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Abstract  

 

Acute kidney injury (AKI) is a global health issue known to cause avoidable harm and death. 

Improvement in its prevention and management is therefore considered an important goal for the 

healthcare sector. While improvement science states that without measurement, improvement is 

not possible, at the outset of this research, the epidemiology of AKI was also not fully understood. 

Whereas numerous studies had described AKI that is developed during hospitalisation, less had 

focused on that developed in the community. This healthcare informatics thesis centres on the 

proposed utilisation of routine serum creatinine (SCr) data for informing both the epidemiology 

of AKI, and improvement in care for patients who develop and/or are at risk of AKI. It follows 

the recent implementation of an automated laboratory-based electronic alerting system for AKI 

across the entire Welsh National Health Service which, in addition to its primary purpose of aiding 

early intervention, also had potential to be applied as a centralised system of data collection.  

 

The first of three projects documented in the portfolio style thesis involves development of 

processes to systematically extract, cleanse and classify data on electronic (e)-alerts transmitted 

by the algorithm of the aforementioned system. This author’s work results in a data set which is 

suitable for analysis and enables reliable identification of all AKI occurring in the Welsh 

population, including that which is hospital and community acquired. Following this is project 

two and presentation of a series of peer-reviewed studies by the author which, by utilising the 

described novel data set, include some of the first comprehensive, population-based descriptions 

of AKI and its associated factors known to date. Project three follows with further practical 

examples of work by the author to demonstrate the potential of the same data set. It begins with 

studies by the author which, in helping end-users better understand the significance of AKI e-

alerts, could allay speculation healthcare providers and professionals may have regarding their 

clinical utility. It closes by presenting a prototype of a tool which, via application of statistical 

process control techniques and indicators developed by the author, provides a means to robustly 

measure, and identify variation in, quality of healthcare provision related to AKI in Wales, a 

mechanism which did not exist prior.  

 

The original contribution to knowledge is the methodological development of a new national data 

source for AKI, and the demonstration and conclusion that these large validated data provide 

unique opportunity to reliably inform the epidemiology of, and quality improvement in healthcare 

provision for, AKI. Work on and of this scale and scope is yet to be achieved elsewhere. This 

thesis therefore significantly adds to the literature to which it relates. To validate its contribution, 

and support its overall conclusion, the peer-reviewed status of the author’s 14 published works 

appended and presented throughout are offered. Finally, while the work here concerns SCr and 

AKI, it is also presented as a wider proof of concept which in theory could be replicated for other 

routine laboratory-based healthcare data, to improve the epidemiological understanding and 

management of other health conditions. 
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Chapter 1: Critical Overview 

 

 

1.1 Introduction and layout of thesis 

 

Acute kidney injury (AKI) is a syndrome characterised by a rapid reduction in kidney function. 

It is recognised as a global health issue due to its increasing incidence and associated poor 

outcomes. Improving the prevention and management of AKI is therefore widely accepted as an 

important goal for the healthcare sector. While improvement science states that without 

measurement, improvement is not possible, at the outset of this research, the epidemiology of 

AKI was also not fully understood. This thesis centres on the proposed utilisation of routine SCr 

data for informing the epidemiology of AKI, and informing improvement in care for patients who 

develop and/or are at risk of, AKI. The overarching theme of this research can therefore be 

described as the application of routine population healthcare data for epidemiology and quality 

improvement (QI) in care.  

 

This opening critical overview chapter outlines the three separate but intrinsically linked research 

projects that comprise this ‘PhD by portfolio’ style thesis (Figure 1.1). In introducing the key 

concepts underpinning these projects, and presenting the broader theory in which the thesis sits, 

it provides the context for the author’s work that is documented. This chapter also discusses the 

conclusions and limitations of the research as a whole and concludes by demonstrating its original 

contribution to knowledge, summarising its potential implications for policy, practice and theory, 

and offering a number of recommendations for future work. 

 

 

 
Figure 1.1: Structure of ‘portfolio style’ thesis 
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1.2 Origins of thesis 

 

A recent National Confidential Enquiry into Patient Outcome and Death (NCEPOD, 2009) 

identified significant systemic deficiencies in healthcare provision for AKI across the UK. In its 

review of care of patients who died in hospital in England and Wales with a primary diagnosis of 

AKI, it found a high proportion of care to be suboptimal, with only 50% of patients with AKI 

considered to have received a ‘good’ standard of care. The so-called ‘Adding insult to injury’ 

report also found 30% of the AKI cases it reviewed were preventable. Despite its reliance on 

hospital coding data which is often prone to error, and a patient population in which all outcomes 

were death, the enquiry described was evidence of AKI, in some cases, causing avoidable harm 

and death. Smaller local Welsh studies conducted soon after (Talabani et al., 2014; Wonnacott et 

al., 2014) also identified similar sub-standard care for AKI. 

 

Following NCEPOD, the National Institute for Care and Excellence (NICE, 2013) issued, for the 

first time, guidelines on the prevention, detection and management of AKI. This coincided with 

the development of new internationally agreed biochemical diagnostic criteria for AKI, by the 

‘Kidney Disease: Improving Global Outcomes’ working group (KDIGO, 2012). Also following 

this was the launch by the International Society of Nephrology of their ‘0by25’ initiative, setting 

out a worldwide ambition to prevent all avoidable death from AKI by 2025 (Mehta et al., 2015).  

 

The events described brought political attention to AKI in the UK which in turn prompted 

widespread calls for the development of new strategies to improve its prevention and 

management. In Wales, this involved the issue by Welsh Government (WG) of a patient safety 

notice for AKI (Appendix 1.1), and the establishment of a national AKI Steering Group, a 

taskforce set up to develop a standardised approach to AKI across the National Health Service in 

Wales (NHSW). This approach included the development and implementation of a national 

automated laboratory-based clinical decision support system (CDSS) for AKI, based on the 

assumption that this would aid early recognition and intervention of AKI, and thereby improve 

patient outcomes (Feehally et al., 2013).  

 

The improvement science literature states that without measurement, improvement is not possible 

(Deming, 1986; Drucker, 1997). Palmer (1998) says that in QI, improvement is the goal of 

measurement. If the quality of healthcare provision related to AKI in Wales was to improve, it 

therefore needed to be measurable. In addition to its clinical application, the forementioned CDSS 

or electronic (e)-alerting system for AKI, which had been implemented by all laboratories in 

NHSW, also had the potential to be applied as a centralised system of data collection, to 

systematically collect national data on AKI. This large source of data may have offered 
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opportunity to firstly, better understand the epidemiology of AKI, and secondly, inform strategies 

aimed at improving the prevention and/or management of AKI. 

 

 

1.3 Research question and aims 

 

This healthcare informatics thesis explores the research question: 

 

Does application of routine population healthcare data offer the opportunity to inform 

and improve care? 

 

Specifically it asks whether a national AKI alerting system, which utilises routine SCr data, can 

be applied to: 

 

(i) inform the epidemiology of AKI, and  

(ii) inform improvement in care for patients who develop and/or are at risk of AKI.  

 

To answer these questions, the overall aims of the thesis are as follows: 

 

1. To develop a validated national data set for AKI. 

2. To explore and demonstrate the potential of these data for epidemiological research in 

AKI. 

