery. 
3.4 Results The initial search yielded 2,257 abstracts from database and manual searches, with no unpublished studies identified. After screening of titles and abstracts, duplicates from both reviewers were removed identifying 47 relevant studies for which the full-text was assessed (Figure 3.1). A further 27 studies were excluded on the basis of either containing emergent alongside elective populations, where the data could not be separated (n=10), 



 34 

for including an excluded population (n=10), for being management reviews (n=3) or not relevant (n=4). Although authors of combined emergent and elective populations were contacted in an attempt to gain access to the raw data, none were obtained. There were no disagreements between authors at any stage requiring mediation from the senior author. Twenty relevant studies met the remaining and minimum data set and were subsequently included in this systematic review (Table 3.1)(157-176). 

 
Figure 3.1. Eligibility of studies 

3.4.1 Studies Of the 20 studies, all had a retrospective analytical design, although in four, the data were collected prospectively. Nineteen were published in English language journals with one published in French which was translated. Nineteen papers were published in journals and one was a conference presentation. Three of the 20 studies analysed risk factors for the development of AKI using only a univariate methodology, while the remainder used both univariate and logistic regression. Eighteen studies were single-centre studies, with the remaining two having 450 patients split over two sites(167) and 1,170 over three sites(176) (Table 3.1).  
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Study Population Centres Study design AKI definition AKI incidence (%) Abdullah 1,230 1 Retrospective KDIGO 2.9 Aveline 755 1 Prospective Observational eGFR 32.7 Biteker 1,200 1 Prospective RIFLE 6.7 Kim 4,718 1 Retrospective KDIGO 14.8 Lee 595 1 Retrospective AKIN 35.3 Naik 726 1 Retrospective RIFLE 3.9 Sehgal 627 1 Retrospective AKIN 21.9 Sharma 1,800 1 Retrospective Creatinine – Absolute 2.8 Slankamenac 569 1 Prospective RIFLE 15.1 Tateda 67 1 Retrospective AKIN 13.4 Teixeira 450 2 Retrospective KDIGO 22.4 Thakar 491 1 Retrospective Creatinine – Relative 8.6 
Weingarten 1,191 1 Retrospective Case Matched Creatinine – Absolute 5.8 Weingarten 9,171 1 Retrospective AKIN 1.8 Zhang 536 1 Retrospective Creatinine – Relative  6.9 Long 6,287 1 Retrospective KDIGO 4.2 Kim 1,309 1 Retrospective KDIGO 4.4 Kambakamba 829 1 Retrospective AKIN 8.2 Bekelis 19,894 1 Retrospective – 1.5 Squires 1,170 3 Retrospective Creatinine – Absolute 3 

Table 3.1. Eligible studies 

3.4.2 Assessment of methodology Included studies were assessed using a quality assessment tool adapted from Taylor et al(177) aimed at evaluating confounding, selection bias, performance bias, detection bias, publication bias and applicability (Table 3.2). Each study was given a score out of a maximum of nine (Table 3.3). 
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Quality assessment criteria Score  0 1 2 Was the study prospective? No/NS Yes  Were the patients consecutive? No/NS Yes  Was the study multi-centre in design? No/NS Yes  Were appropriate inclusion/exclusion criteria stated? No/NS Yes  Was appropriate modelling used to assess the data? No/NS Yes  Was a validated definition of AKI used? No/NS Yes  Were multiple surgical populations studied? No/NS Yes  Were the number of patients studied sufficient? <100 100–999 >1000 NS = Not stated(13) 
Table 3.2. Quality assessment criteria   
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Author Prospective Consecutive Multi-centre Selection bias Performance bias Detection bias Number of patients Population Score (9) 
Biteker 1 1 0 1 1 1 2 1 8 Long 0 1 0 1 1 1 2 1 7 Kim 0 1 0 1 1 1 2 0 6 Slankemenac 1 1 0 1 1 1 1 0 6 Teixeira 0 1 0 1 1 1 1 1 6 Weingarten 0 1 0 1 1 1 2 0 6 Kim_HJ 0 1 0 1 1 1 2 0 6 Abdullah 0 1 0 0 1 1 2 0 5 Lee 0 1 0 1 1 1 1 0 5 Weingarten 1 0 0 1 1 0 2 0 5 Kambakamba 0 1 0 1 1 1 1 0 5 Aveline 1 1 0 1 0 0 1 0 4 Naik 0 1 0 0 1 1 1 0 4 Squires 0 1 1 0 1 0 1 0 4 Sehgal 0 1 0 0 0 1 1 0 3 Sharma 0 1 0 0 0 0 2 0 3 Thakar 0 1 0 0 1 0 1 0 3 Bekelis 0 1 0 0 0 0 2 0 3 Zhang 0 1 0 0 0 0 1 0 2 Tateda 0 0 0 0 0 1 0 0 1 

Table 3.3. Quality assessment results
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3.4.3 Incidence of acute kidney injury The overall incidence of AKI was 5.07% ± 1.52 (SEM), however it varied considerably between different types of surgery: oesophageal (35.3%) and gastric surgery (14.0% ± 2.39 (SEM)) had the highest incidence of reported AKI, followed by liver (7.5% ± 2.74(SEM)) and abdominal surgery (5.4% ± 4.54 (SEM)). However, definitions for the development of postoperative AKI varied significantly between the papers and were divided into four main categories for ease of analysis:  1. Acute Kidney Injury Network criteria (AKIN) 2. Kidney Disease, Improving Global Outcome criteria (KDIGO) 3. Risk, Injury, Failure, Loss, End-stage renal disease (RIFLE)  4. A decrease in estimated GFR (<60ml/min/1.732) KDIGO was the most common definition used to identify AKI, being used in five of the twenty studies encompassing 13,944 (25%) of the pooled population. However, the actual incidence of AKI varied depending on the definition used and was calculated based on weighting by study size. When used, KDIGO diagnosed AKI in 8.26% ± 2.84(SEM) compared to RIFLE; 7.80% ± 2.93(SEM) and AKIN; 5.22% ± 4.29(SEM)(Figure 3.2). 

 
Figure 3.2. Incidence of acute kidney injury 
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3.4.4 Risk factor for acute kidney injury The papers varied from small (67) to large numbers of participants (19,894) covering a range of specialties, with a total number of 53,615 pooled patients. Of these, neurosurgical, orthopaedic and abdominal surgeries constituted the majority of the overall population with 19,894, 11,862 and 6,737 patients studied respectively. The mean pooled age of patients was 61.8 years with a male to female ratio of 54:46. The majority of studies (53%) excluded patients with severe or end-stage renal failure using various definitions, but most commonly because of patients requiring preoperative renal dialysis.  Three of the 20 studies included in this review used univariate analysis to identify risk factors(162,163,166). Using these risk factors in conjunction with the multivariate analyses, a table was created to identify how frequently each factor was identified, whether it was positively or negatively related to the incidence of AKI and the significance of the finding (Table 3.4). 
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Risk factor Risk identified Risk not identified Total % of studies where risk identified Odds ratio Revised coronary risk index 4 0 4 100 1.59–1.9 Increasing BMI 7 1 8 87.5 1.03–1.81 Angiotensin converting enzyme inhibitor 4 1 5 80 1.35–6.824 Albumin 3 1 4 75 0.52–1.9 Renal impairment  8 5 13 61.5 2.63–13.35* Age (increased)  11 7 18 61.1 1.02–2.59* ASA physical status 3 2 5 60 1.1–9.48* Diabetes  7 6 13 53.8 1.5–3.12* Transfusion 3 3 6 50 1.72–3.3* Hyperlipidaemia 2 3 5 40 0.86–2.74* Hypertension 4 7 11 36.4 0.83–2.37* Gender (male) 4 8 12 33.3 0.68–1.75* Diuretics 2 3 5 25 2.39–16.42 Vasopressors 1 4 5 20 1.1–1.87* Duration of surgery/anaesthesia (increased) 1 5 6 16.7 0.9–1.14* Chronic obstructive pulmonary disease 1 5 6 16.7 0.87–1.64* Congestive cardiac failure 1 6 7 14.3 0.41–1.84* 
Table 3.4. Summary of risk factors
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3.4.5 Demographic Demographic risk factors for the development of AKI were the most commonly investigated factors. Age was analysed as a possible risk factor in 18 studies with 11 (60%) finding increasing age to be a risk and seven finding no association with age. Gender was analysed in 12 of the studies with only four (33%) finding a positive correlation between male gender and the development of AKI.  
3.4.6 Comorbidities Of the comorbidities studied, hypertension (11), diabetes (13), pre-existing renal impairment (9) and BMI (Body mass index) (8) were the most commonly investigated factors. Presence of hypertension did not appear to be significantly correlated with the development of AKI, with only four (36%) of the 11 studies yielding a positive predictive result. In 54% of studies, the presence of diabetes came out as a positive predictor of AKI. Preoperative renal insufficiency would clinically appear to be a relevant risk factor, however only four (44%) of the nine studies that incorporated it into their multivariate analysis found that it was a predictive risk factor for AKI. BMI was investigated by eight studies with all bar one study finding increasing BMI to be a positive predictive risk factor for the development of AKI.  Neither congestive cardiac failure (CCF), hyperlipidaemia nor chronic obstructive pulmonary disease (COPD) fared well as positive predictors in this review. On balance, each factor was only studied in seven, five and six papers respectively out of 20.  Preoperative albumin was analysed as a risk factor in only four of the 20 studies, for which it was found to be a positive predictor in three out of four. However, the primary outcome of one paper(172) was to specifically assess the association of postoperative albumin on the development of AKI as opposed to the remaining three that studied preoperative albumin. As a general marker of pre-morbid status, incorporating the most significant comorbidities, the revised coronary risk index (RCRI)(178) and the American Society of Anaesthetists (ASA)(179) were also evaluated by four and five of the 20 studies respectively. Increased RCRI score came out positive in all four compared to the increased ASA, which was only positive as a predictor in three out of the five studies.  
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3.4.7 Perioperative medication  Three specific categories of medications were identified for discussion from the collective 20 papers: use of angiotensin converting enzyme inhibitors (ACE), diuretics and perioperative vasopressors. Whilst each category was only identified in five of the 20 studies, the results were stark. Vasopressor use was only identified as a positive predictor of postoperative AKI in one of the five studies in which it was evaluated compared to ACE inhibitors, which were found to be a positive predictor in four out of five of the studies. Perioperative diuretic use lay in-between, being a predictor in only 40% of the five studies.  
3.4.8 Perioperative factors  Only two intraoperative factors were evaluated within these 20 studies: Duration of surgery/anaesthesia and transfusion (six studies). Whilst duration of surgery was analysed in six of the 20 studies, only one study found increasing duration to be a positive predictor. Perioperative transfusions were also analysed in six of the 20 studies with 50% of studies finding an association with increasing number of transfusions and the development of AKI.  
3.5 Discussion In this systematic literature review of the elective, non-cardiovascular, non-transplant and non-urological surgical population, we found an overall incidence of AKI of 5.07% ± 1.52 (SEM). However, there was considerable heterogeneity between definitions of AKI leading to a large range between quoted incidences, thus making interpretation of the results challenging.  Studies were searched using a well-recognised search protocol (PRISMA) and appraised with a quality assessment tool. Risk factors were evaluated on the number of times they were studied and their percentage positivity in conjunction with the resulting odds ratios and confidence intervals. This study identified the following factors to be most likely to be associated with an increased risk of developing AKI in the perioperative period: RCRI/ASA, BMI, use of ACE inhibitor and pre-existing renal failure. Number of transfusions, perioperative serum albumin, diabetes and increasing age may afford an increased risk, whereas hypertension, CHF, COPD, hyperlipidaemia, gender, duration of surgery/anaesthesia and use of perioperative vasopressors or diuretics do not appear to 
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do so. Regarding the risk factors specifically identified in this review, a number require further discussion as being relevant as potentially modifiable factors. 
3.5.1 Increased risk factors Seven of the eight studies assessing BMI found it to be a significant risk factor for the development of perioperative AKI with odds ratios ranging from 1.03–1.81, however definitions for increased BMI varied considerably. This represented a large pooled population of 15,014, although was not examined by the two highest quality studies(159,173). It is clear that despite the heterogeneity in defining a cut-off for BMI, that increasing BMI is a positive risk factor and therefore even modest reductions in weight may help obviate this risk. As with BMI, the use of ACE inhibitors was found to be a significant risk factor in four of the five studies in which it was investigated with odds ratios ranging from 1.35–6.824. These studies represented a pooled population of 5,421. Given that the use of ACE inhibitors is a binary variable and the quoted p values of ≤0.02, it follows that avoidance of perioperative use represents an easily modifiable and significant risk factor for the development of AKI. However, whilst a proportion of patients may be unable to withhold their ACE inhibitor for the duration of the perioperative period, no evidence exists to define the length of time required to stop these preoperatively in order to counteract this risk. Pre-existing renal impairment was investigated in 13 of the studies with eight of the thirteen finding it to be a significant risk factor for the development of AKI with odds ratios ranging from 2.6–13.4. This variable also represented a large pooled population of 44,477. Despite the availability of a well-recognised staging system for chronic renal impairment, cut-offs for pre-existing renal impairment varied considerably from stages 2–5 (Table 3.5). 
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Stage eGFR (ml/min/1.732) Description 1 ≥90 Normal kidney function but urine, findings, structural abnormalities or genetic traits pointing to kidney disease 2 60–89 Mildly reduced kidney function and other findings (as for stage 1) that point to kidney disease 3a 45–59 Moderately reduced kidney function 3b 30–44 Moderately reduced kidney function 4 15–29 Severely reduced kidney function 5 <15 of dialysis Very severe or end-stage kidney failure (sometimes called established renal failure) 
Table 3.5. Chronic renal failure criteria However, in the two largest study populations that investigated renal impairment(173,175), even stage 2 chronic kidney disease was identified as a risk factor for AKI (with p values ≤0.003). Whilst it is clearly a significant risk factor, pre-existing renal impairment is not easily modifiable and as such can only be noted in the preoperative assessment with a view to close perioperative monitoring for the development of AKI. Preoperative functional status was assessed by both the RCRI and ASA scores and identified as a significant risk factor for the development of perioperative AKI in four of four studies and three of five studies respectively. The two studies of highest quality(159,173) were among those that analysed RCRI and ASA scores and found a significant relationship. The pooled population represented 8,692 and 9,702 respectively. Whilst a clear positive predictor of the development of perioperative AKI, both scores incorporate comorbidities including diabetes which have been studied in isolation in this review. Furthermore, the RCRI includes high-risk surgery defined as intra-thoracic and supra-inguinal vascular as well as intraperitoneal, two of which were excluded in the scope of this review. However, it follows that pre-morbid functional status is a significant predictor for development of AKI so efforts to optimise this in the preoperative period should be considered. 
3.5.2 Potential risks factors The presence of medically treated diabetes is likely to predict the development of AKI. Of the 13 studies that assessed this, seven showed a significant correlation with postoperative AKI and included those with a higher quality score including the three of the largest populations(159,169,170). The pooled population for diabetes was 45,621 
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with odds ratios for the development of AKI varying from 1.5–3.2 in these larger studies. Given the limited studies identified by this systematic literature review, the correlation between the development of AKI with increasing severity of diabetes (medically controlled versus insulin dependent) could not be elicited. With the clear links between diabetes and obesity(180), it follows that diabetes is a modifiable risk factor with preoperative diet and weight loss. Eleven of the 18 studies that considered age found it to be a statistically significant predictor of AKI in the univariate analysis. When this was incorporated in logistic regression (or multivariate) regression, only two of these remained significant with a pooled population of 3,000 patients. Similar problems arose as with BMI and pre-existing renal insufficiency, in that no consensus on cut-off of age was proposed between the studies. This factor is also not amenable to improvement perioperatively, and could consequently only be highlighted in the perioperative assessment for increased perioperative monitoring.  Number of transfusions was a positive predictor in three of the six studies’ odds ratios of 1.72–3.3. Although minimising transfusion may reduce the risk of AKI, transfusion may merely be a surrogate for other important risk factors such as intraoperative complications.  Of the four studies that considered plasma albumin levels, three found a significant correlation between low albumin and AKI, however, the best quality study did not find this(159). Where positive, the odds ratios were modest (1.4–1.92), but given albumin can also be used as a surrogate marker for multiple physiological and pathophysiological processes, including sepsis and nutritional, it is difficult to interpret its significance.  Gender was studied by 12 authors and found to be a positive predictor for the development of AKI in only four. Interestingly, all of the four positive studies found that male gender was associated with an increased risk of developing AKI, suggesting that this may represent a true correlation.  
3.5.3 Unlikely risk factors Hypertension was found to not correlate with the development of AKI in seven of the 11 studies that investigated it, with the best quality studies having conflicting results. The 
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criteria for diagnosis of hypertension differed in all 11 studies and this may confound the interpretation of these findings. CCF and COPD were found to be positive predictors of the development of AKI in only one from six and seven studies respectively. The largest and best quality studies did not find a significant correlation; therefore, it appears these are unlikely to be important risk factors for AKI. Hyperlipidaemia is unlikely to be a positive predictor for AKI as the two of the five studies assessing this that found a positive correlation were both of the poorest quality of assessment and included some of the smallest populations(168,171).  Only two perioperative factors were identified in this review: duration of surgery/anaesthesia and perioperative medication use. Duration of surgery was found to be a positive predictor in only one of the six studies that evaluated this, and was from the poorest performing study on qualitative assessment.  Perioperative medications including vasopressors and diuretics were investigated in five of the studies and only found to be associated with the development of AKI in one and two of these respectively. Kim et al(160) investigated 4,718 gastric cancer patients and found both vasopressors and perioperative diuretic use associated with AKI (odds ratios 2.39 and 1.87), however, the remaining studies contradicted this finding and were of similar quality. A more recent orthopaedic study found that intraoperative diuretics were statistically associated with AKI(172), however, the numbers requiring intervention were 11 from 1,309. 
3.6 Limitations AKI is a difficult outcome to study, as despite multiple international committees and copious research, no one unified method exists for its diagnosis. There was significant heterogeneity in the definitions used between all 20 studies, with the incidence of AKI varying between definitions: eGFR <60ml/min/1.732 (32.0%) to AKIN (4.62%). Furthermore, AKI was diagnosed by one of the three recognised contemporary criteria (albeit with minor alterations) in only 52% of the patients studied (27,778). However, Bekelis et al(175) whose cohort represents the largest of all the studies (19,894) did not define AKI. Therefore if excluded, the percentage of patients developing AKI using a recognised criterion increases to over 80%. In addition, different grades of AKI exist 
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depending on whether you use the RIFLE, AKIN or KDIGO classifications. Whilst all criteria define AKI based on the abrupt change in renal function (over 48 hours) from baseline, within each criteria there are also discrepancies in the definition of “baseline”(181); some assume any preoperative plasma creatinine to constitute baseline(182), whereas others define it as the lowest in-hospital recorded plasma creatinine(114), lowest of the first three in-hospital plasma creatinines(145), or, in the case of the perioperative population, the plasma creatinine immediately preceding surgery(183). Consequently, when studying risk factors for its development in reviews such as this, caution must be taken with the interpretation of the results. Study sizes also varied considerably (67–19,894) and in a number of studies, too many independent variables were used for the size of their respective populations, risking over-fitting of the subsequent logistic regression models.  The study populations could also be considered to be significantly different, including spinal, oesophageal, gastric, abdominal, neurosurgical, general orthopaedic and bariatric surgery. However, an inadequate number of studies exists to specifically target each individual specialty with enough power for comparison of predictive risk factors. In other specialties, specific risk factors do exist which are known to risk the development of AKI, such as on-bypass surgeries, transplantation and surgery on the kidneys themselves. Therefore, this population can be considered to be homogenous regarding basic demographic and intraoperative risk factors. The difference in incidence of AKI between the specialties could therefore potentially be a reflection of the heterogeneity of AKI definitions, rather than different surgeries being a risk factor in themselves. 
3.7 Conclusion With only 20 papers published in the last 20 years, perioperative AKI remains an understudied area in our population of non-cardiothoracic, non-transplant, non-urological elective surgical patients. This is the most comprehensive systematic review to address perioperative AKI as a clinically important and common complication affecting one in twenty (5%) patients in our population. This review has highlighted two important risk factors for the development of AKI: increasing BMI and use of ACE inhibitors. These factors are easily assessed and modifiable in the preoperative setting and can reduce the incidence of perioperative AKI. We have further identified diabetes, pre-existing renal insufficiency (CRF), preoperative functional status and male gender to be potential risk 
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factors. Whilst not preoperatively modifiable, these allow for the identification of at-risk patients so that the severity of any ensuing AKI can be mitigated. This review has also reiterated the consensus of the literature that a unified definition of AKI is crucial for further research.    
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Chapter 4 – Long-term outcome of acute kidney injury 
requiring renal replacement therapy in patients undergoing 
major surgery: A longitudinal multi-centre case series 

4.1 Background The systematic literature review in Chapter 2 highlighted that not only is AKI a common problem in the hospital setting, but identifying patients who may be at-risk is fraught with difficulty due to a lack of a unified definition of AKI. Specifically, this heterogeneity confounds the interpretation of studies looking at the long-term sequelae of AKI in any given population. Whilst AKI definitions may differ, it is clear that patients requiring acute in-hospital RRT have developed the worst grade of AKI. For example, irrespective of which definition is used, there is evidence linking renal sequelae of AKI to the severity of the injury(184-188), with a recent meta-analysis of 13 retrospective studies revealing an incidence for the development of chronic kidney disease (CKD) or end-stage renal failure (ESRF) as 25.8% and 8.6% respectively in the intensive care population(189). One study from America(190) specifically investigated patients with pre-existing CKD (eGFR<45ml/min) who developed in-hospital AKI requiring RRT in the intensive care unit, revealing a mortality of 4.6% and requirement for ongoing RRT of 49%. A recent retrospective study in cardiothoracic surgery evaluated 11,899 patients who developed perioperative AKI requiring RRT(191). The results showed a 52% age dependent 30-day mortality with 13% becoming dialysis dependent. Furthermore, renal sequelae may not be the only consideration, with retrospective studies from Taiwan linking the severity of AKI with coronary(192) and thrombo-embolic(193) complications.  Although multiple other studies have looked at the association between AKI and CRF, these data remain difficult to interpret because they encompass either the whole intensive care population(194-196), or just the cardiothoracic surgical population(183,191). No specific data exist that study the elective non-cardiothoracic, non-transplant, non-vascular and non-urological surgical population. It is therefore logical to investigate this population as the majority of surgical patients who are represented in the literature at present are from the transplant or cardiothoracic population.  
4.2 Study objectives The primary aim of this study was therefore to identify the incidence of the most severe AKI (i.e. requiring RRT as a definite clinical endpoint) in the elective non-cardiothoracic, 
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non-vascular, non-transplant, non-urological surgical patient. Secondary aims were to investigate its mortality and morbidity (specifically the renal sequelae), and to assess risk factors for the development of such severe AKI, correlating this with the available evidence in the contemporary literature. 
4.3 Methods 

4.3.1 Ethics approval This retrospective study was conducted in accordance with the guidelines published by the National Ethics Advisory Committee of New Zealand(197). Ethics approval was sought and gained from the University of Auckland Human Participation Ethics Committee (Ref: 010771) prior to data collection. Locality assessment and approval was then sought and gained from each district health board (DHB) approached for this study.  
4.3.2 Data extraction 

4.3.2.1 Study population We aimed to study adult patients within New Zealand, undergoing major elective surgery. Patients were excluded from the following groups due to specific or perceived effects on perioperative renal function: cardiothoracic, vascular, transplantation or renal/urological surgery. The resulting population included patients within the specialties of general surgery, gynaecology, orthopaedic, plastics and ear nose and throat (ENT). Patients who underwent their surgery prior to August 2013 were included in this retrospective review to allow a minimum of a 12-month follow-up of renal function. Patients were included if they developed a complication that required acute RRT during the primary hospital stay. However, patients were excluded if they were on RRT preoperatively or were admitted for emergency surgery. Furthermore, to ascertain any reduction in renal function, patients were excluded if no plasma creatinine was documented within 6–18 months following discharge (this time period was chosen as a prerequisite of stable renal function requires a minimum of three months(198)).  
4.3.2.2 Localities Throughout New Zealand, all acute RRT is conducted in ICUs. The six largest ICUs within New Zealand were invited to participate in this study. Four accepted and were able to 
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provide data: Waitemata District Health Board (WDHB), Auckland City Hospital (ADHB), Capital and Coast District Health Board (C&CDHB) and Counties Manukau District Health Board (CMDHB). Together, these four units serve 41.6% of the New Zealand population (WDHB 12.7%, ADHB 10.9%, C&CDHB 6.5%, CMDHB 11.5%)(199). Each of the four included units maintains a prospectively collected database run by either a clinical nurse specialist or database manager. Because each intensive care unit had unique prospective databases set up at different times, each database had to be searched individually and by necessity, the time period of inclusion differed between each site: ADHB – Set up in February 1993, the database was coded to allow searches for dialysis. This included haemodiafiltration (HD), continuous veno-venous dialysis (CVVD), intermittent haemodialysis (IHD) and prolonged intermittent renal replacement therapy (PIRRT). WDHB – Set up in January 2007, the database was coded to be able to search terms for HD, CVVD, and IHD, with the ability to search for dialysis as an “other” search term. C&CDHB – Set up in May 2012, the database did not code for dialysis per se, but did code for invasive venous access. This allowed the database to be searched for “dialysis catheter” as a surrogate, revealing 147 potential patients.  CMDHB – Set up in December 2009, the database was coded to be able to search terms for HD, CVVD, and sustained low efficiency dialysis. To ensure complete data capture for their respective time periods, clinical coding departments at each site were also asked to provide a list of NHIs coded as having emergency RRT during their hospital stay. These codes were linked to the electronic discharges allowing a simple database search. Data, prior to the instigation of electronic discharge summaries, were therefore not captured. However, at one site, electronic discharge summaries were only instigated 10 years following the commencement of the ICU database. Consequently, data for this review that was extracted from the ICU databases superseded that of the electronic discharge summaries, as the capture rate was significantly higher than that from the clinical coding.  Each clinical coding department was also asked to provide a denominator for the study in the form of number of major elective surgeries within general surgery, gynaecology, 
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orthopaedic, plastics and ENT, performed at their respective institutions. The respective Royal Colleges were contacted to formulate a list of what was considered to be a major operation for each specialty with these being submitted to each DHB. The incidence of AKI requiring RRT could thus be more accurately identified.  
4.3.2.3 Demographic data Basic demographic data were retrieved from the electronic patient information system portal (Concerto©) at all four sites. Demographic data collected included age, gender weight, height, ethnicity and comorbidities. Known risk factors for the development of AKI were identified from electronically available clinic letters or anaesthetic assessment forms and recorded on the basis of the systematic literature review (Chapter 3) as well as empirical observations. These included: medically treated hypertension (with an ACE inhibitor), diabetes, COPD, peripheral vascular disease (PVD) and hepatic impairment (as graded by the Childs-Pugh score)(200). Perioperative data were collected in the same fashion. Preoperative renal function was estimated using the MDRD formula from the latest available preoperative plasma creatinine on Concerto©. ASA, along with use of epidural, specialty of surgery and duration of surgery were recorded after examining the anaesthetic record for each patient. In the postoperative period, information deemed clinically relevant or associated with chronic renal failure from the literature(196), including type of complication resulting in AKI, duration and type of RRT (hours) and length of ICU and hospital stay (hours and days) were included in the study database. These data were gleaned from both written and electronic records.  
4.3.2.4 Specific plasma creatinine data Because of the retrospective nature of the study, preoperative renal function was based on the closest plasma creatinine prior to the elective operation. All creatinine concentrations were checked up to one year prior to this point to ensure stability for greater than three months. Postoperatively, creatinine concentrations were recorded as peak pre-dialysis, upon discharge from hospital and at three, six, nine and 12 months following discharge where available. The most recent creatinine and its date were also noted.  
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4.3.2.5 Statistical analysis Data are reported as proportions, means ± standard deviation or medians (interquartile ranges) where appropriate. Using statistical software JMP™(JMP Version 10, SAS Institute Inc., Cary, NC, USA), Kaplan-Meier curves were constructed for both overall survival and dialysis free survival. Wilcoxon signed-rank tests were used to assess repeated measures of GFR. Univariate analysis was performed on predictors of renal function as measured by change in eGFR from baseline to between 6 and 18 months following hospital discharge. All independent variables were assessed for normality using the Shapiro-Wilk test and transformed to either log or into quartiles as appropriate. Because neither the baseline eGFR of its log transformation were normally distributed, baseline eGFR was incorporated into the logistic regression model as a covariate. Positive predictors on univariate analysis (p<0.20) as well as suggested predictors from the literature were also subsequently evaluated using a logistic regression model. Because eGFR was not normally distributed, the data were transformed into quartiles. Accordingly, the multivariable analyses were performed both on quartiles of GFR (logistic regression) and on percentage change in GFR at 6–18 months (which was normally distributed, linear regression). 
4.4 Results Following identification of all appropriate patients utilising the individualised methodologies aforementioned, a total of 1,273 patients who required RRT while in ICU were identified. Study data were then extracted from electronic and physical patient records. 1,215 patients met exclusion criteria (Table 4.1) leaving 58 for analysis. 