3. To explore and demonstrate the potential of these data for QI in healthcare provision 

related to AKI. 

 

 

1.4 Acute Kidney Injury 

 

Kidneys play a key role in maintaining homeostasis in the human body and are responsible for 

the filtration and excretion of metabolic waste products from the bloodstream. An acute injury to 

the kidney can broadly be defined by a rapid decline in the glomerular filtration rate (GFR) - the 

flow rate of filtered fluid through the kidney – resulting in the retention by the body of metabolic 

waste products (Thadhani et al., 1996). Creatinine is one example of these products. The 

breakdown product of Creatine, it is produced as a result of muscle protein metabolism, and is 

released by the body at a constant rate. Comparative measurements of this compound in the blood, 

otherwise known as Serum Creatinine (SCr), can therefore be used to reliably indicate changes in 

GFR, where increasing levels of SCr reflect a decreasing GFR. While other biological markers 

such as Inulin and Cystatin-C may be more sensitive to changes in kidney function, using these 

alternative agents to estimate GFR requires complex and expensive chemical assays which are 
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impractical for routine use (Basile et al., 2012; Edelstein, 2008; Makris and Spanou, 2016). SCr 

therefore remains the biomarker most routinely used in clinical practice for measuring renal 

function (KDIGO, 2012), with Waikar et al. (2013) describing it as the ‘imperfect gold standard’ 

for such. SCr is therefore also the diagnostic test used by the AKI alerting system described in 

this thesis to detect AKI. 

 

Historically, and to acknowledge the continuum of injury which can occur before kidney function 

fails, AKI replaces acute renal failure (ARF). Whilst first used by American physician William 

MacNider in 1918, AKI did not become the preferred term until the early 21st century, until which 

ARF and acute tubular necrosis (ATN) were used interchangeably. During this time, consensus 

classifications of ARF and/or ATN also did not exist and in their scientific survey of the literature, 

Kellum et al. (2002) found over 35 different definitions for AKI and its relative aliases.  

 

1.4.1  Epidemiology of AKI 

 

Delay in a universal definition meant that at the outset of this thesis, the epidemiology of AKI 

was not fully understood. While population incidence of AKI was reportedly rising (Rewa and 

Bagshaw, 2014; Lameire et al., 2013; Xue et al., 2006; Hsu et al., 2007), the incidence reported 

in the literature varied depending on the definition used and clinical and geographical setting 

studied. The majority of large scale studies had mostly also relied upon hospital coding data or 

retrospective review of patient records for identification of AKI, methods which are prone to 

inaccuracy and can lead to missed cases (Bucaloui et al., 2012; Hsu et al., 2007; Liangos et al., 

2006). Although providing some key information on the epidemiology of AKI, these studies likely 

therefore underestimate the actual incidence of AKI. While some studies had sought to overcome 

this by using biochemical criteria to identify their AKI patient cohorts, these were either single-

centre based (Porter et al., 2014, Wallace et al., 2014), or used e-alert systems not based on the 

new and forementioned internationally agreed definition of AKI formulated by KDIGO (Thomas 

et al., 2011; Amin et al., 2012). Most epidemiological AKI research prior to this thesis had mostly 

also concentrated on the inpatient and critical care setting (Chertow et al., 2005; Rewa and 

Bagshaw, 2014; NCEPOD, 2009) and less was known about AKI in the community setting. While 

it had been reported that 60% of hospitalised AKI patients actually acquire their injury in the 

community, and nearly 50% of community acquired (CA) AKI is not admitted to hospital (Selby 

et al., 2012; Wonnacott et al., 2014), studies characterising CA-AKI had mainly relied on small 

samples and because of geographic differences in disease patterns, may not have been directly 

applicable to all populations (Cui et al., 2005; Daher et al., 2012; Obialo et al., 2000; Talabani et 

al., 2014). By providing a comprehensive epidemiological description of AKI in the entire Welsh 

population, including that acquired in the hospital and community setting, studies conducted by 

the author presented as part of this thesis address some of these deficiencies in the literature. 
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While at the outset of this thesis the incidence of AKI may have been rising, and reportedly driven 

mostly by an increasingly ageing and comorbid population (Horton and Berman, 2015; Xue et 

al., 2006; Hsu et al., 2007), it was also known that patients who develop AKI experience poor 

outcomes, even in its milder forms. These include but are not limited to an increased likelihood 

of death, with in-hospital mortality following AKI found to be as high as 35% for patients 

requiring treatment by renal replacement therapy (RRT), an increased risk of subsequent 

development and/or progression of chronic kidney disease (CKD), increased morbidity, and lower 

quality of life (Rewa and Bagshaw, 2014; Ali et al., 2007; Bagshaw et al., 2005; Waikar et al., 

2008; Wald et al., 2012; James et al., 2020).  

 

AKI is simultaneously associated with poor consequences for healthcare providers. These mainly 

include the economic implications resulting from those patients who survive but fail to recover 

renal function following their AKI and who therefore consume substantially more healthcare 

resource as a result of their CKD, long-term requirement for RRT, repeated and prolonged 

hospitalisations, and increased need for critical care (Rewa and Bagshaw, 2014). For the 

healthcare economy, AKI is therefore among one of the most expensive health conditions, with 

NICE (2019) previously estimating that management of non-community related AKI costs the 

NHS in the UK between £434 and £620 million per year, more than the cost of some common 

cancers combined. 

 

1.4.2  Prevention of AKI 

 

If AKI has poor outcomes for patients and providers, it is important that where possible, it is 

prevented. While NCEPOD (2009) report that up to 30% of in-hospital AKI is avoidable, NICE 

(2013) have previously estimated that strategies aimed at reducing AKI in the UK could result in 

up to 100,000 fewer cases and 42,000 less deaths per year.  

 

The notion of prevention over intervention as a form of treatment is well known and Kam Tao Li 

et al. (2013) say most causes of AKI could be prevented at the individual, hospital, community 

or regional level. While it can occur in anyone, a number of factors can increase one’s risk of 

developing AKI. They include but are not limited to increased age, history of AKI, and chronic 

conditions such as CKD, heart and liver failure, and diabetes (Makris and Spanou, 2016). Kashani 

et al. (2019) extend this risk profile further and categorise risks as those which are inherent and 

non-modifiable, those which are exposure-based, those which are caused by care processes, and 

those which are associated with socioeconomic and environmental factors.  

 

In their extensive guidance for preventing both nosocomial AKI and AKI in the community, NICE 

(2013) recommend identifying at risk patients so that their renal function can be monitored, and 
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hydration and avoidance of nephrotoxic drugs can be ensured. The Acute Disease Quality 

Initiative (ADQI) agree. Whilst they suggest mitigating the incidence of AKI involves identifying 

and monitoring high risk patients, in their series of recommendations regarding the role of 

healthcare systems in preventing AKI, they also advise monitoring variation in population-based 

AKI incidence, and improving patient education and awareness of AKI (Kashani et al., 2019). 

Kellum et al. (2012) go further and to highlight the significance of the condition among the public, 

suggest describing an AKI as a ‘kidney attack’. Although awareness raising may not be the scope 

of this work, by providing a means to monitor the incidence of AKI in the Welsh population, and 

exploring factors associated with variation in its incidence, the work here is nonetheless pertinent 

to the other recommendations described.  

 

1.4.3  Management of AKI  

 

While prevention is important, not all AKI is preventable. However, through early identification 

and correct treatment, most AKI is reversible (NICE, 2013). Because it occurs rapidly and often 

without symptoms in the early stages, diagnosis and treatment of AKI can however be complex 

and is further complicated by its diverse aetiology (Basile et al., 2012). Although a disease of the 

kidney, variation in its presentation across different care settings also means the majority of AKI 

is not seen nor managed by a nephrologist. It is therefore key all care professionals, not just those 

within the renal specialties, understand the significance of rises in SCr and are able to detect and 

manage AKI (Thornburg and Gray-Vickrey, 2016; Makris and Spanou, 2016). While many 

factors may explain the inconsistent management of AKI from which this thesis originates 

(NCEPOD, 2009), and while unlikely a problem exclusive to the Welsh healthcare system (Forde 

et al., 2012), the forementioned CDSS was one intervention implemented in NHSW to address 

this suspected and so-called ‘AKI ownership’ issue. Another was the production of a national care 

protocol for patients presenting with AKI (Appendix 1.2), based on the premise that care protocols 

align clinical practice with evidence-based guidelines (Campbell et al., 1998). Whether the 

interventions described actually improved clinical management of AKI in Wales as intended is 

not necessarily the focus of this thesis however. Rather, the work here is the precursor to, and 

provides the means for, potential QI work like this.  
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1.5 The Welsh AKI alerting system 

 

If this thesis applies the Welsh AKI alerting system as a centralised system for data collection, a 

baseline technical understanding of this system is necessary to interpret the author’s work that is 

presented. 

 

1.5.1  AKI algorithm 

 

A CDSS, of which the Welsh AKI alerting system is an example of, involves two automatic 

processes; a diagnosis, involving an algorithm performing a calculation, or series of calculations, 

and a notification, involving the same algorithm communicating the outputs of its analysis to a 

relevant clinician. Figure 1.2 illustrates the process by which alerts are triggered by the Welsh 

AKI alerting system. Its algorithm (Figure 1.3) automatically, in real-time and at point of testing, 

compares for an individual patient, a current SCr result value with previous SCr results. Based on 

the forementioned KDIGO definition of AKI, the alert algorithm is designed to detect possible 

incident cases of AKI by applying three different rules. These rules are based on absolute or 

relative increases in SCr from a baseline reference SCr value that has been drawn either from the 

previous 48 hours (Rule 1), 7 days (Rule 2), or 8-365 days (Rule 3) (Table 1.1). Specifically, the 

algorithm first generates two different reference values: the lowest SCr from the previous 7 days 

(RV1), and the median SCr from the previous 8-365 days (RV2). By dividing the current SCr 

value by each RV, it then calculates two reference value ratios (RVR) and selects the highest. If 

the higher RVR is greater than or equal to 1.5, and the current SCr can therefore be described as 

being at least 50% greater than either RV1 or RV2, an alert is triggered. Depending on the size of 

the observed increase in SCr, alerts are then classified for severity, as either stage 1, 2 or 3, and 

where a higher stage indicates a higher severity (Table 1.2). Where the highest RVR is less than 

1.5 but an increase of more than 26 μmol/L in the previous 48 hours can be observed, the 

algorithm will trigger a stage 1 alert (Table 1.3). If neither an increase of more than 26 μmol/L in 

the previous 48 hours or a RVR greater than or equal to 1.5 can be observed, no alert is triggered. 

 

1.5.2  AKI alerts  

 

Combining the three algorithm rules with the three AKI stages results in nine distinct possible 

algorithm outputs, or alerts, with a different code generated for each (Tables 1.3 and 1.4). In 

addition to these nine alerts, the algorithm also triggers alerts for suspected AKI, with code 

‘SAKI’. These however do not represent actual AKI based on the KDIGO definition, and are 

triggered to warn clinicians of possible developing cases of AKI. 
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1.5.3  Scope of system 

 

All 19 laboratories in NHSW use the centralised Welsh Laboratory Information Management 

System (WLIMS), an ‘InterSystems TrakCare Lab’ database for the administration of test results, 

including SCr. These laboratories undertake biochemistry investigations on behalf of all NHSW 

healthcare professionals, from all sectors of the healthcare system, including both primary and 

secondary care. Except for the small number of Welsh residents who may access care over the 

border, the WLIMS therefore records and stores data on all laboratory tests conducted for the 3.3 

million people of Wales (ONS, 2020), with over 1.8 billion rows of data at time of writing. By 

being based in the WLIMS, and since its activation in April 2015 (Table 1.4), it is therefore 

possible to apply the described AKI alert algorithm to collect data on all AKI events occurring in 

the entire Welsh population, including that diagnosed in the hospital and community setting. A 

system with such national and cross-sector scope is yet to be proven elsewhere and is why much 

of the work described in this thesis is unique. 

 

 

 
Figure 1.2: Process by which electronic AKI alerts are triggered in the WLIMS 

 

 

Table 1.1: Rules applied by the Welsh AKI alerting system to detect AKI 

Rule Reference value (RV) 

 

AKI alert trigger criteria 

Rule 1 Lowest SCr from 

previous 48 hours 

No other rule triggered and more than a 26 µmol/L 

increase in SCr from RV 

Rule 2 Lowest SCr from 

previous 7 days 

At least a 50% increase in SCr from RV 

Rule 3 Median SCr from 

previous 8-365 days 

At least a 50% increase in SCr from RV 

 

 

Table 1.2: AKI staging criteria applied by the Welsh AKI alerting system 

AKI Stage SCr criteria 

 

Stage 1 50-99% increase OR an increase of more than 26 µmol/l (0.3 mg/dL)  

Stage 2 100 to 199% increase  

Stage 3 At least a 200% increase OR an increase to at least 354 µmol/l (4.0 mg/dL) 

 

SCr 
measurement 

request 
submitted by 

clinician

Result value 
of SCr 
request 

authorised by 
laboratory

Apply rules 
to detect AKI

Apply 
criteria to 

allocate AKI 
stage

Issue alert to 
requesting 
clinician

Welsh Laboratory Information Management System (WLIMS) 

AKI alert algorithm 
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Table 1.3: AKI alert codes triggered by the Welsh AKI alerting system for adult patients 

Alert code Trigger criteria 

 

Rule Stage 

DELTA1 D >26 µmol/L AND no other rule triggered 1 1 

ABS1 C1/RV1>C1/RV2 AND C1/RV1≥1.5 AND C1>354 µmol/L 2 3 

ABS2 C1/RV2>C1/RV1 AND C1/RV2≥1.5 AND C1>354 µmol/L 3 3 

R1AKI1 C1/RV1>C1/RV2 AND C1/RV1≥1.5 AND C1/RV1<2.0 2 1 

R1AKI2 C1/RV1>C1/RV2 AND C1/RV1≥2.0 AND C1/RV1<3.0 2 2 

R1AKI3 C1/RV1>C1/RV2 AND C1/RV1≥3.0 2 3 

R2AKI1 C1/RV2>C1/RV1 AND C1/RV2≥1.5 AND C1/RV2<2.0 3 1 

R2AKI2 C1/RV2>C1/RV1 AND C1/RV2≥2.0 AND C1/RV2<3.0 3 2 

R2AKI3 C1/RV2>C1/RV1 AND C1/RV2≥3.0 3 3 

SAKI C1-RV1>26.5 µmol/L AND no other rule triggered n/a n/a 

C1, Current SCr value authorised in the WLIMS; RV, Reference SCr value with which C1 is 

compared; RV1, lowest SCr result from previous 7 days; RV2, median of SCr results from 

previous 8-365 days; D, Difference between C1 and lowest SCr result from previous 48 hours. 