Variable ADHB (412) WDHB (267) CMDHB (468) C&CDHB (126) Total  No surgery 152 129 240 79 601 Acute surgery 91 122 155 191 387 Preoperative dialysis 126 1 44 8 179 Cardiothoracic surgery 0 0 2 14 16 Urological surgery 9 0 15 1 25 Transplant surgery 3 0 1 2 6 Vascular surgery 0 0 0 1 1 Total 382 252 457 124 1,215 
Table 4.1. Exclusion criteria 
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During the study period, 39,808 elective major operations of the included types were undertaken at three of the four institutions where data was available (ADHB – 23,648, WDHB – 12,749, and C&CDHB – 3,411). Accordingly, the incidence of AKI requiring RRT following major elective non-cardiothoracic, non-transplant, non-vascular and non-urological surgery was 0.11%.  Of the population who developed AKI requiring RRT, 15 patients died during their in-hospital admission with the remainder having follow-up plasma creatinines available. The demographic data of all patients (n=58) as well as patients who survived (n=43), are described in Table 4.2. 
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Variable Total (n=58) Survivors (n=43) Age 60.7 ± 15.0 58.9 ± 16.1 Gender   Male 37 (64) 23 (53) Female 21 (36) 20 (47) ASA class   1 8 (14) 6 (13.9) 2 19 (33) 16 (37.2) 3 21 (36) 14 (32.6) 4 10 (17) 7 (16.3) Weight (kg) 87.5 ± 24.9 85.6 ± 24.7 BMI (kg/m2) 28.8 ± 10.5 28.8 ± 7.0 Preoperative eGFR (ml/min/1.73m 2) 70.0 ± 30.5 68.8 ± 33.8 CKD stage   >90ml/min/1.73m2 15 (26) 11 (25.6) 60–90ml/min/1.73m2 22 (38) 15 (34.9) 30–60ml/min/1.73m2 14 (24) 10 (23.3) 15–30ml/min/1.73m2 5 (9) 5 (11.6) <15ml/min/1.73m2 2 (3) 2 (4.7) Ethnicity   Caucasian (European) 43 (74) 31 (72.1) Caucasian (Indian) 3 (5) 2 (4.7) North East Asian 2 (3) 1 (2.3) South East Asia 1 (2) 1 (2.3) Pacific Islander  9 (16) 8 (18.6) Comorbidities   Diabetes 23 (49) 20 (46.5) Hypertension  35 (60) 24 (55.8) PVD 4 (7) 2 (4.7) Childs-Pugh B liver disease 4 (7) 2 (4.7) COPD 5 (9) 3 (7.0) Congestive heart failure 3 (5) 3 (7.0) Data are n (%), means ± SD or median (25–75th quartiles) for non-parametric data. 
Table 4.2. Patient demographics Most patients were male with a mean age of 61. Patients were on average, Caucasian, overweight and had mild renal impairment (eGFR 70ml/min/1.732). Almost 75% of patients who developed severe AKI had undergone a general surgical operation, with orthopaedic operations being the next most common (10%). The majority of patients 
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required RRT as a consequence of a major complication: septic (31), cardiac (7), haemorrhagic (7), respiratory (3), ischaemic bowel (2) and isolated renal failure (1). The isolated renal failure complication was diagnosed as ATN of unknown aetiology.  
4.4.1 Survival  Fifteen patients died during their in-hospital stay. Kaplan-Meier curves were constructed including all 58 patients for both overall survival as well as the RRT free survival (43 patients) and are presented below (Figures 4.2 and 4.3). 

 
Figure 4.1. Kaplan-Meier survival 
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Figure 4.2. Percentage of patients dialysis free The sharpest gradient of the Kaplan-Meier curve for survival comes within the in-hospital admission. Within the first three weeks after commencement of RRT, 20% of patients had died (Figure 4.2). By five years post insult, overall survival was poor at ≤40% (Figure 4.3).  Regarding dialysis free survival, of the 43 patients who survived their acute complication, only three (7.5%) became dialysis dependent. The majority of patients (~80%) required fewer than seven days of RRT and by day 24, the AKI of all patients who did not require ongoing RRT had resolved (Figure 4.3).  For renal sequelae, Wilcoxon signed-rank test was applied to GFRs at various time periods as trough GFRs and follow-up GFRs were not normally distributed. In the short-term, renal function appeared to normalise with no significant difference between baseline and three months. However, when renal function was assessed in the medium term (between 6–18 months) for those who were not dialysis dependent, there was a statistically significant reduction in eGFR (p=0.0024) from a mean of 70.0ml/min/1.732 at baseline to 56.2ml/min/1.732 (Figure 4.3)—a reduction from mild to moderate CKD.  
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Figure 4.3. Change in eGFR over time 

4.4.2 Univariate analysis On univariate analysis, baseline GFR was used as a covariate. The results revealed that the only factor that appeared to potentially influence long-term renal function was duration of ICU therapy (p=0.087, factor estimate 5.534) (Table 4.3). Given the factor estimate of 5.534, increased length of ICU stay appears to convey a positive predictive influence on renal function. 

p=0.024 p<0.001 
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Variable p value Factor estimate Age  0.869 Quartile 2 vs 1: 1.088 Quartile 3 vs 2: -6.460 Quartile 4 vs 3: 7.727 Gender  0.345 0.873 BMI 0.378 0.646 NIDDM 0.248 3.874 HTN 0.623 1.995 PVD 0.649 4.523 COPD 0.787 -2.262 CHF 0.806 -7.545 Liver (CP) 0.568 4.205 ASA 0.401 ASA 2 vs 1: 0.728 ASA 3 vs 2: -0.072 ASA 4 vs 3: -0.172 Operation type 0.664 General: -1.873  Gynaecological: 43.819 Neurological: -34.294 Operation length (h) 0.960 -0.671 Epidural 0.770 3.231 RRT duration (d) 0.440  Quartile 2 vs 1: 12.363 Quartile 3 vs 2: 13.017 Quartile 4 vs 3: 3.678 RRT duration (h) 0.494 Quartile 2 vs 1: -9.662 Quartile 3 vs 2: 7.931 Quartile 4 vs 3: -8.058 ICU duration (log) 0.087 5.534 Peak GFR 0.738 0.087 RRT prescription  0.435 HD: 0.534 CCRT: 6.736 Complication type 0.705 Cardiac: -2.472 Haemorrhagic: -6.598 Respiratory: -1.397 Other: 5.497 
Table 4.3. Univariate analysis of risk factors of long-term eGFR 
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If the analysis was re-run for percentage change in GFR at 6–18 months post discharge (which was normally distributed), the result also approached, but did not quite meet statistical significance (p=0.0512).  
4.4.3 Multivariable analysis  Given the small sample size after exclusion of the 15 deaths (n=43), only three variables could be included in the multivariable analysis.  From the systematic literature review, BMI and grade of chronic failure were included in the final model as predictors of negative renal outcomes. From the univariate analysis, increasing duration of intensive care stay was included as it approached statistical significance as a positive predictor of renal function, and therefore was deemed to be clinically relevant to this analysis. Unfortunately, a regression model could not be identified despite using baseline GFR as a covariate factor.  
4.5 Discussion This was the first study to attempt to quantify the incidence of severe AKI in the routine elective non-cardiothoracic, non-vascular, non-transplant surgical population. The overall incidence of AKI requiring RRT in this population was rare at 0.11%. However, the occurrence of such severe AKI was associated with significant mortality, with an in-hospital mortality of 26% and a five year all-cause mortality of 55%. Morbidity was also clinically affected. Whilst the majority of patients had recovery of their renal function within two weeks, 7% (3) of the survivors developed ESRF requiring permanent RRT. When compared to the current literature regarding all course AKI in ICU patients, these results compare favourably, with Wald et al who reported rates of 21.7% and 26.6% for persisting requirement for RRT in continuous RRT and intermittent haemodialysis respectively(201) from 2,315 patients over a 10 year period. No significant difference was identified between differing types of RRT in the current study.  When comparing our population to the cardiothoracic population, our population had a lower incidence of RRT. A study of 22,589 patients(183) undergoing cardiothoracic surgery reported an incidence of 1.8% requiring renal dialysis therapy postoperatively, however, this study did not report data concerning recovery of renal function. A more recent retrospective study of 16,1000 patients in the United States(202) also confirmed a 
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2% incidence of AKI requiring RRT, but also found a statistically significant increase in the development of ESRF with increasing severity of AKI. In our study in patients that survived their acute episode of AKI, there was a statistically significant reduction in renal function with a mean drop of ~14ml/min/1.732, equating to a worse grade of chronic renal failure from CKD 2 to CKD 3. This finding is also supported by the ICU literature with two large studies of 79,000(203) and 233,803(204) confirming increased risk for the development of worsening CRF with severity of AKI. This becomes clinically relevant as patients with CKD stage 2 are mostly managed in the community with lifestyle changes, compared with CKD stage 3 when renal physician input is required and medication for the control of hypertension is normally instigated. Given the added association of CRF with overall mortality and morbidity in the literature(205,206), the subsequent decline in GFR and thus progression in renal damage in these patients would appear clinically important.  Despite the very large number of intensive care patients initially identified, the power of this study remains an issue. Only 43 patients had plasma creatinine values available at the 6–18 month period, allowing for the evaluation of any reduction in GRF. The lack of power of the study may have meant that independent predictive factors that are clinically important may not have been identified. This also prevented the construction of a logistic regression model. Consequently, only duration of ICU stay came close to statistical significance on analysis, and furthermore, was actually correlated with a better long-term renal outcome. Intuitively, one might infer that a longer duration of ICU treatment should be associated with a worse outcome as a surrogate for more severe disease(207,208). However, there is evidence from other studies that support our finding; Lipsett’s study demonstrate that whilst mortality and overall cost is increased with prolonged duration of ICU admission, functional and quality of life outcomes were similar to patients who did not require an ICU stay(209). It could therefore be hypothesised that a prolonged period in an ICU results in more frequent observations, earlier interventions, and thus, a reduced severity of complications.  Although this was a case controlled retrospective study with associated shortcomings, this study included a large number of ICU patients from across New Zealand to identify those suffering from this rare complication. Whilst only four of the six ICU units across New Zealand that were approached responded to invitations to participate, these four 
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centres are the four largest in New Zealand, representing 41.6% of the national population. There was however, significant variation between the prospective databases kept at each institution studied. Some units specifically recorded and coded dialysis, whereas others simply recorded the requirement for a dialysis catheter. Nonetheless, a comparison of hospital clinical coding did not yield any further events of acute dialysis. Notwithstanding the flaws highlighted in the methodology, AKI requiring acute dialysis was rare (0.11%) in this group of patients undergoing elective, major abdominal surgery.  
4.6 Conclusion The incidence of severe AKI requiring RRT in the elective non-cardiothoracic, non-vascular and non-transplant population is rare. However, the sequelae of this are of clinical importance in relation to both in-hospital mortality (26%) and five year all-cause mortality (55%). Long-term renal morbidity was also significantly affected with a mean drop of 14ml/min/1.73m2 in eGFR resulting in a clinically significant drop from CKD stage 2 to 3. Within the limitations of this study, increased duration of ICU admission appeared to offer long-term protection of renal function. However, given the rarity of severe AKI, what is the clinical relevance for the routine postoperative patient?   
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Chapter 5 – Perioperative oliguria: Incidence and clinical 
significance in elective major colorectal surgery 