 

 

Table 1.4: AKI alert codes triggered by the Welsh AKI alerting system for paediatric patients 

Alert 

code 

Trigger criteria 

 

Rule Stage 

DELTA1 D >26 µmol/L AND no other rule triggered 1 1 

ABS1 C1/RV1>C1/RV2 AND C1/RV1≥1.5 AND C1> 3 times the upper 

limit of age and sex related population reference range for SCr 

2 3 

ABS2 C1/RV2>C1/RV1 AND C1/RV2≥1.5 AND C1> 3 times the upper 

limit of age and sex related population reference range for SCr 

3 3 

R1AKI1 C1/RV1>C1/RV2 AND C1/RV1≥1.5 AND C1/RV1<2.0 2 1 

R1AKI2 C1/RV1>C1/RV2 AND C1/RV1≥2.0 AND C1/RV1<3.0 2 2 

R1AKI3 C1/RV1>C1/RV2 AND C1/RV1≥3.0 2 3 

R2AKI1 C1/RV2>C1/RV1 AND C1/RV2≥1.5 AND C1/RV2<2.0 3 1 

R2AKI2 C1/RV2>C1/RV1 AND C1/RV2≥2.0 AND C1/RV2<3.0 3 2 

R2AKI3 C1/RV2>C1/RV1 AND C1/RV2≥3.0 3 3 

SAKI C1-RV1>26.5 µmol/L AND no other rule triggered n/a n/a 

C1, Current SCr value authorised in the WLIMS; RV, Reference SCr value with which C1 is 

compared; RV1, lowest SCr result from previous 7 days; RV2, median of SCr results from 

previous 8-365 days; D, Difference between C1 and lowest SCr result from previous 48 hours. 

 

 

Table 1.5: Implementation of the Welsh AKI alerting system across NHS Wales 

NHS Wales organisation Date active Number of 

laboratories 

Population 

served* 

Cwm Taf UHB November 2013 2 296,735 (9.6%) 

Hywel Dda UHB December 2013 4 383,229 (12.4%) 

Aneurin Bevan UHB March 2014 3 581,789 (18.8%) 

Betsi Cadwaladr UHB September 2014 3 694,473 (22.4%) 

Cardiff and Vale UHB November 2014 2 484,752 (15.6%) 

Velindre NHS Trust** November 2014 1 n/a 

Abertawe Bro Morgannwg UHB March 2015 4 525,466 (17.0%) 

Powys Teaching HB*** March 2015 0 132,642 (4.3%) 

*Population based on ONS mid-year 2016 estimates. **Velindre NHS Trust manages and 

provides care for the population accessing cancer care in Wales, rather than a regional 

population of Wales. ***Powys Teaching Health Board is served by laboratories in neighbouring 

Health Boards. UHB, University Health board. 
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Figure 1.3: National AKI alert algorithm, based on changes in SCr over time.  

C1, Current SCr value authorised in the WLIMS; RV, Reference SCr value with which C1 is 

compared; D, Difference between C1 and lowest SCr result from previous 48 hours; RI, 

Population reference interval. 
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1.6 Quality in healthcare  

 

If this thesis is to utilise the described national AKI alerting system for data collection, and 

demonstrate the potential of these data to inform and ultimately improve quality of care for 

patients who develop and/or are at risk of AKI, a theoretical understanding of quality and QI is 

required. Management theorist Drucker (1997) famously claimed “if you can’t measure it, you 

can’t improve it”. For quality to improve it therefore must be measurable and if it is to be 

measured, it first must also be defined.  

 

1.6.1  Quality 

 

Derived from the Latin ‘qualis’, meaning ‘what kind of’, quality is defined in the Oxford English 

Dictionary (1997) as “the standard of something when it is compared to other things like it”. The 

earliest transcendent definition of quality in the context of healthcare came in 1960 from 

American physician and researcher, Donabedian (1988), when he described it as: 

 

“care which is expected to maximize an inclusive measure of patient welfare, after one 

has taken account of the balance of expected gains and losses that attend the process of 

care in all its parts”.  

 

Indicating the movement in medicine towards more evidence-based approaches, the Institute of 

Medicine (1990) later defined quality of care as: 

 

“the degree to which health services for individuals and populations increase the 

likelihood of desired health outcomes and are consistent with current professional 

knowledge”.  

 

The latest universally recognised definition is that by the WHO (2018), who define it simply as 

services which are safe, effective, and person-centred. Despite the vast literature and debate of 

these three dimensions (Busse et al., 2019), the definition of quality in healthcare remains vague. 

Given care is intangible, it is often difficult to operationalise. This can make its measurement in 

practice challenging and despite work like that of Mainz (2003b), providing detailed primers for 

developing indicators of healthcare quality, Campbell et al. (2002) suggest a perfect measure of 

quality of care, for any condition, is unlikely achievable. The Donabedian framework is 

nonetheless the most widely accepted approach for evaluating quality of care (Busse et al., 2019; 

Donabedian, 1988) and hypothesises that good structure increases the likelihood of good process, 

which in turn increases the likelihood of good outcome. 

 

Research to date on the development and application of quality indicators in the field of AKI is 

limited. While some have combined evidence, opinion and guidelines to recommend indicators 
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for measuring the quality of AKI care (Kashani et al., 2019; Macedo et al., 2020; Liu et al., 2020), 

less have demonstrated their application (Mehboob et al., 2018; Shen et al., 2018; Tsang et al., 

2021). Work aimed at developing indicators for effectively measuring improvement in the 

prevention and management of AKI is therefore regarded both a clinical and research priority 

(James and Pannu, 2015; Kashani et al., 2019; Macedo et al., 2020; Liu et al., 2020).  

 

1.6.2  Quality improvement 

 

QI can generally be described as a systematic approach that uses specific techniques to improve 

quality (WHO, 2018). Ovretveit (2009) calls QI in healthcare better patient outcomes achieved 

by changing provider behaviour using systematic change strategies. Shojania et al. (2004) 

meanwhile say it involves strategies for closing ‘quality gaps’, that is, differences between 

accepted best care practices and actual care delivered. Continuous quality improvement (CQI) is 

a wider concept which states successful QI relies not only on timely and reliable information, as 

this thesis seeks for AKI in Wales, but on wider system factors also. Anderson et al. (1994) 

suggest while robust measurement is important, sustained improvement requires a systems based 

approach involving behaviour change and commitment from the entire organisation. While these 

other elements are worth acknowledging, they are however not within the scope of this research, 

which instead is concentrated on the role of measurement in the QI process.  

 

The QI measurement process, and therefore this thesis, utilises statistical process control (SPC) 

methodology. SPC can be used to scientifically identify statistical variation in data over time. 

Discussed at greater length in project three of the thesis, SPC historically originates in quality 

control (QC) and quality assurance (QA), systems to verify, maintain, and prevent defects in, a 

desired level of quality (Feigenbaum, 1991). While distinction between the three concepts can be 

useful, their differences are not always clear and in reality, QA is often an element of and/or tool 

for QI (Busse et al., 2019; Juran 1986). The author therefore theorises that although initially 

supposed for QI, the work here also leans heavily on the principles of QA and broader concept of 

quality management. 

 

1.6.3  Quality and healthcare policy 

 

The political importance of QI in healthcare evolved globally following two landmark studies by 

the Institute of Medicine (IOM): ‘To Err Is Human’ (IOM, 1999), which highlighted up to 98,000 

deaths occur annually due to medical error, and ‘Crossing the Quality Chasm’ (IOM, 2001) which 

built on the former and called for fundamental change in healthcare systems. With ‘quality of 

care’ one of the most quoted principles in health policy worldwide (OECD, 2017; WHO, 2018), 

policymakers today universally acknowledge its importance.  
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The WHO (2018, p.10) suggest all countries should have a national health quality policy, “an 

explicit statement of intention with an agreed course of action”. In Wales, this is WG’s current 

‘A Healthier Wales’ (AHW) strategy, which sets a vision for a whole system approach to health 

and social care and in which ‘quality’ is mentioned 51 times (Welsh Government, 2018). Beneath 

AHW lies the long term strategy of Public Health Wales (2018, p.9), in which one of its seven 

priorities includes “development of a sustainable health and care system focused on prevention 

and early intervention”, and to which this thesis also aligns well.  

 

1.6.4  Value and quality 

 

QI is commonly associated with increased efficiency and therefore value. Ovretveit (2009) writes 

that improving quality contributes to cost-efficiency and while policymakers recognise the 

importance of QI for raising standards of care, it is also widely accepted that public resources are 

finite (Busse et al., 2019). Hence, although publically funded healthcare systems like NHSW are 

not profit driven, effective and efficient allocation of resource is also important and emerging 

value-based healthcare (VBHC) agendas can now be observed worldwide.  

 

Simply described, VBHC aims to minimise unwarranted variation in healthcare systems to 

maximise their value for the populations they serve (Porter, 2010). The VBHC approach first 

seeks to identify whether current service delivery models generate the best outcomes and then 

focusses on reallocation of resource into high value interventions to achieve better outcomes. 

Former Deputy Chief Medical Officer for Wales states:  

 

“We must look at how we currently deliver services and whether everything we do 

contributes to the best outcomes for people. Surprisingly, not everything does. We 

therefore need to do less of the things that don’t help, and reinvest that money into doing 

more of the things that do. This is what we mean by ‘Value Based Health Care’.” (Value 

in Health, 2020, p.2). 

 

In Wales, VBHC is enforced by the forementioned AHW strategy, in which ‘Higher value’ 

represents one of ten principles and seeks to achieve “better outcomes at reduced cost, delivery 

of care by the right person at the right time, less variation and no harm” (Welsh Government, 

2018, p.17). The NHSW VBHC paradigm, of which health informatics is a key component 

(Figure 1.4), also suggests a data-driven approach is critical for driving QI, a view also echoed by 

the overarching theme of this research. 
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Figure 1.4: Value-based healthcare paradigm. Adapted from: Value in Health (2020, p.7).  

 

 

1.6.5  Quality assurance in NHS Wales 

 

While policy is one, other structures at the organisational, national or international level for 

monitoring, quantifying, and ultimately assuring quality of care can include governance models 

and/or institutions (Busse et al., 2019). The QA infrastructure in Wales is underpinned by the 

NHSW health and care standards performance framework, against which WG hold NHSW 

organisations to account. It monitors data on almost 100 measures and includes an escalation 

system if pre-set standards are not met (Willson and Davies, 2020). In line with NHS performance 

reporting elsewhere in the UK, some of these quality indicators are made publically available, 

including information on waiting times, accident and emergency admissions, bed occupancy 

rates, ambulance response times, and more recently, Coronavirus (Welsh Government, 2021). 

WG also meanwhile have sight of other internally published NHSW healthcare data such as that 

relating to serious incidents, patient safety alert compliance, health care acquired infection, 

pressure ulcer incidence, mortality and avoidable deaths (OECD, 2017).  

 

While a 2016 review by the OECD (2017) praised what they described as an already rich 

healthcare QA architecture in Wales, it also identified potential opportunities for improvement 

and made a series of recommendations. In highlighting the importance of robust performance 

measurement and NHSW becoming an evidence- and data-driven system, this included 

suggesting available data be brought together in a more user-friendly format, and in as close to 

real-time as possible. While the described review may pre-date WG’s forementioned AHW 

strategy and the advent of some disease management tools since published by Digital Health and 

Care Wales (2021), including for lung cancer and heart failure, the author proposes the work here 

as pertinent to these calls for increased and better utilisation of data for monitoring and improving 

care across the principality. 
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1.6.6  Indices of healthcare quality 

 

Stakeholders recognise that without reliable information on quality of care, it is difficult to assure 

it. Measurement and comparison of performance of providers is therefore essential to deliver 

quality care (Busse et al., 2019). These ‘benchmarking’ systems are sometimes described as 

healthcare quality indices, or indexes, and one example is that by the OECD, which has been 

collecting and reporting internationally comparable information on healthcare quality since 2001 

(Busse et al., 2019). Another is the ‘Healthcare and Access Quality index’ (HAQ), which ranks 

countries by amenable mortality, defined as deaths that should not occur in the presence of 

effective care (Fullman et al., 2017). While indices like these offer international comparison of 

health outcomes, less common are reliable benchmarks at lower levels such as the national and 

organisational level, or as Carini et al. (2020) theoretically describe it, measurement of 

performance of nodes within networks. Benchmarking the performance of care providers in and 

between the UK has historically been mixed. This is criticised by some who say although the 

funding structures of the four UK nations may differ, their health systems and populations are 

fundamentally similar, and therefore provide significant opportunity for comparative performance 

data. The OECD (2017) have previously called for: 

 

“a set of key health data and quality indicators for all UK health systems, collected using 

agreed common definitions, to facilitate quality and performance benchmarking.”  

 

Despite efforts such as the Quality Outcomes Framework (QOF, 2015) and Healthcare Quality 

Improvement Partnership (HQUIP, 2018), political and technical challenges have so far made this 

difficult. The author speculates that some of the work in this thesis could contribute to discussions 

regarding further future UK wide efforts like these. 

 

 

1.7 Summary of projects 

 

Three research projects are documented in this portfolio style thesis and independently and 

collectively answer the overall research question.  

 

1.7.1  Research governance 

 

Full ethical approval for the work documented was obtained by NHSW Service Evaluation Project 

Registration on 1st June 2014 (Ref: CT/428/14). As the approving organisation, Cardiff and Vale 

University Health Board issued the approval document, as signed and approved by the Caldicott 

Guardians of all NHSW organisations. This document permitted the national AKI steering group 

and author of this thesis routine access to data from the WLIMS on all patients for which the 



16 

 

described national AKI alert algorithm had triggered an alert.  