5.1 Background  From the previous chapters, a conclusion can be reached that the occurrence of perioperative AKI in the non-cardiothoracic, non-vascular, non-urological and non-transplant population is uncommon (5.07%). However, in its severest form as defined as the need for RRT, whilst rare (0.11%), has significant risk of mortality and morbidity. Current perioperative fluid management strategies still highlight the potential uses for goal directed therapies based on haemodynamic parameters that still include UO(210,211). However, three recent meta-analyses of these regimes have analysed 15–36 studies looking at the association between correcting UO as a surrogate marker for perioperative renal dysfunction and overall perioperative outcomes(212-214). All three meta-analyses concluded that there was insufficient evidence to target urine outputs in order to prevent AKI. In particular, one meta-analysis found an overall increase in 30 day mortality when correction of low UO was achieved within a goal directed fluid regime(214). However, these studies suffer from significant heterogeneity with regard to patient populations, including cardiothoracic, vascular, ICU, high-risk, paediatric, abdominal and orthopaedic patients. Additionally, each of the studies included in the meta-analyses only identified urine outputs as a secondary measure and thus were not powered to show a difference in outcomes. This paucity of direct data illustrates the need for further research into whether perioperative fluid strategies targeting UO are valid, specifically in the elective surgical population as defined in this thesis. The mainstay of this thesis therefore relates to the prospective randomised controlled trial challenging contemporary perioperative fluid management, specifically relating to the treatment of UO (Chapter 6). Aspects that are critical to the design of the trial include ascertaining the incidence of perioperative oliguria (as currently defined as <0.5ml/kg/h) in order to correctly power the main trial. Furthermore, with recent literature trending fluid prescriptions towards both operative and postoperative euvolaemia(55,56,215,216), it is imperative to identify current fluid trends and prescriptions at our institution to ensure that there will be sufficient variability to allow the instigation of the randomised controlled trial. Looking at maintenance fluid prescription as well as bolus fluid prescription with indication will give valuable information as to the adherence of 
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institutional protocols (North Shore Hospital Early Warning Score) regarding the treatment of oliguria. Basic demographic data and number of patients studied during the retrospective study will also aid the assessment of feasibility and planning of logistics for the main trial. Specifically, this study will identify whether enough elective colon and small bowel surgery is conducted at our institution, in the required population, to allow sufficient time for recruitment or whether a multi-centre trial would be necessary. Logistic regression analysis of the demographic data may also highlight important factors associated with perioperative AKI that would need to be recorded in the formal trial database.  
5.2 Objectives The primary aim of this study was to identify the incidence of perioperative oliguria and AKI, and the fluid prescribed to obviate this. Secondary aims included a logistic regression analysis to identify demographic and operative predictors of the development of AKI. 
5.3 Methods This retrospective study was conducted in accordance with the guidelines published by the National Ethics Advisory Committee of New Zealand(197). Approval was sought from the Awhina Health Campus at WDHB, New Zealand, as formal ethics approval and patient consent was not required for the purposes of audit.  
5.3.1 Data extraction  All consecutive adult patients undergoing elective colon, rectal or small bowel surgery under three colorectal surgeons at the North Shore Hospital, Auckland, between January 2009 and July 2010 were retrospectively identified from a prospectively designed and run ERAS database.  
5.3.1.1 Demographic data Basic demographic, operation and complication data was collated and entered into the database by an ERAS clinical nurse specialist in accordance with ERAS collaborative guidelines(217). These data included: age, gender, ASA grade of anaesthesia(218), length of operation (defined as time from skin incision to final closure), weight, height, BMI, type of surgery, approach to surgery defined as laparoscopic (complete or assisted) or open (including conversion to open), and in-hospital plus 30 day complications as diagnosed by 
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the clinical nurse specialist and clinical teams using the Veteran’s Administration Total Parenteral Nutrition Trial criteria(219) and graded as per the Clavien-Dindo classification(220).  
5.3.1.2 Specific fluid and haemodynamic data National Health Index (NHI) numbers were then correlated to electronic and paper-based records and further detailed data were collected on perioperative fluid balance. Intravenous fluid volumes were recorded, both maintenance and bolus fluid administrations defined as a prescription of 250ml a colloid run within a 60 minute period, either 6% hydroxyethyl starch 130/0.4 in 0.9% sodium chloride (Voluven®, Fresenius Kabi New Zealand Ltd, Auckland, New Zealand) or 4% succinylated gelatin, sodium hydroxide and water (Gelofusine®, Biomed Ltd, Auckland, New Zealand). Indications for fluid blousing were recorded via correlation with patient clinical notes along with concurrent haemodynamic data from the observations charts. Indications were recorded as “isolated oliguria” (without concomitant hypotension of blood loss) or “other” (hypotension or blood loss regardless of association with oliguria). Oliguria was defined as a UO of <0.5ml/kg/h as per current clinical practice(57,58). After 08:00 on postoperative day (POD) 1, UO measurements were reduced to standard ward observations. Consequently oliguria was redefined as <2ml/kg/4hour.  These data were separated into two distinct periods; intraoperatively (being defined as the time of arrival in the preoperative area) and postoperatively (defined as the time of transfer to the postoperative care unit). Intraoperative maintenance fluid therapy consisted of a balanced crystalloid fluid solution of Plasma-Lyte 148® (Baxter Healthcare Ltd, Auckland, New Zealand), while postoperative maintenance fluid therapy was provided by 4% glucose with 0.18% saline solution (Dextrose Saline®, Baxter Healthcare Ltd, Auckland, New Zealand).  If complete fluid balance data was not recorded, patients were excluded from the study.  
5.3.1.3 Specific plasma data Preoperative plasma creatinine data was recorded from the hospital online biochemical portal Concerto. Recent values within four weeks of the planned operation were taken to represent an accurate reflection of the patient’s renal function in a normally hydrated state. Plasma creatinine levels were also recorded at 08:00 on POD2 to represent early 
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postoperative renal function. Furthermore, the highest plasma creatinine level up to POD30 was recorded to capture late “perioperative” renal dysfunction. Any renal dysfunction was then categorised into groups as set out by the AKIN(150). All estimations of GFRs were made according to the Modified Diet in Renal Disease equation(221). 
5.3.2 Surgical principals  At the time of this study, whilst ERAS principles were generally adhered to, no formalised ERAS protocol had been instigated at our institution. Therefore, choices of surgical approach, modality of analgesia, bowel preparation and postoperative diet were not standardised, but rather left to surgeon preference. However, all patients were allowed free access to clear oral fluids from POD1.  For data entry, surgical approach consisted of either laparoscopic or open as previously discussed. Perioperative analgesic regimes were left to the assessment of the anaesthetist including epidural or spinal anaesthetic, or a combination of oral and intravenous analgesics including opiate based patient controlled analgesia systems. Epidural anaesthetic was administered via a mid-thoracic approach and consisted of a combination of bupivacaine 0.125% and fentanyl 2mcg/ml(Biomed Ltd, Auckland, New Zealand). Successful epidural analgesia was recorded as successful based on patient self-reporting scores of ≤4 on a numerical scale of 0–10 at 48 hours following operation.  
5.3.3 Statistical analysis  Data are reported as proportions, means ± standard deviation or medians (interquartile ranges) where appropriate. For the purposes of the logistic regression analysis of the development of AKI by AKIN criteria (excluding UO as this was a predictive variable), both empirical observations and a detailed literature search were used to identify putative predictors of perioperative renal injury. These included: increasing age (159,167), male gender (160,222), increased ASA class (159,223), increased BMI(161,171), diabetes mellitus treated by oral medication or insulin(159,170), increased duration of surgery(224), intraoperative NSAID therapy(158,225), epidural analgesia, increased number of episodes of perioperative oliguria, increased perioperative UO and decreased perioperative fluid administration. 
Using statistical software JMP™(JMP Version 10, SAS Institute Inc., Cary, NC, USA), predictors were individually analysed, adjusting for baseline plasma creatinine levels as 
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the current definition of AKI. Predictors alongside baseline creatinine were subsequently analysed using backwards linear stepwise regression and basing the optimum model on the Akaike information criterion. Specifically, postoperative plasma creatinine was not normally distributed and the significant skew did not allow for accurate analysis. Accordingly, postoperative plasma creatinine levels were divided into quartiles, allowing for putative predictors of this outcome to be evaluated by multivariate logistic regression. The same 13 factors with the addition of all 30-day complications (Clavien-Dindo grade) were evaluated as predictors of late postoperative creatinine as a surrogate marker for the development of AKI.  
5.4 Results Following identification of all appropriate patients, a total of 176 patients were included in this study. Seven patients were excluded as at the time of surgery, a bowel resection was either not appropriate or contraindicated. A further 29 patients were excluded as the fluid balance data recorded in the clinical notes was incomplete. A total of 140 patients were therefore included in the analyses (Table 5.1).  
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Variable (n=140) Age (years) 66 ± 18 Gender  Female 76 (54) Male 64 (46) ASA class  1 16 (11) 2 83 (59) 3 40 (29) 4 1 (1) Weight (kg) 74.7 ± 17.8 BMI (kg/m) 26.7 ± 5.6 Duration of surgery (h) 3.35 ± 1.17 Operation completed laparoscopically 57 (41) Epidural analgesia working ≥24 hours after surgery (%) 74 (53) * Type of surgery  Right sided segmental colectomy 60 (43) Left-sided segmental colectomy 24 (17) Subtotal colectomy 5 (4) Proctectomy (low anterior resection or abdominoperineal resection) 43 (31) Proctocolectomy 3 (2) Other # 5 (4) 
Table 5.1. Basic demographics Preoperative eGFR was 93 ± 42ml·min-1·1.73m-2 and 49 (35%), 27 (19%) and 1 (1%) of patients had mild, moderate and severe CKD (eGFR of 60–90, 30–60 and 15–30ml·min-1·1.73m-2), respectively. Clinical outcomes are presented in Table 5.2. Half of the patients in this cohort had a complication within 30 days of surgery (perioperative period), the majority having complications graded I or II as defined by the Clavien-Dindo complication score(220). Nine patients (6%) required re-operation within the perioperative period; four for an 
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anastomotic dehiscence, two for a small bowel obstruction, two for an iatrogenic bowel injury and one for fascial dehiscence. Three patients (2%) required intensive care admission following any complication. There were no deaths. Nineteen patients (14%) were readmitted to hospital within the first perioperative period as previously defined. 
Variable (n=140) Postoperative length of stay (days) 7 (5–10) days Patients with complications within 30 days 70 (50) Most severe complication graded I 23 (16) Most severe complication graded II 32 (23) Most severe complication graded IIIa 5 (4) Most severe complication graded IIIb 7 (5) Most severe complication graded IVa 1 (1) Most severe complication graded IVb 2 (1) 

Table 5.2. Clinical outcomes Because the data extracted covered two distinct time periods within the patient journey, their analyses have subsequently been divided accordingly. The intraoperative period concerns itself with the time period during which the patient was under general anaesthesia. The postoperative period constitutes the time from the postoperative admission unit, extending out to 48 hours.  
5.4.1 Intraoperative fluid balance The intraoperative fluid balance is presented in Table 5.3. During surgery, patients received 2387 ± 1007ml fluid as continuous infusions and had a UO of 545 ± 458ml. Ten patients had one or more episodes of oliguria during surgery as defined by contemporary practice. Sixty-one patients received fluid boluses; nearly all boluses were given for intraoperative hypotension or bleeding rather than isolated oliguria (Table 5.3). Of the 61 patients who received intraoperative boluses, patients received a mean 2.9 ± 1.4 boluses each. This equated to a clinically relevant additional fluid load of 725 ± 340ml (29%) above and beyond their continuously infused volumes. Estimated blood loss was available for 28 of the 170 patients only, and hence is not expressed in this review. 
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 Intraoperative period Postoperative period Continuous infusions (ml/kg/h) 10.8 ± 6.2 1.1 ± 0.6 Mean UO (ml/kg/h) 2.5 ± 2.7 1.1 ± 0.4 Number of patients with oliguria 10 (7) 117 (84) Total number of episodes of oliguria 23 765 Number of patients who received fluid boluses 61 (44) 87 (62) Total number of fluid boluses administered 174 322 For isolated oliguria 4 (2) 185 (57) For other indications 170 (98) 137 (43) 
Table 5.3. Perioperative fluid balance 