 

1.7.2    Project 1: Development and validation of a national data set for AKI 

 

In the quality literature, Deming (1986) describes quality as ‘fitness for use’. In the context of 

data, this translates to data that are fit for use by its consumer and which can meet their specific 

goals. If data on AKI alerts triggered by the Welsh AKI alerting system were to be used for 

epidemiological research in AKI and/or inform improvement in healthcare provision related to 

AKI, it was important that first, processes for generating these large data sets were developed, 

and second, these data were also ‘fit for use’. In addressing the first aim of the thesis, this first 

project describes the work undertaken by the author to develop a validated and ‘fit for use’ 

national data set for AKI. By applying the Welsh AKI alerting system as a centralised system of 

data collection, it describes the development of processes by the author to systematically and 

reliably extract national data on AKI alerts from the WLIMS. It also describes the development 

of processes by the author to cleanse these data, so that they could be considered suitable for 

analysis. To ensure a reported clinical setting which best represents the actual clinical setting of 

the AKI, it also documents work undertaken by the author to develop a method which could be 

used to, automatically, using the data, classify the clinical setting of alerts, as either hospital 

acquired (HA) or community acquired (CA) AKI. Finally, because not all AKI alerts can be 

assumed to represent a distinct clinical episode of AKI, it also documents work undertaken by the 

author to develop a method to automatically, using the data, distinguish between AKI alerts and 

incident episodes of AKI, to thus ensure a calculated incidence that best represents the actual 

incidence of AKI. 

  

To position this initial project into the context of the overall thesis, it provides the data set and 

methods with which to classify and analyse forementioned data set, so that it can be used to 

reliably identify all AKI events occurring in the entire Welsh population, and to robustly calculate 

an incidence of HA- and CA-AKI which best reflects the actual clinical incidence of AKI in the 

country of Wales. A data set with this scale and scope is yet to be proven elsewhere. The work of 

this first project therefore underpins the remaining work documented in the thesis, and also 

provides the necessary confidence in its presented findings and conclusions.  

 

1.7.3 Project 2: Application of a national data set for epidemiological research in 

AKI 

 

As previously discussed, and at the outset of this research, the epidemiology of AKI was not fully 

understood. While numerous studies had described AKI that is developed during hospitalisation, 

less had focused on AKI that is developed in the community. The improvement science literature 
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also states that if something is to improve, it first must be measured (Deming, 1986; Drucker, 

1997). If the provision of care for patients in Wales who develop and/or are at risk of AKI was to 

be improved, it was therefore important that before this, the nature and burden of the condition 

was first fully understood. In addressing the second aim of the thesis, this second project includes 

a series of peer-reviewed studies by the author which, by utilising the data set developed in project 

one, collectively provide a comprehensive epidemiological description of AKI. The 11 published 

works presented (Appendix 3.1-3.11) follow two themes; they either define and describe the 

incidence and outcome of AKI in a selected patient population and/or healthcare setting, and/or 

they explore factors associated with variation in the incidence and/or outcome of AKI. This 

included analysis of AKI in the: 

 

 adult,  

 paediatric, and 

 renal transplant populations of Wales, and in the 

 hospital,  

 community,  

 primary care, and  

 intensive care setting. 

 

And the analysis of AKI in association with the following factors: 

 

 age,  

 pre-existing CKD,  

 socioeconomic status,  

 local health board area,  

 severity of the AKI, 

 clinical specialty associated with the AKI,  

 hospitalisation following AKI,  

 interaction with healthcare services prior to AKI,  

 follow-up care following AKI,  

 seasonal variation,  

 the ‘weekend effect’, and  

 repeated episodes of AKI. 

 

For each publication presented, the abstract followed by an evaluation of the work in the context 

of the overall thesis is provided. 
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1.7.4 Project 3: Application of a national data set for QI in healthcare provision 

related to AKI 

 

While project two can primarily be described as documenting the potential of the data set 

developed in project one for informing the epidemiology of AKI, in addressing the third and final 

aim of the thesis, this final project documents practical examples of these data’s potential for 

informing QI in healthcare provision related to AKI. Comprised of two parts, it first presents two 

peer-reviewed studies by the author which by utilising forementioned data set, sought to explore 

potential opportunities to refine the clinical utility of the AKI alerting system described in this 

thesis. These studies (Appendix 4.1-4.2) followed concern among some clinicians that such 

systems could generate large numbers of alerts which could lead to so-called ‘alert fatigue’, 

whereby alerts are missed and/or ignored by clinicians regardless of their importance. This was 

problematic and risked undermining the primary purpose of the system. 

 

While the author’s epidemiological studies presented in project two may provide a baseline from 

which the impact of interventions aimed at improving the quality of healthcare provision related 

to AKI in Wales could be measured, it was also important for quality to be measurable over time. 

Without measurement, it is impossible to determine if, and to what extent, interventions improve 

quality as expected. The second part of this final project describes work undertaken by the author 

to develop a tool which could be used to robustly measure, monitor and compare the quality of 

healthcare provision related to AKI in Wales, a mechanism which did not exist prior. This 

included: 

 

 Using the earlier described Donabedian framework to develop indicators which 

could be used to measure quality of healthcare provision related to AKI, 

including: rate of AKI incidence, to measure quality of care for patients at risk of 

AKI, and rate of 30-day AKI associated mortality, to measure quality of care for 

patients who develop AKI. 

 Exploring the following SPC techniques to analyse, and identify and investigate 

variation in, quality of healthcare provision related to AKI:  

o control charts,  

o funnel plots, and  

o Pareto charts. 

 Building a prototype tool in an appropriate software (Appendix 4.3). 

 

To demonstrate the potential of the described tool for QI, the project concludes with a further and 

final peer-reviewed study by the author (Appendix 4.4). 
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 1.8 Conclusion 

 

Following the work conducted by the author which has involved application of the Welsh AKI 

alerting system as a centralised system of data collection, this thesis can conclude that a national 

AKI alerting system, which utilises routine SCr data, provides unique opportunity to: 

 

 inform the epidemiology of AKI, and  

 inform improvement in care for patients who develop and/or are at risk of AKI.  

 

Three projects have independently and collectively demonstrated this. While project one first 

describes the methodological development of a validated ‘fit for use’ national data set for AKI, 

projects two and three have explored and demonstrated the potential of these data for 

epidemiological research in AKI, and QI in healthcare provision related to AKI. In turn, and to 

answer the overall research question of the thesis, the work documented therefore provides proof 

of concept that application of routine population healthcare data offers significant opportunity to 

inform and improve care. As supplementary evidence to support this overall conclusion, the 

author offers the peer-reviewed status of the 14 published works presented throughout (Appendix 

1.3). 

 

 

1.9 Research implications 

 

The author proposes the work presented in this thesis has a number of implications for policy, 

practice and theory. Primarily, and from a practical perspective, it has provided a novel means to 

measure, and therefore improve, the quality of care for patients in Wales who develop and/or are 

at risk of, AKI. The new national source of data it has developed can be used to reliably identify 

all AKI events occurring in the entire Welsh population, and reliably calculate an incidence of 

HA- and CA-AKI in this population. A data set with this scale and scope is yet to be proven 

elsewhere. To compliment this validated data set, the author offers the tool presented in project 

three, to robustly measure, monitor and compare rates of AKI incidence and AKI associated 

mortality across all of Wales, a mechanism which also did not exist prior. The tool described 

could be used by healthcare providers in NHSW to identify opportunities for, and evaluate the 

impact of, QI in healthcare provision related to AKI. With the potential to identify areas of both 

high and low relative performance, the author proposes the tool to both reactively and proactively 

improve care and facilitate the spread of good and/or best practice to areas where performance is 

suboptimal.  