5.4.2 Postoperative fluid balance During the first 48 hours after surgery, 3687 ± 1727ml of fluids were given as continuous infusions and patients passed 3761 ± 1231ml of urine (Table 5.3). The vast majority of patients (117 or 84%) had a minimum of one or more episode of oliguria during this period. However, the mean number of episodes among the 117 patients was 6.5 ± 4.5 over the 48 hour postoperative period. Eighty-seven patients received fluid boluses during this period. However, in contrast to the intraoperative period, the majority (57%) of boluses were given for isolated oliguria, i.e. UO <0.5ml/kg/h in the absence of derangements in other vital observations such as blood pressure, pulse or respiratory rates. These 87 patients received 3.7 ± 3.8 boluses each, which to put into clinical context, was equivalent to an additional infused volume of 925 ± 942ml or 22% above the continuous infusions. 
5.4.3 Plasma creatinine concentration changes: POD2 In a similar vein to the analyses of fluid administration and urine outputs, changes in postoperative plasma creatinine concentrations were analysed over two distinct time periods. Because not all complications related to surgery become evident within the hospital admission, creatinine concentrations were used as a surrogate marker of AKI within the first 48 hours (hospital admission) and their peak within the perioperative period (when related to complications was defined as within the first 30 days(220)). Within the whole study population, plasma concentrations of creatinine did not change significantly from preoperative (82 ± 24 μmol·l-1) to POD2 (80 ± 27 μmol·l-1). The range of changes was large however, varying from -60 to +45 μmol·l-1, or percentage change of -51 to +63 %. 
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Using plasma creatinine concentrations alone as a surrogate to define AKI(226), only four patients (3%) had increases of 50–100%, fulfilling the criteria for AKI stage 1. The creatinine rise was however transient and had normalised by POD30 in all four patients. At no point within the first two days following surgery did the increase in plasma creatinine concentration of any of the patients studied exceed 100%, i.e. no patients developed an AKI stage 2 or greater on creatinine criteria. 
5.4.4 Predictors of plasma creatinine concentrations: POD 2 Because only four patients developed AKI based on creatinine criteria, isolated analysis to determine predictors would be inappropriate. Therefore, analyses were performed on the basis of change in plasma creatinine concentrations: Univariate evaluation (adjusting for preoperative plasma creatinine) of 17 categories of data was undertaken. These analyses identified male gender and epidural analgesia as significantly associated with a higher plasma creatinine on POD2, while the other 11 factors were not (Table 5.4). 
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Variable p value Factor estimate Age (years) 0.924 -0.056 Male gender 0.050 -21 ASA class 0.624 ASA 1 vs 2: -12 ASA 2 vs 3: -26 ASA 3 vs 4: 54 BMI (kg/m2) 0.229 2.3 Preoperative eGFR 0.945 0.019 Duration of surgery (hours) 0.002 26 Epidural analgesia used 0.060 19 NSAID used 0.948 1.0 Number of intraoperative and postoperative episodes of oliguria 0.286 2.2 Intraoperative UO (ml/kg/h) 0.777 -1.1 Postoperative UO (ml/kg/h) 0.593 -14 Intraoperative intravenous fluid volume (ml/kg/h) 0.991 0.018 Postoperative intravenous fluid volume (ml/kg/h) 0.713 6.0 0 vs I 0.914 -2.9 I vs II 0.054 -60 II vs III 0.328 38 III vs IV 0.001 240 
Table 5.4. POD2 univariate analysis On multivariate analysis (as described previously), the final regression model (p<0.0001, R2=0.67) retained four putative predictors (in addition to preoperative plasma creatinine), of which three were independent predictors: male gender, epidural analgesia and number of perioperative episodes of oliguria (Table 5.5). Thus, 10 factors, including UO and fluid administration were not found to be significant predictors of early postoperative plasma creatinine changes. Although statistically significant, the parameter estimates were small for the variables identified on both univariate and multivariate analyses (Tables 5.4 and 5.5).  p value Factor estimate Male gender 0.014 3.94 Epidural analgesia used 0.020 3.53 Number of perioperative episodes of oliguria 0.040 0.66 Intraoperative intravenous fluid volume (ml/kg/h) 0.116 0.35 
Table 5.5. POD2 multivariate analysis 
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5.4.5 Peak plasma creatinine concentrations: POD3–30 The distribution of this dependent variable was heavily skewed towards the lower range. At group level, the plasma concentration of creatinine rose significantly from baseline [78 (68–90)] to peak levels [88 (71–112) μmol·l-1, p<0.0001, Wilcoxon signed-rank test].  In addition to the patients with significant increases in plasma creatinine by POD2 discussed previously, by POD30, a further six (4%), one (1%) and five (4%) patients had creatinine increases of 50–100%, >100% and >200%, respectively. Whilst one patient fulfilled the criteria for AKI stage 3, no patients received RRT. Plasma creatinine had normalised by POD30 in all 12 patients. 
5.4.6 Predictors of peak plasma creatinine concentrations: POD3–30 Univariate evaluation (correcting for preoperative creatinine) indicated that male gender and increasing complications grades were associated with increasing peak plasma creatinine on POD3–30 (Table 5.6). Multivariate logistic regression analysis yielded a model with an explanatory power of 28% (p<0.0001, R2=0.285), retaining three putative predictors (in addition to baseline plasma creatinine). Male gender and increased complications grades were independent predictors in this model. The factor estimates were substantial, in particular for increasing complication grades (Table 5.7). The other factors evaluated, including oliguria, UO and fluid administration were not predictors on univariate or multivariate analyses. 
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Variable p value Factor estimate Age (years) 0.924 -0.056 Male gender 0.050 -21 ASA class 0.624 ASA 1 vs 2: -12 ASA 2 vs 3: -26 ASA 3 vs 4: 54 BMI (kg/m2) 0.229 2.3 Preoperative eGFR 0.945 0.019 Duration of surgery (hours) 0.002 26 Epidural analgesia used 0.060 19 NSAID used 0.948 1.0 Number of intraoperative and postoperative episodes of oliguria 0.286 2.2 Intraoperative UO (ml/kg/h) 0.777 -1.1 Postoperative UO (ml/kg/h) 0.593 -14 Intraoperative intravenous fluid volume (ml/kg/h) 0.991 0.018 Postoperative intravenous fluid volume (ml/kg/h) 0.713 6.0 0 vs I 0.914 -2.9 I vs II 0.054 -60 II vs III 0.328 38 III vs IV 0.001 240 
Table 5.6. POD3–30 univariate analysis Variable p value Factor estimate Male gender 0.006 -28 Duration of surgery (hours) 0.007 25 Intraoperative intravenous fluid volume (ml/kg/h) 0.088 2.6 0, I, II and III vs IV 0.002 110 0 and I vs II and III 0.073 18 
Table 5.7. POD3–30 multivariate analysis 

5.5 Conclusion and discussion In the present study, the incidence of perioperative oliguria (as traditionally defined) in elective major surgery, and effects on postoperative renal function, have for the first time been quantified. Such oliguria occurred frequently and in the vast majority of patients during the first 48 hours after surgery. It was associated with frequent administration of intravenous fluid boluses, resulting in significant additional fluid volume administration. Despite the importance attributed to urinary output in perioperative care, there was no clinically relevant association between subsequent renal function and perioperative 



 

 75 

oliguria, UO, or intravenous fluids volumes. These findings challenge the current practice of maintaining a perioperative UO of ≥0.5ml/kg/h.  However, several independent predictors of renal dysfunction were identified. Renal dysfunction in the late postoperative period, measured as peak concentration of plasma creatinine within the first 30 postoperative days, was independently associated with female gender, duration of surgery and critical illness. While previous studies have highlighted that substantial fluid overloading occurs in the majority of patients in contemporary surgical care(48,49), the causes of such fluid overloading have not been identified. Fluid overloading results in increased morbidity(39,223,227-231), and balanced fluid therapy is therefore considered a key component in contemporary perioperative care(64). However, attempts at implementing balanced fluid regimens to avoid fluid overloading have been difficult to achieve in practice(48). Despite a relatively high maintenance fluid therapy in this patient cohort, an additional fluid load of some 29% was given as fluid boluses, mostly in response to isolated and uncomplicated oliguria. This research is the first study to identify that episodes of oliguria (as traditionally defined), are a major cause of additional fluid administration. Furthermore, this additional fluid administration may be avoidable, as oliguria was not found to be associated with subsequent renal dysfunction.  The lack of association between perioperative UO and subsequent renal dysfunction in the present study is not surprising. It has long been known that oliguria is a physiological response to injury, preserving sodium and water in the recovering organism(232). This response is primarily mediated by antidiuretic hormone(233), renin-angiotensin II-aldosterone activation(234) as well as an increased sympathetic nerve action(233) on tubular cells. It is a strong physiological response that cannot easily be blunted by excess fluid administration(89,235), an observation that is supported by the present finding of large volumes administered to accomplish a relatively small increase in diuresis.  Although plasma creatinine was an endpoint in this study, rather than AKI, comparisons with previous attempts at linking perioperative UO and the development of AKI can be made. The present study is consistent with such studies, which all refute such a relationship. The largest such study is a multivariate regression analysis of a database of 65,043 patients undergoing general surgical procedures across the United States from 2003–2006(222). This analysis failed to identify perioperative UO as a predictor of 
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subsequent AKI. Interestingly, recent randomised trials comparing traditional perioperative care with enhanced-recovery care have accepted perioperative UO down to 0.17ml/kg/h(236) or nil(237) as part of protocols, and not reported any cases of AKI. Certain factors were shown to be associated with plasma creatinine at early (48 hours after surgery) and late postoperative time-points (peak concentrations within the first 30 days after surgery). For early plasma creatinine, three factors were shown to be independent predictors of higher values: male gender, epidural analgesia and number of episodes of perioperative oliguria. However, all predictors had very small factor estimates limiting the clinical relevance of these findings. For example, adjusting for other factors, each episode of oliguria was associated with an increase in plasma creatinine of only 0.66 µmol/L.  During the late postoperative time-point, female gender, duration of surgery and the occurrence of postoperative grade IV complications were identified, with each factor having clinically significant factor estimates. Interestingly, female gender was identified as an important factor in the present study, contrary to findings by Kheterpal et al(222) and a recent review of the literature(238) that identified male gender as a predictor of AKI within the first 30 days of surgery. We cannot explain this finding, but on univariate analysis, baseline plasma creatinine was significantly lower in female than in males.  Duration of surgery was an independent predictor with every extra hour in theatre associated with a peak plasma creatinine rise of 25µmol/L, as were grade IV complications with a factor estimate of 110µmol/L. Importantly, the majority of grade IV complications were septic, and none were isolated AKI. These findings are novel. No recent retrospective(222,223,225) or current literature reviews(224,238) have identified duration of surgery or specifically studied complication grade as positive predictors. These studies included both emergency and elective surgery. Durations of emergency surgeries are often shorter and carry higher risks of complications, which may explain the discrepancy with the present findings.    In contrast to the present study, some previous studies have identified age(53,158,222,224,238), ASA grade(223) and BMI(53,238) as significant predictors of postoperative AKI. Additional factors previously identified include pre-morbid cardiovascular disease(53,222-224,238), hepatic dysfunction(53,222,238), non-insulin dependent diabetes mellitus(222,224,225,238), and nephrotoxic medication 
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administration (in particular NSAIDs)(158,239), but they were not analysed in the present study as this data was not available.  There are weaknesses with this study. Whilst this is a single-centre study based on prospectively collected audit data and very detailed perioperative fluid balance data, it is significantly smaller than studies employing large multi-centre databases. Secondly, this study was completed prior to the instigation of an enhanced-recovery care pathway, and thus there was considerable variation in intravenous fluids regimens and diet. Consequently, oral fluid intake was poorly recorded and could not be included in analyses. Thirdly, whilst current literature has proposed a link between intraoperative and postoperative nephrotoxic substance administration and renal dysfunction, only intraoperative NSAID use was recorded in the present study. Data on administration of diuretics and postoperative NSAIDs would have been valuable additions to this study.  In conclusion, this is the first study to quantify the clinical problem of perioperative oliguria as it is currently defined. Some 84% of patients had episodes of oliguria in the first 48 hours after surgery. Significant additional intravenous fluid volumes were administered to treat episodes of oliguria in otherwise stable patients. There was no clinically significant association between oliguria, UO, or fluid administration and subsequent renal dysfunction. The rationale behind the current practice of liberal fluid administration to achieve urine outputs of ≥0.5ml/kg/h in the perioperative period can therefore be questioned. Moreover, on the basis of the present and previous studies, the definition of perioperative oliguria as UO of <0.5ml/kg/h can be challenged.   
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Chapter 6 – High versus low urine output targets in patients 
undergoing major abdominal surgery: a randomised non-
inferiority trial 

6.1 Introduction Along with recent observational data(52,53), the conclusions from the previous study (Chapter 4) suggest that UO was not associated with the development of AKI, as defined by the RIFLE, KIDGO or AKIN criteria. Specifically, UO did not correlate to a change in plasma creatinine levels in the perioperative period. However, perioperative UO remains a measure upon which great importance is placed as a marker of renal hypoperfusion and thus renal injury. Since an association between fluid resuscitation to achieve a UO target of 0.5ml/kg/h and increased survival was demonstrated by two American wartime surgeons (Curtis Artz and John Howard) during the Korean War (1950–1953)(84), the practice of treating both emergency surgical patients in such a manner has persisted and pervaded into the elective surgical population. Current literature continues to dictate that the maintenance of perioperative UO at 0.5ml/kg/h is prophylactic against the development of AKI(57,58,240). The question of whether the observational studies more than 60 years ago in a different population of patients are applicable to the contemporary care of the elective surgical patient is therefore questionable. This practice also seems at odds with what is currently known about renal physiology in the general population. Based on the kidney’s ability to concentrate and excrete the ~500mOsm of solutes produced in the smallest volume of urine possible (400ml), a UO of 0.2ml/kg/h in the community population is physiologically considered to be the definition of oliguria. Below this limit, solutes cannot be further concentrated and reduction in excretion is linearly correlated with a continued reduction in UO(241). The elective surgical patient, who present from this community population, further undergoes a stressful stimulus in the form of surgery. From the early 20th century, the hormonal and neuronal response to such stimuli has been well documented(75,77,242) and is integral to the surgical stress response. The resulting reabsorption of water and electrolytes manifests as an acute reduction in UO(89).  Therefore, the tradition of intravenous fluid administration to overcome a physiological response appears ill founded and unnecessary. Not only may this practice be unnecessary, there is good evidence to suggest that it may in fact be harmful. In a series of randomised 
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controlled trials from the early 2000s(56,216), liberal intravenous fluid therapy in the perioperative period was shown to increase complication rates in the landmark study by Bridgette Brandstrup in 2003(215). A more recent meta-analysis of these trials by Dileep Lobo’s group(39), found that as little as 2–3kg of weight gain from such fluid administration doubles the risk of a complication. Consequently, perioperative euvolaemia has been incorporated into many ERAS protocols in an attempt to obviate this risk. In spite of ERAS protocols reducing intravenous maintenance fluid administration, fluid overload (2–3kg of perioperative weight gain) remains a significant problem. Recent observational studies from some centres have reported an average of >8000ml of fluid administration within the first 48 hours after surgery(49), whilst others have report >50% of patients becoming “overloaded”(48). In keeping with the findings from Chapter 4, these observational studies have highlighted the treatment of perceived oliguria, as traditionally defined as ≤0.5ml/kg/h, as a potential causative factor in perioperative fluid overload. If this contemporary oliguria target in the elective surgical patient was shown to be unnecessary, then this fluid administration could be negated and theoretically the risk of perioperative complications could be reduced. 
6.2 Study objectives We therefore hypothesise that the lower UO target of 0.2ml/kg/h in the elective surgical patient is non-inferior regarding the occurrence of AKI as the traditionally defined target of 0.5ml/kg/h, and results in a lower intravenous fluid administration. Secondary outcomes were aimed at elucidating perioperative renal physiology, specifically changes in effective renal plasma flow and GFR, renal hormonal variation and the biochemical plasma and urine sequelae.  
6.3 Methods 

6.3.1 Ethical approval  This prospective, randomised controlled, non-inferiority, open labelled trial was conducted in accordance with the guidelines published by the National Ethics Advisory Committee of New Zealand(197). It was undertaken at the North Shore Hospital, Takapuna, Auckland, New Zealand and was registered with the Australian New Zealand Clinical Trials Registry (ACTRN12611001157965). 
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6.3.2 Study population All adult patients scheduled for elective colon or small bowel resection at a single-centre (North Shore Hospital, Takapuna, Auckland, New Zealand) were considered eligible for inclusion into the trial. Potential participants were screened from all colorectal clinics in advance. Patients were then approached by the surgical team and invited to discuss the trial with the research fellow, where they were given verbal and written information regarding the trial (Appendix B). Approximately one week following their clinic appointment, patients were then telephoned to confirm their participation. Written consent was obtained from all participants (Appendix A). Patients were excluded from recruitment if they met certain criteria based on the current literature analysed in previous chapters:  1. Moderate renal impairment as defined by eGFR <60ml/min/1.732 given the experimental nature of the study. 2. Previous AKI stage 2 or higher of any aetiology(150). 3. Proteinuria of any aetiology based on an albumin creatinine ratio of ≥30mg/mmol(243), or ≥100mg/dL or protein on morning urine dipstick analysis(244).  4. Previous renal surgery, specifically nephrectomy/single functioning kidney or renal transplantation. 5. Administration of nephrotoxic substances ≤48 hours prior to surgery, including angiotensin converting enzyme inhibitors (ACE), angiotensin II inhibitors, non-steroidal anti-inflammatory drugs (NSAIDS excluding aspirin), aminoglycosides, glycopeptides, diuretics and intravenous radio-opaque dyes.  6. Inability to withhold use of ACE inhibitor, angiotensin II inhibitor, diuretic or NSAID therapy during the perioperative period. 7. ASA ≥ grade IV. 8. Childs-Pugh B liver disease. 9. BMI ≥35 kg/m2. 10. Pregnancy or breastfeeding. 11. Rectal surgery due to perceived confounding of urinary function from per-sacral neuropraxia. 
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Intraoperatively, participants were excluded from treatment on the basis of either massive haemorrhage (defined as ≥50% of total blood volume) or ureteric injury. Any participant who met these criteria was nonetheless included in the intention to treat analysis.  
6.3.3 Randomisation and blinding  At induction of anaesthesia, participants were allocated to either the control or intervention arm using off site computer generated random sequencing. Participants were assigned in a 1:1 ratio without stratification, to either receive blousing intravenous fluid to maintain ≥0.5ml/kg/h (control) or ≥0.2ml.kg/h (intervention). Due to the nature of the trial, participants were not blinded to their allocation. The intervention was commenced at the time of induction of anaesthesia and continued until 08:00 on POD2. 
6.3.4 Outcomes 

6.3.4.1 Primary endpoints As previously discussed in Chapters 1 and 3, the definition of AKI is dependent on the criteria used. Moreover, current clinical and biochemical markers of AKI (plasma creatinine and UO) have significant challenges regarding interpretation, especially in the perioperative period, as they are surrogate markers of renal function and not renal injury per se. Following discussion with international experts in the field, the primary outcome for this trial was chosen to be able to specifically identify renal injury. Biomarkers for the detection of renal injury have been investigated in recent years with NGAL being the most validated to date(125,245-252). NGAL fulfils the majority of important characteristics that are necessary for its use as a surrogate biomarker. It encompasses a significant component to the overall pathogenesis of AKI and at an earlier stage than contemporary surrogate biomarkers, at a point when the injury remains reversible(253). It can delineate between differing types of acute tubular injury, such as pre-renal or intrinsic and it furthermore, has a dose dependent rise in proportion with the degree of injury(254). A recent meta-analysis of a pooled population of 16,500 surgical and critically ill patients identified a cut-off value of 150ng/mL for the detection of AKI, with an overall (ROC) receiver operator curve of 0.83(130). Whilst the majority of the 58 papers identified in this meta-analysis were in the ICU, cardiothoracic and paediatric populations, one paper (Nickolas) evaluated acute adult surgical trauma patients(255). Their cut-off was well below the 150ng/mL defined in the most recent meta-analysis of 25ng/mL. Given this was 
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both the lowest cut-off and in a population most similar to our elective general surgical population, this limit was chosen as the non-inferiority limit margin. Urine was collected for analysis between 08:00 and 20:00 on POD1 as the primary endpoint, and analysed as a continuous measure as per Nickolas. Non-inferiority methodology was used as it would have been unethical to use a placebo arm as it would have caused harm. Whilst bias can be introduced via the use of an inappropriate non-inferiority margin, this was taken into account by using a considerably smaller margin than quoted in the meta-analysis(256). 
6.3.4.2 Secondary endpoints  Secondary endpoints to further assess for renal injury included serum cystatin C, an alternative but equally well validated marker of renal function (a surrogate of glomerular filtration(257)). Serum creatinines were also recorded at the same time periods as the contemporary marker of renal health to compare these novel biomarkers against contemporary criteria of AKI. Effective renal plasma flow and direct measurements of GFR were also measured pre and postoperatively to investigate the effect of surgery on renal function. Renal hormones renin, aldosterone, angiotensin II and ADH were monitored during the study period alongside all fluid balance data including daily weights where possible. Whilst the trial was not powered to investigate clinical outcomes, these were recorded as a matter of interest. 
6.3.5 Trial protocol The trial period began approximately one week prior to surgery and finished 30 days postoperatively.  
6.3.5.1 Preoperative period  Following verbal confirmation of patient enrolment, participants were asked to attend the outpatient department of the North Shore Hospital at 07:30 approximately one week prior to their operation. Baseline blood and urine samples for haemoglobin, creatinine, plasma and urine electrolytes and osmolalities, renal hormones and NGAL were taken using ethylenediaminetetraacetic acid (EDTA) or heparin based collection tubes as appropriate.  Infusion studies for ERPF (effective renal plasma flow) and GFR were commenced at 09:00 and measured by para-aminohippurate (PAH) (10%, Merck; Whitestation, NJ, USA) and sinistrin (25% Inutest, Fresenius Kabi Austria; Linz, Austria) clearance studies 
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respectively (Appendix D). A five minute bolus of PAH and sinistrin was infused based on calculations to achieve intravascular concentrations of 20mg and 2mg/100ml respectively(118) using an Alaris pump (GH Guardrails, Alaris Medical Systems, San Diego, USA). Continuous infusions were then continued for 180 minutes to obtain steady state within the plasma. Steady state calculations were achieved by multiplying the estimated GFR (ml/min) by 0.2 (estimated as normal extracellular total body water being 20%). PAH clearance was assumed to be approximately five times greater than that of sinistrin(118). Venous blood samples were taken at 160 and 180 minutes to allow an average value to be calculated. Samples were placed in an EDTA tube, chilled and processed immediately. Urine samples, including urine volumes, were also recorded and processed in the same manner. These were stored in a -100°C freezer as backups in case of discrepancies with the serum samples. Serum PAH and sinistrin samples were batch processed at the Canterbury Health Laboratories in Christchurch using a colorimetric method (Shimadzu LC10AD system equipped with an SP20 UV detector and Gilson 203 autosampler). 
6.3.5.2 Intraoperative period This trial was undertaken within an established perioperative enhanced-recovery protocol(6). Preoperatively, participants received 400ml of a 12.5% carbohydrate solution approximately three hours prior to induction of anaesthesia. Oral bowel preparation was not used in accordance with current guidelines(258).  Following randomisation at induction, a urinary catheter was placed using aseptic technique. Urine volume was recorded, a sample taken for urinary electrolytes, osmolality and NGAL with the remainder being discarded. The trial protocol was then commenced. In the control arm, participants were assessed for haemodynamic instability if hourly UO fell below 0.5ml/kg/h. Participants were deemed to be clinically unstable if they exhibited ≥2 or more surrogate markers or end-organ hypoperfusion; MAP <65 mm Hg, heart rate >100/min, respiratory rate >20/min, symptomatic hypotension, and were resuscitated as per clinical indication with a balanced crystalloid, Plasma-Lyte 148® (Baxter Healthcare Ltd, Auckland, New Zealand) or blood if appropriate. In the absence of instability, participants received a bolus of 250ml of PL148® over 15 minutes to bolster their UO. In the intervention arm, participants were clinically assessed if their UO fell below 0.5ml/kg/h (Appendix C) and treated accordingly if they were found to be unstable. If no 
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instability was present, UO was simply monitored and only intervened upon with a bolus of 250ml of Plasma-Lyte 148® over 15 minutes if it fell below 0.2ml/kg/h (Appendix C). All intravenous fluid was administrated using Alaris pumps (GH Guardrails, Alaris Medical Systems, San Diego, USA). During surgery, participants received 5mL/kg/h of Plasma-Lyte 148® and 5mL/kg/h of 4% succinylated gelatin, sodium hydroxide and water (Gelofusine®, Biomed Ltd, Auckland, New Zealand). A further 500ml of Plasma-Lyte 148® and 500ml of Gelofusine® were infused if the event of a prolonged operation time greater than three hours. After individualised induction, anaesthesia was maintained using desflurane. In the event of open surgery, analgesia was provided by mid-thoracic epidural analgesia (bupivacaine 0.125% and fentanyl 2mcg/mL) during and 48 hours after surgery. For laparoscopic surgery, epidural or intrathecal (morphine) analgesia was used. Hypotension during surgery was treated with vasopressor infusion or boluses of packed red blood cells if appropriate. Venous blood and urine sampling was undertaken at 2 hours, 6 hours and 10 hours following induction of anaesthesia and at 08:00 and 20:00 thereafter until 08:00 on POD3. Venous samples were taken from a dedicated sampling 16guage Venflonwithdrawing 5ml and discarding prior to serum sampling. The cannula was then locked with 5ml of heparinised saline 10units/ml.  
6.3.5.3 Postoperative period After completion of surgery, participants were maintained with 500ml of glucose with 0.18% saline (Dextrose Saline®, Baxter Healthcare Ltd, Auckland, New Zealand) until 08:00 on POD1 when all maintenance intravenous fluid administration was discontinued. Participants were encouraged to commence an oral diet from four hours from extubation.  At 09:00 on POD1, the ERPF and GFR studies were repeated using the same methodologies described for the preoperative measurements.  The fluid bolus protocol was continued at 08:00 on POD2. Urine output was measured using an hourly urometer catheter. To ensure human error was avoided, total UO was also measured at each sampling time-point using a graded measuring cylinder.  
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Participants were follow-up at POD30 and any perioperative complications were recorded as per the Clavien-Dindo classification(220). 
6.3.6 Statistical analysis  All statistical analyses for this trial were performed using JMP 11.2 for Mac OS X (SAS Institute, Cary, NJ) with oversight from the WDHB appointed statistician Lifeng Zhoo. 
6.3.6.1 Power Power calculations for this non-inferiority trial were based on a recent study on the development of AKI in trauma patients(259). Their study compared uNGAL values of 10μg/L compared to 25μg/L as a limit for AKI and found a sensitivity and specificity of 91% and 95% respectively. Based on these results, an absolute increase of 15μg/L or a relative increase of 2.5 times the value of uNGAL compared to the 0.5ml/kg/h was used.  In order to demonstrate non-inferiority based on the above data, at a power of 90% and using a one-sided unpaired t-test with the standard medical significance criterion of 0.05, 18 participants would be required in each group. Given that the required recruitment was relatively small, a dropout rate of 10% was included for safety, leaving 20 participants per group required.  An independent safety monitoring committee was set up given the nature of the study. Trial data and clinical outcomes were analysed following completion of participant 4 and 20 to ensure trial safety. Specific patient data was analysed as required in the event of a serious complication. 
6.3.6.2 Specific biochemical assays  Urine NGAL was analysed at the Canterbury Health Laboratories using chemiluminescent microparticle immunoassay (Architect ci8200 analyser, Abbott Diagnostics, Chicago, Illinois, USA). Samples were analysed in duplicate to reduce error. Normality testing for uNGAL showed non-normal distribution and was subsequently transformed to log-normal with a non-inferiority margin of 0.92 (ln2.5) being used. Serum cystatin C was determined by particle-enhanced immunonephelometry (Dade Behring Marburg GmbH). Cystatin C was normally distributed with a non-inferiority increase of 0.4mg/L being used(260). 
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Serum creatinine was used with an absolute increase of 26.4 μmol/L being used as a definition of AKI stage 1(261).  ERPF and GFR had limits set at 100ml/min and 30ml/min/1.732 respectively(118).  
6.3.6.3 Other biochemical assays and clinical outcomes For secondary biochemical endpoints for repeated measurements such as osmolalities and renal hormones, differences within and between the groups were evaluated by two-way mixed-effects analysis of variance (ANOVA) with post-hoc testing by Tukey’s honestly significant difference test.  Concerning clinical outcomes and other non-repeated measures, Mann-Whitney’s test, Fisher’s exact test, and multivariable linear regression were used as required.  
6.4 Results Potential participants were screened through the colorectal clinics at the North Shore Hospital between November 2011 and July 2013. Of the 212 patients screened, 134 were eligible of whom 75 declined to participate (Figure 6.1). The main reasons for exclusion participation was moderate chronic renal impairment as defined as an eGFR of <60ml/min/1.732 (Table 6.1).  