 



20 

 

While the focus of this thesis has been QI, the data set it has produced likely has other benefits 

for policymakers and care providers in Wales. These data could for instance also inform Welsh 

policymaking concerning AKI, resource allocation for AKI, and help design future AKI service 

delivery models. Moreover, while the author’s studies presented in project two could help target 

interventions aimed at improving the prevention and/or management of AKI in Wales at where 

they may have greatest impact, the tool presented in project three could also be used to identify 

those areas in Wales with most need and/or potential for QI. The work here therefore aligns with 

a VBHC approach.  

 

An additional and broader practical discussion point relates to the emerging school of thought 

that AKI is a marker of multi-organ dysfunction and other acute illness, rather than a condition 

specifically related to disease of the kidney (Ronco et al., 2019; Makris and Spanou, 2016; 

Nissenson, 1998). Because it has many causes and rarely occurs alone, Sykes et al. (2018; 2019) 

call AKI an ‘illness barometer’, which can commonly be used as a surrogate for general ill health 

and other underlying disease. Some therefore recommend AKI as a good potential indicator for 

state of health and quality of care in general (Harty, 2014; Hawkes 2013; James and Pannu, 2015). 

This thesis may therefore offer more insight into quality of care and the health of the Welsh 

population than initially anticipated. While it could therefore be claimed that the data set it has 

developed has the potential to become an index with which to benchmark quality of healthcare 

provision in Wales more generally, not just that for AKI, this thesis nonetheless confirms AKI as 

a condition associated with a large cohort of deteriorating patients with poor outcomes. Therefore, 

and regardless of what its pathophysiology may or may not represent, AKI clearly warrants an 

obvious focus for measurement and QI. 

 

Whilst this thesis may have numerous ‘real-world’ implications, the author suggests it also makes 

a significant contribution to the literature to which it relates. While at the outset of this research, 

numerous studies had described AKI that is developed during hospitalisation, less had focussed 

on AKI that is developed in the community. By utilising the novel data set developed by the 

author in project one, and therefore data on all AKI events occurring in the entire Welsh 

population, including that in the hospital and community setting, the 11 publications presented in 

project two include some of the first national, multicentre, and population-based studies to 

comprehensively describe AKI and its associated factors. The author therefore proposes that in 

helping better understand the epidemiology of AKI, they significantly add to the AKI 

epidemiology literature and are likely of interest beyond just Wales.  

 

The author at the same time acknowledges work taken place elsewhere since publication of the 

author’s forementioned studies, including the 2020 published UK Renal Registry ‘AKI in 

England’ report. While this report used methods similar to those applied here, it did not include 
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data collected from all laboratories in England and therefore does not represent a complete 

country-wide depiction of population AKI (UKRR, 2020). The published works presented as part 

of this thesis therefore remain, to the author’s knowledge, the only true nationwide, population-

based characterisations of AKI known to date. 

 

While these studies provide numerous important conclusions, all of which are documented and 

discussed in project two itself, the author suggests a mainstay of these includes an incidence of 

AKI in the general adult population that is seemingly higher than previously reported (577 per 

100,000 population per year), with almost half (49.3%) of which acquired in the community. 

Other key findings include the identification that this AKI incidence is more common in elderly 

patients and patients with pre-existing CKD (with 42.0% of all AKI occurring in the context of 

pre-existing CKD). Another is its association with significantly poor outcomes which include but 

are not limited to a one in four risk of death within 90 days (25.6% 90-day mortality rate following 

all AKI, 30.1% following HA-AKI, and 22.3% following CA-AKI), and for surviving patients, a 

1 in 5 chance of developing de-novo CKD (20.5%) or an almost 1 in 2 chance of experiencing 

progression of pre-existing CKD (45.6%).  

 

While there are many implications to be drawn from the conclusions of these studies, they first 

corroborate the previously described literature which suggests AKI is becoming more prevalent. 

They also support the notion that while this may in part be explained by greater reporting resulting 

from advances in testing technologies and a new internationally agreed consensus definition, it is 

likely being driven by an ageing and increasingly comorbid population (Horton and Berman, 

2015; Xue et al., 2006; Hsu et al., 2007). Another insightful conclusion includes the observation 

that AKI presents across the entire health and social care system and commonly occurs in the 

community. By verifying smaller studies in the literature which have also found CA-AKI to 

account for a significant proportion of all AKI, this thesis therefore supports the view that AKI 

represents a problem belonging to the whole healthcare system, not just secondary care and/or the 

nephrology department.  

 

As an aside, the described studies also clearly demonstrate the burden of AKI. They should 

therefore strengthen existing calls to the healthcare sector to prioritise improvement in the 

prevention and management of AKI and could be used to stimulate investment in the development 

of further innovative QI strategies aimed at achievement of this goal. In addition, by exploring 

the association of a number of factors with variation in its incidence, the same studies also have 

potential to inform the development and validation of so-called ‘AKI risk-calculator tools’, to 

predict risk of the condition in the general population, and therefore improve its prevention in 

those at high risk. 
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The author’s studies presented in project three should meanwhile help clinicians better understand 

the significance of alerts transmitted by electronic AKI alerting systems such as that applied in 

this thesis; a worthwhile aim given Chang et al. (2011) report the acceptance of such a system 

relies on the end-user’s confidence in its likely benefit for care and diminishes over time. From a 

wider perspective, the same studies could help allay any speculation (Sutton et al., 2020) 

healthcare providers and professionals in other areas may have regarding the clinical utility and 

value of such systems and therefore encourage their adoption elsewhere. 

 

From a final theoretical standpoint, while the potential of big data analytics for healthcare may be 

well documented (Raghupathi and Raghupathi, 2014), this thesis adds to the ever growing body 

of literature on healthcare informatics and the general discussion regarding its importance for 

improving care. The author suggests it also highlights the importance and potential benefits of 

data sets which span the entire healthcare system for researching and better understanding the 

epidemiology of a condition. Moreover, and specifically for AKI, the author suggests the work 

here builds on work like that by Sawhney and Fraser (2017), and adds to the conversation 

concerning the emerging role of large databases in determining the incidence and prognosis of 

AKI and evaluating initiatives to improve the quality of care related to AKI. 

 

 

1.10 Limitations 

 

As with all research, the conclusions and implications of this thesis must be qualified by its 

limitations. The author categorises these as those related to the AKI alerting system which it has 

applied, those related to the availability of and access to data, and those related to the wider and 

earlier discussed theoretical concept of continuous quality improvement (CQI).  

 

Although it is endorsed by the universally agreed KDIGO (2012) definition of AKI, SCr can be 

insensitive to rapid changes in GFR and a number of physiological factors can affect its 

measurement, including age, race, sex, diet, muscle mass, medication, and hydration status. There 

therefore remains some speculation regarding its precision as a biomarker of renal function 

(Makris and Spanou, 2016; Basile et al., 2012; Edelstein, 2008; Gaudio et al., 1982). The 

laboratory-based system applied in this work is also limited in that it does not include the analysis 

of urine output, which KDIGO recommend using in conjunction with SCr to identify AKI. An 

additional drawback of the system and therefore the data set developed in this thesis is any patient 

presenting with AKI but without a measurement of SCr in the previous 365 days is not included.  