Exclusion criteria Potential participants eGFR <60ml/min/1.732 26 Cognitive/emotional inappropriateness  16 Age > 85 years 11 BMI > 35 10 Previous renal injury 5 ASA ≥ IV 4 Ongoing requirement for nephrotoxic medication 3 Previous AKI > stage 2 1 Other 14 Total 90 
Table 6.1. Exclusions   
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Figure 6.1. Enrolment flow chart After exclusion and participant declination, 44 patients were enrolled in the study. At induction of anaesthesia, 41 patients were randomised to either the intervention of 0.2ml/kg/h group (n=23) or the standard of 0.5ml.kg/h group (n=18). One patient was excluded from the overall analysis as they did not undergo a bowel resection at the time of laparotomy secondary to unresectable disease (Figure 6.1). 
6.4.1 Demographics Basic demographic data is described in Table 6.2. The two groups were matched for their baseline and intraoperative demographics with the exception of working epidural anaesthesia, which was statistically higher in the 0.5ml/kg/h control group (p=0.006).   

Assessed for eligibility (n=22) 
Excluded (n=171) 

• Not meeting inclusion criteria (n=90) 
• Declined participation (n=60) 
• Other reasons (n=21) 

Randomised (n=41) 

Allocated to Low group (n=23) 
• Received allocated intervention (n=23) Allocated to standard group (n=18) 

• Received allocated intervention (n=17) 
• Did not receive allocated intervention as did not have a bowel resection (n=1) 

Lost to follow up (n=0) Discontinued intervention (n=0) Lost to follow-up (n=0) Discontinued intervention (n=0) 

Analysed (n=23) 
• Excluded from analysis (n=0) Analysed (n=23) 

• Excluded from analysis (n=1) as did not have a bowel resection (n=1) 

 Enrolment 
 

 Allocation 

 Follow-up 

 Analysis 
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 0.5ml/kg/h  (Control group) n=17 0.2ml/kg/h  (Intervention group) n=23 Age (years) 66 (12.6) 67 (8.6) Sex   Male 5 (29%) 8 (35%) Female 12 (71%) 15 (65%) Weight (kg) 80.1(8.9) 82.8 (14.0) BMI (kg/m2) 27.4 (3.26) 27.8 (3.63) Duration of surgery (minutes) 240 (75) 180 (59) Laparoscopic surgery  11(65%) 13 (57%) Working epidural ≥ 24 hours 15 (88%) 14 (61%) Surgical resection   Right hemicolectomy 3 (18%) 15 (65%) Left hemicolectomy 13 (76%) 8 (35%) Total colectomy 1 (6%)) 0 (0%) 
Table 6.2. Basic demographics 

6.4.2 Fluid balance  During the interventional portion of the trial, total fluid volumes between the two groups were significantly different (p=0.0004) with the 0.5ml/kg/h control group receiving 2320ml extra fluid. On more in depth analysis of the fluid prescriptions, the difference was found to be secondary to bolus administration for isolated oliguria (p<0.0001) as per the design of the trial, compared to maintenance intravenous fluid therapy being statistically similar (p=0.856) (Table 6.3). Oral fluid intake was similar in both groups (p=0.344). UO was lower in the 0.2ml/kg/h intervention group as expected from the trial design (p=0.03) (Table 6.3). A physiological recovery diuresis was noted on POD1 but approximately 6 hours earlier in the 0.2ml/kg/h group as compared to the 0.5ml/kg/h group (Figure 6.2). 
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Figure 6.2. Mean urine output Whilst every participant in the study had a least one episode of oliguria as defined by the traditional <0.5ml/kg/h target, participants in the 0.2ml/kg/h intervention group had more episodes: 21.5(18.4–24.5) versus 8.6(5.0–12.2, p<0.0001). Four participants in the 0.2ml/kg/h intervention group received boluses (n=8) for clinical end-organ hypoperfusion compared to only two participants (n=3) in the 0.5ml/kg/h control group. Of note, one of these participants in the 0.2ml/kg/h returned to theatre on POD1 secondary to intra-abdominal haemorrhage, requiring four of the eight boluses in this group.  Regarding total fluid balance, there was no statistically significant difference between the two groups (p=0.11). However, taking into consideration resection specimen weight, overall change in body weight approached statistical significance between the groups: 0.28kg(-1.03–0.47) in the 0.2/kg/h intervention group compared to 0.85kg(-0.02–1.73) in the 0.5ml/kg/h control group (p=0.053). 
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 0.5ml/kg/h (Control group) 0.2ml/kg/h (Intervention group) p Total IV fluids, ml 5490 (4570–6410) 3170 (2380–3960) 0.0004 IV fluid boluses, ml 3010 (2230–3700) 645 (56–1230) <0.0001 IV maintenance fluid, ml 2470 (2060–2890) 2520 (2160–2880) 0.856 Oral fluids, ml 2980 (2260–3700) 3430 (2810–4050) 0.344 UO, ml 4470 (3710–5230) 3360 (2700–4010) 0.030 Total fluid balance, ml 3840 (2600–5090) 3034 (1970–4100) 0.323 
Table 6.3. Fluid balance 

6.4.3 Markers of acute kidney injury 

6.4.3.1 uNGAL uNGAL was collected a various different time points during the trial: 0, 2, 6 and 10 hours after induction, then at 08:00 and 20:00 on POD1, 2 and 3, with a follow-up measurement at POD30.  For the purposes of the primary endpoint, uNGAL was collected during from 08:00–20:00 on POD1. The 0.2ml/kg/h intervention group was non-inferior to the 0.5ml/kg/h control group whether analysed as concentration, excretion or uNGAL/urinary creatinine concentrations (Table 6.4).   0.5ml/kg/h (Control group) 0.2ml/kg/h (Intervention group) p uNGAL concentration 08:00–20:00, µg/L 18.4 (8.3–21.2) 14.7 (7.6–28.9) 0.0011 uNGAL excretion 08:00–20:00, mg 13.9 (8.19–22.0) 12.7 (7.05–16.0) <0.0001 uNGAL / creatinine concentration 08:00–20:00, µg/g 17.0 (11.9–22.1) 13.6 (9.05–21.3) <0.0001 
Table 6.4. Urinary neutrophil gelatinase-associated lipocalin Furthermore, both mean uNGAL concentrations and total excretion of uNGAL (Pnon-inferiority <0.0001) throughout the duration of intervention (up to 08:00 on POD2) were non-inferior between the groups (Figure 6.3). 
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Figure 6.3. Perioperative uNGAL 

6.4.3.2 Cystatin C Likewise, cystatin C (as an estimate of GFR) was similar between the groups at both the primary endpoint (08:00 on POD1) and throughout the intervention (Pnon-inferiority <0.0001; Figure 6.4). 

 
Figure 6.4. Perioperative cystatin C 

6.4.3.3 Creatinine Using contemporary clinically available markers of renal health, serum creatinine remained similar between the groups at 08:00 on POD1 and throughout the intervention period (Pnon-inferiority <0.0001; Figure 6.5). The analysis remained non-inferior if baseline creatinine was accounted for. 

 
Figure 6.5. Perioperative creatinine 
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On creatinine criteria, AKIN stage 1 occurred in 2/17 (12%) and 4/23 (17%) in the 0.5ml/kg/h and 0.2ml/kg/h groups respectively. AKIN 2 occurred in 0/17and 1/23 respectively.  
6.4.4 Renal hormones  Using a repeated measures ANOVA, there were no significant differences between groups during the study period (Table 6.5). 

Renal hormone p value Renin 0.207 Aldosterone 0.120 ADH 0.433 Angiotensin II 0.322 
Table 6.5. Renal hormones However, there were significant statistical differences between baseline and two hours post induction of anaesthesia in all hormones (Figure 6.6). This would be consistent with the stress response to surgery observed by Lewis in 1952(79).  
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Figure 6.6. Renal hormones 

6.4.5 Urinary electrolytes Likewise, there was no significant difference between groups regarding urinary electrolytes and creatinine throughout the study intervention. However, there were significant differences between baseline and 08:00 in urinary potassium and urinary 
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osmolality (p=0.049, p=0.024; Figure 6.7). This again reflects previous work on renal physiology where sodium is retained in times of stress at the expense of potassium(79). 

 
Figure 6.7. Urinary electrolytes 
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6.4.6 Renal function studies  A statistically significant difference was found between groups when comparing the response to surgery on ERPF (p=0.0339). Participants in the 0.5ml/kg/h group had a greater absolute increase in their ERPF in the postoperative period than compared to those in the 0.2ml/kg/h group (Figure 6.8). However, there was not a statistically significant change between pre and postoperative values if analysed as a whole group. Conversely, GFR remained similar in both groups, however, there was a statistically significant difference between pre and postoperative values (p=0.0334; Figure 6.8), with participants seeing an increase in filtration rates in the postoperative period.  Given the percentage of working epidural anaesthesia was significantly different between the two groups, a multivariate linear regression model was run to elucidate any association with the primary and secondary outcomes. Only postoperative GFR was significantly associated with epidural anaesthesia (p=0.034, R2=0.17). Those with working epidural anaesthesia had a smaller increase in GFR (15.9ml/min/1.732) compared to those that did not (33.9ml/min/1.732). 

 
Figure 6.8. GFR and ERPF studies 

6.5 Discussion The findings from this trial show that in the perioperative period, a reduction in the UO target from 0.5ml/kg/h to 0.2ml/kg/h is non-inferior when comparing multiple contemporary and novel markers of renal health. Consequently, we have managed to show a reduction in perioperative intravenous fluid administration of approximately 2300ml. These findings challenge the principles of surgical perioperative fluid management that have been doctrine since the 1950s. 
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Since the landmark study by Bridgette Brandstrup(215), a reduction in perioperative fluid administration has shown to reduce the relative risk of associated morbidity. In these trials, a reduction in intravenous fluid prescription was achieved through maintenance fluids alone. However, with the advent of ERAS protocols, maintenance fluid administration in the perioperative period was standardised and subsequently had less of an impact on overall fluid overload. The results of this trial show that a further 2300ml of unnecessary fluid, in the form of intravenous blousing, can be obviated. These volumes of fluid are clinically important, with recent literature has demonstrating that volumes of excess intravenous fluid of between 2300–3800ml in the perioperative period are associated with a relative increase in complications of 36–45%(56,216) and a reduction in return to normal gastrointestinal physiology(30). These results are further backed up by a recent international multi-centre retrospective study of >1900 patients treated within an ERAS protocol that found fluid overload was an independent predictor of complications (Odds ratio 0.35)(262). Whilst the sample size for this trial was small, multiple measures of renal health were used to evaluate any potential harm. Specifically, a subtle change in uNGAL was used to power the trial (15μg/L), based on only one small study of trauma patients. However, Hasse and Lobo(125) recently conducted a meta-analysis of uNGAL values to establish a cut-off for the detection of renal injury. They concluded that a value of 150μg/L was sensitive enough to detect early renal damage. Therefore, the findings from the present study can be considered valid to prove non-inferiority with the addition that no participants in the intervention group had uNGAL values that exceeded the 150μg/L cut-off. Furthermore, the above trial was of a size that, whilst adequately powered, also allowed for detailed recordings of clinically relevant fluid balances on an hourly basis, as well as frequent and multiple assessments of renal health and physiology. The trial was complete within an ERAS protocol that allowed for more accurate analysis of the data, given that the groups remained standardised with regards to all other ancillary postoperative care. Non-inferiority was demonstrated with not only the primary endpoint, but also with all secondary endpoints of renal health. However, non-inferiority was not demonstrated in postoperative GFR, with the intervention group having a smaller increase than the control. Whilst the difference was statistically significant, both groups had an increase that would be contrary to expected pathophysiology of renal injury. This is perhaps 
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explained by the increase in cardiac pre-load from intravenous therapy (hence a smaller rise in the intervention group) in combination with the surgical stress response as demonstrated by an increase in the renin-aldosterone, angiotensin axis and subsequent increase in urinary osmolality. There is sparse data on ERPF and GFR in the non-cardiothoracic surgical patient, with only one study in the orthopaedic population finding no difference between pre and postoperative values(263). However, the study only looked at changes in the immediate postoperative period.  
6.5.1 Limitations  Given the small sample size, interpretations concerning clinical outcomes cannot be made. Having said this, there were no significant differences found between hospital lengths of stay or complication grade. Specifically, two patients in both the trial and control group had grade 3 or greater complications as per the Clavien-Dindo classification. One patient in each group developed an anastomotic leak requiring radiological percutaneous drainage, however they were discharged within 10 days of their operation. One patient in the control group developed a drug interaction with Tramadol and Felodpine leading to a significant natriuresis, resulting in an acute drop in serum sodium to 117 and seizure. The patient was admitted to the North Shore ICU where the medications were stopped and the sodium corrected. There were no clinical sequalae and the patient was discharged on POD7. After review of the data by the independent monitoring committee, no association was found between the fluid therapies prescribed in the trial protocol. One patient in the intervention arm unfortunately died as a result of a postoperative myocardial infarction. In the early hours of the morning of POD1, the patient became unstable with tachycardia, hypotension and oliguria. As per the trial protocol (Appendix C), the patient was immediately resuscitated and investigated with a CT scan, finding an anastomotic haemorrhage. The patient returned to theatre for control of the haemorrhage by 08:00 on POD1. Following this, the trial protocol was continued and completed on POD3. The patient recovered well and was ready for discharge. Unfortunately on the evening of POD5, the patient was found in cardiac arrest in his chair and was unable to be resuscitated. He had a strong family history of significant cardiovascular disease with every male member of the family dying of myocardial infarction in their 50s. After review by the independent monitoring committee, no association between fluid administration and the myocardial infarction was identified, given the event occurring 48 hours post completion of the trial when intravenous fluid administration had ceased. 
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In both cases of grade 4 complication or above, the trial protocol and biochemical analysis identified the respective complications at an earlier stage than would have been otherwise clinically identified, thus potentially introducing bias into the interpretation of any difference in complications rates.  Of the minor complications (grade 1 or 2), there were 10 and 7 respectively in the intervention and control group. The majority of the complications were superficial wound infections with three patients developing a postoperative ileus of whom one in each group required temporary intravenous nutrition to POD10. One patient in each group developed a cardiovascular complication, with the patient in the intervention arm developing atrial fibrillation which resolved with oral metoprolol, and the patient in the control group developing congestive heart failure secondary to intravenous fluid therapy. From the available literature, fluid balance is clearly important in relation to complications, however, the numbers in this trial are not sufficient to identify any statistically significant difference in clinical outcomes.  Secondly, lack of clinical blinding could be considered to contribute to a type 2 error in a small trial. However, this is unlikely to be a confounder in this case as the assessments were numerical biochemical endpoints reported by laboratory staff who were blinded to participant intervention.  Finally, the findings are limited in their generalisability, as patients with moderate or severe chronic renal impairment were excluded from this trial. Thirty-five (15%) of all patients screened were excluded on this basis. Whilst there was also no difference between groups with mild renal impairment or normal renal function, stratification and block randomisation could have been used to ensure equal numbers of each sub-group. 
6.6 Conclusion This study has demonstrated that adopting a lower UO target of 0.2ml/kg/h in the patient undergoing elective bowel resection without significant risk factors for the development of renal injury as non-inferior to chasing the current target of 0.5ml/kg/h using uNGAL as a surrogate biomarker of renal tubular injury. Crucially, by adopting this simple intervention, the volume of perioperative intravenous fluid therapy can be reduced, helping to avoid excess fluid administration which may be associated with increased complications.  
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Chapter 7 – Summary of results This thesis aimed to answer the following questions regarding perioperative renal physiology: 1. Within the available literature, what perioperative factors correlate with the development of perioperative AKI? 2. Severe AKI is associated with both mortality and morbidity in the general population. Specifically, how important is it to avoid in our study population i.e. the elective non-cardiothoracic surgical patient? 3. If perioperative oliguria is not associated with AKI, then using current definitions, how common is it and what are its sequelae?  4. With the availability of newer biomarkers of AKI, can we ascertain whether perioperative UO is related to the occurrence of subsequent AKI? If it is not, what are its underlying mechanisms? The first study described a systematic review of potential risk factors for the development of perioperative AKI. The literature was searched using the PRISMA guidelines(155) between 1995 and 2016. The search identified 2,257 results of which 20 were deemed relevant to the major elective non-cardiothoracic, non-vascular, non-urological and non-transplant population. Quality assessment of each study and analysis of the combined data was performed on the extracted data and identified that increasing BMI and perioperative use of angiotensin II converting enzyme inhibitors are risk factors in the development of perioperative AKI. The presence of diabetes, CRF, pre-morbid functional status and male gender were also identified as potential risk factors that should alert clinicians to the need for a higher degree of vigilance to prevent AKI in the perioperative period. The second study described a multi-centre cohort of patients undergoing major elective non-cardiothoracic, non-vascular, non-urological and non-transplant population. Data extracted from four ICUs, representing 42% of the national population revealed an incidence of 0.11% for patients who developed complications resulting in AKI that required acute RRT. Whilst the incidence is clearly rare, the consequences are significant with an in-hospital mortality rate of 26% and a five year all-cause mortality rate of 55%. Morbidity was significantly affected with survivals having a reduction in eGFR of 
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14ml/min/1.732, clinically correlating with an increase from mild to moderate renal impairment (Figure 4.3). The third study described a retrospective study of prospectively collected data at North Shore Hospital, Auckland, New Zealand. Anecdotally, UO is used to assess renal function in the perioperative period, but neither of the previous studies highlighted this as a risk factor for the development of perioperative AKI. Of the 140 patients assessed between January 2009 and July 2010, 84% developed AKI as defined by a UO of <0.5ml/kg/h, with an average number of episodes per patient of 6.5 ± 4.5. These episodes resulted in a mean fluid challenge of 925 ± 942ml per patient aimed at treating isolated periods of oliguria. Given the meta-analysis by Lobo(30), which showed that even modest salt and water retention resulting in 2–3 kilograms of weight gain in the perioperative period doubles the risk of complications, these findings are important. Specifically, in both univariate and multivariate analysis, this study refutes the dogma that decreased UO directly correlates with a deterioration in postoperative renal function. This finding indicates that there is a need for a change to the current accepted UO requirement in the perioperative period. The fourth and final study described a randomised controlled, non-inferiority trial aimed at challenging the contemporary perioperative UO target of 0.5ml/kg/h. Following power calculations, 41 patients undergoing elective small bowel and colonic resections at North Shore Hospital between November 2011 and July 2013 were randomised to one of two arms. They received fluid boluses to bolster UO above either the conventionally accepted limit of 0.5ml/kg/h or a limit of 0.2ml/kg/h (defined by renal physiology). Patients in both groups were otherwise treated as per local ERAS protocol. The primary outcome was occurrence of AKI as defined by an increase in uNGAL between 08:00 and 20:00 on POD1. uNGAL concentrations were non-inferior between the two groups (Pnon-inferiority <0.0001). Other more contemporary markers of renal health, creatinine and more robust estimates of GFR cystatin C also showed non-inferiority between the two groups (Pnon-inferiority <0.0001).  Secondary outcomes looking at perioperative renal physiology revealed the activation of the renin-aldosterone-angiotensin II system, and more importantly, the release of ADH within hours of induction of anaesthetic. This resulted in a lower physiological UO, confirmed on analysis of urinary osmolalities as an increase in salt and water retention as opposed to a reflection of pathology i.e. AKI. Furthermore, these physiological 
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mechanisms were not reduced by the presence of epidural or spinal anaesthesia, with a paradoxical increase in both ERPF and actual GFR (p=0.0339 and p=0.0334).    
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Chapter 8 – Discussion and conclusions 

As highlighted in this thesis, AKI is an important consideration for the safety of the perioperative patient, with an increased relative risk of morbidity and mortality(264). In particular, major surgery in isolation was found to be the second commonest predisposing factor for the development of AKI(265). This is also an important public health consideration with a significantly increased financial outlay compared to patients who have an uncomplicated recovery(266). Furthermore, with an increasingly aged and comorbid population, the incidence of perioperative AKI is likely to increase dramatically. Specifically concerning comorbidities, a recent analysis from Europe(267) identified 20% of its perioperative non-cardiac surgical patients to have a degree of chronic renal impairment, a probable risk factor for the development of perioperative AKI as outlined in Chapter 3. Perioperative AKI, particularly its incidence, is however difficult to study as types of surgery vary considerably as do patient populations undergoing each type of surgery(268). Compounding this issue further is the heterogeneity in definitions of AKI that can lead to statistically significantly differences in incidence, depending on which criterion is used and whether each criterion uses only biochemical endpoints (decrease in GFR) or UO(269).  Additionally, the majority of research appears to target the cardiovascular surgical population and depending on definition, perioperative AKI can be as common as 30%(270-272). However, studies investigating the non-cardiac surgical population reveal that a substantial number incorporate vascular surgery(273,274) or acute admission(275-278) into this major non-cardio population—a significant population bias.  Chapter 3 explored these issues with regard to the most commonly performed major surgeries: the major elective non-cardiothoracic, non-vascular, non-urological and non-transplant population. To our knowledge, this is the first study to investigate suspected and potentially modifiable risk factors in this specific and common population. In concordance with individual literature, CKD, established and medically treated diabetes, male gender and poor pre-morbid functional status places patients at an increased risk for the development of perioperative AKI(279). Use of ACE inhibitors and increased BMI were found to be potential risk factors for the development of AKI in this subset of patients, which can be addressed in the preoperative period.  
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However, with the lack of a unified definition(147,149,280), perioperative AKI is a difficult topic to investigate as underlined by the systematic literature review. Chapter 4 attempted to address this issue by using the need for RRT in the perioperative period as a predetermined endpoint. Whilst making selection criteria more definitive, this endpoint also allowed the investigation of those who were affected the most severely. This is of particular importance given that approximately 30% of patients admitted to ICUs have, or will develop, AKI(281,282), of whom between 3–8% will require RRT(251,283). Given surgical patients contribute almost 50% of the workload to ICUs(284), defining the incidence and severity of AKI in this population is of importance.  With a representative sample of the national population, Chapter 4 found that AKI requiring RRT is rare, with an incidence of 0.11% in the elective major non-cardiothoracic, non-vascular, non-urological and non-transplant population. Whilst rare, the sequelae of such severe AKI are stark with five year survival only at 45% in keeping with the current literature of all-cause mortality in the intensive care population as a whole(285), but with an increased rate of in-hospital mortality (26%). In addition, amongst the survivors there was a statistically significant and clinically relevant drop in stage of CKD on average from CKD 2 to 3, along with a reduced need for continued RRT of 7% compared to ~25% in the combined intensive care population(201). This is the first research that specifically assessed the impact of severe perioperative AKI in the elective major non-cardiothoracic, non-vascular, non-urological and non-transplant population, with the vast majority of patients (75%) coming from the general surgical population who developed a septic complication resulting in AKI. In itself, this is an important finding emphasising the rarity of AKI as an isolated complication, but also that it appears to predominantly affect the general surgical population. Consequently, it can be argued that following identification of patients potentially at risk in the preoperative period, monitoring for the development of general complications postoperatively may be of more value than exclusively trying to identify AKI in isolation.  Chapter 5 documents contemporary monitoring for AKI of postoperative surgical patients. In the acutely unwell patient, UO increases the sensitivity of the contemporary AKI criteria (RIFLE, AKIN and KDIGO) in diagnosing AKI(147,286-288), however, there is sparse literature to suggest that this translates into the elective surgical population. Anecdotally, a UO target of 0.5ml/kg/h is required for renal protection, which is typically attained by the administration of intravenous fluid. However, significant postoperative 



 

 104

fluid overload, as shown in a meta-analysis by Lobo et al(39), to be 2400ml in the first 48 hours after surgery, doubles risk of complication. Therefore, the retrospective study described in Chapter 5 looked at how common isolated oliguria, as defined by <0.5ml/kg/h in the elective colorectal resection population, and the magnitude of intravenous fluid therapy administered to counter this phenomenon. At North Shore Hospital in Auckland, patients from a prospectively collated database were analysed and the incidence of isolated oliguria was found in 84%, resulting in a mean intravenous fluid administration of 925ml. Interestingly, there was no correlation between urine outputs and change in plasma creatinine in these patients. Whilst not at the 2000ml described by Lobo’s group, it does constitute a clinically significant amount of fluid used to treat a theory proven in the critically unwell patient, but has not been shown to translate into the elective surgical population. Consequently, Chapter 6 set out a randomised controlled trial, which tested the hypothesis that elective surgical patients are similar to the community population. Therefore a UO target of 0.2ml/kg/h in the perioperative period could be accepted, as derived from the kidney’s ability to concentrate and excrete the maximum amount of solute.  From the research presented in this thesis, the following conclusion can be drawn: Perioperative AKI requiring acute RRT is rare, but its sequelae regarding both mortality and morbidity are significant. Literature is sparse regarding AKI in the elective major non-cardiothoracic, non-vascular, non-urological and non-transplant population. However, to reduce the risk of developing AKI, the available literature suggests that patients should be advised to lose weight prior to surgery and if clinically appropriate, any angiotensin converting enzyme inhibitor therapy should be withheld during the perioperative period. Clinicians should also be aware that male patients, those with poor preoperative functional status, those who suffer from CRF or diabetes represent increased risk groups and should be closely monitored for the development of AKI. Low UO is common after elective bowel resection and results in clinically significant fluid administration. It is currently used as a surrogate for the development of AKI, however, 
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perioperative UO is not associated with a change in plasma creatinine and thus the development of AKI.  Low perioperative UO in isolation is a physiological response to surgery and not indicative of the development of AKI. Regarding AKI, accepting a lower perioperative UO target of 0.2ml/kg/h is as safe compared to the conventional target of 0.5ml/kg/h and results in a clinically significant decrease in perioperative fluid administration. This may reduce complications from unnecessary fluid administration.   
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Chapter 9 – Future directions for research This thesis has attempted to highlight the current pitfalls in our recognition and treatment of perioperative AKI. Specifically, this research emphasised the heterogeneity in definitions of AKI and the need for a unified definition. It is impossible to draw conclusions from studies measuring an outcome that has as of yet, not been clearly defined. This thesis also identified a lack of published literature with regards to AKI in the elective non-cardiothoracic, non-vascular, non-urological and non-transplant population. In particular, intraperitoneal surgery i.e. bowel resections, have a profound effect on fluid physiology and homeostasis, more so than other non-bypass related surgery. Therefore, it is proposed: 1. Further studies aimed at the validation of novel biomarkers for the detection of AKI (e.g. NGAL or KIM1) in the elective non-cardiothoracic, non-vascular, non-urological and non-transplant population are conducted. 2. Large prospective studies are conducted using these biomarkers as a robust definition of AKI to identify patient and procedural factors that may increase the risk of perioperative AKI for hypothesis generation. 3. Findings from these hypothesis-generated steps could then be extrapolated into interventions that could be explored using randomised controlled trials, such as the trial described in Chapter 6. 4. And regarding Chapter 6, given the approximately 2300ml of extra intravenous fluid that can be obviated by using the 0.2ml/kg/h UO target, a further randomised controlled trial is warranted, powered to detect a reduction in perioperative complications as theorised by Dileep Lobo’s group(30).   
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Appendix A – Randomised controlled trial: Participant consent 
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Appendix B – Randomised controlled trial: Participant 
information sheet  
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Appendix C – Randomised controlled trial: Trial protocols 
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Appendix D – Randomised controlled trial: PAH and sinistrin 
infusion protocols 
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Appendix E – Randomised controlled trial: Data collection 
sheets 
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