Because the AKI alerting system described in this thesis is information technology driven and 

lacks linkage to other data sets, it also lacks intelligence and does not apply any clinical context. 

For this reason, its algorithm has the potential to inappropriately trigger alerts following the 
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misclassification of some increases in SCr as AKI, including fluctuations in a patient’s SCr 

concentration due to renal replacement therapy (RRT) and/or pregnancy. While the data cleansing 

work documented in project one provides some data quality assurance, an ideal system would 

identify such patients through linkage with other databases. Davies et al. (2020) suggest linking 

the AKI alerting system described in this thesis with routinely collected dialysis timeline and 

treatment data could reduce the number of so-called false positive alerts issued for patients who 

are undergoing or recently undergone RRT by almost 20%. While beyond the scope of this thesis, 

their study nonetheless highlights the limitation of an automated laboratory-based system to 

accurately identify AKI, and underlines the need for linkage with other data to improve the 

diagnostic accuracy of such systems. 

 

Ethical approval obtained for the work here was such that it limited the data items that could be 

collected from the WLIMS and restricted access to other clinical data sets. Richer data sets, 

including for example information on patient comorbidity, cause of AKI, need for RRT, cause of 

death, and hospital episode statistics may have offered a more thorough epidemiological 

exploration of AKI than that presented. References to the Welsh population made in this thesis 

also exclude the small number of Welsh residents who live close to, and may therefore access 

healthcare services over, the border. The varying AKI incidence rates reported in this work could 

also in part have been influenced by differences in frequency of SCr testing, which could be 

identified through further analysis. The outcomes observed in the 14 studies presented may also 

have been influenced by the transmission of the alert itself, thus making it difficult to directly 

compare this work with those studies in the literature which have not used similar methods to 

identify their sample. 

 

While a strong proposal is made for the potential of the data set presented in this thesis for QI, the 

author simultaneously acknowledges the notion of CQI philosophy which states measurement is 

just one of many elements in the QI process. CQI says successful QI relies not only on timely and 

reliable information, which this thesis enables for AKI, but on wider system factors also. 

Anderson et al. (1994) suggest while robust measurement is important, sustained improvement 

requires a systems based approach involving behaviour change and commitment from the entire 

organisation. Tsang et al. (2021) recently described the effects of a computerised audit and 

feedback dashboard for AKI to improve patient safety and concluded that while measurement 

using information technology can facilitate improvement, other factors require consideration for 

real improvements in practice to embed. Though these other elements are noteworthy, they have 

not been the focus of this thesis, which instead has concentrated on the role of measurement in 

the QI process. While the author therefore accepts that simply measuring something will not 

automatically improve it, the value of data for instigating change remains well understood 

(Deming, 1986; Drucker, 1997; Palmer 1998). The author therefore maintains the view that the 
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new national source of ‘fit for use’ data presented in this thesis provides a unique opportunity to 

inform and improve care for patients who develop and/or are at risk of, AKI. 

 

The author also acknowledges the literature which suggests the indicators presented in project 

three of the thesis should be considered only as starting points for further analysis and 

investigation. While Campbell et al. (2002) suggest quality of care indicators do not provide 

definitive answers and instead signify potentially unacceptable variation in care, Ellis (2006) 

argues QI is not only the comparison of performance to identify disparities, but also involves the 

analysis of processes and factors associated with varying levels of performance. This follows the 

seminal stance of Donabedian (1966), that the reason for success or failure is generally not 

identified in the recording of an outcome. Moreover, for most health indicators, there are often 

many reasons for variation, which may or may not be modifiable. For this reason, variation does 

not always necessarily imply poor quality of care. The author therefore accepts that the AKI 

quality indicators developed in this work are not without limitations and are instead offered as 

precursors for further analysis and investigation. This could for example involve the development 

and application of additional indicators and/or the interrogation of additional and more lower level 

data. 

 

 

1.11 Recommendations for future work 

 

From a practical perspective, the author recommends that the data collection and validation 

processes developed in project one become fully automated. The data set developed in this thesis 

currently relies on human input (i.e. the author), to routinely extract, cleanse and analyse data 

from the WLIMS, an approach which is unsustainable in the long term. At time of writing, and 

following presentation of the work in this thesis to WG, discussions are ongoing regarding 

automation and the potential adoption of the data set developed here as a new mandated NHSW 

minimum data set for AKI. Also being discussed with Digital Health and Care Wales is 

conversion of the prototype tool developed by the author in project three as a new purpose-built 

‘real-time’ dashboard for publishing information on healthcare provision related to AKI, to join 

similar disease management tools already in use for monitoring and improving care across the 

principality.  Regardless of this work being taken forward however, Campbell et al. (2002) 

suggest the interpretation and usage of data on healthcare quality is a political and resource issue 

rather than a methodological or conceptual one. It is therefore likely the practical implementation 

of the work presented in this thesis remains a question that is beyond the author’s influence.  

 

From a research perspective, the author suggests the epidemiological studies presented in the 

thesis potentially may not utilise the data set they apply to its full potential. Through further 
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multivariate analysis of variables available in these data and/or linking with other data, future 

work could explore the association of comorbidities, mental health and other acute illnesses with 

the prevalence of AKI, or the relationship between medicines management and AKI incidence 

and outcome, and could help further understand the epidemiology and aetiology of AKI. 

Moreover, although some studies presented in this thesis have collected data on the development 

and progression of CKD following AKI, these were limited by post AKI follow-up data of 90 

days. Longer-term studies of follow-up are therefore needed to truly describe the association of 

AKI with CKD.  

 

While some meta-analyses (Lachance et al., 2016; Sutton et al, 2020; Zhao et al., 2021)  have 

successfully demonstrated the benefits of AKI e-alerts, a number of recent studies doubt their 

utility for improving care and outcomes for patients diagnosed with AKI (Wilson et al., 2021; 

Baird et al., 2021; West Midlands Acute Medicine Collaborative, 2019). Abandonment of CDSSs 

for AKI based on the premature data available would however be controversial. By building on 

the author’s study presented in project three, future work could use the data set developed in this 

thesis to robustly evaluate the efficacy of CDSSs as interventions for improving care of AKI, and 

explore how far, and to what extent, they alter clinician behaviour. Moreover, given research on 

quality indicators in the field of AKI is limited, future work could build on the indicators put 

forward by the author in this thesis and follow work like that of Kashani et al. (2019). The author 

suggests that from a wider perspective, the methods employed to develop the indicators here could 

also contribute to discussions regarding the earlier described calls from the OECD (2017), for 

better benchmarking of quality between UK care providers. 

 

While the work here has centred on the utility of routine SCr data for epidemiological research 

and quality improvement in care for AKI, the author also presents the work as a wider proof of 

concept which could be applied elsewhere. The work here is not only transferrable to healthcare 

systems out with Wales, it is also applicable to other common preventable and/or reversible health 

conditions which are not necessarily acute or related to the kidney but which like AKI, are 

identifiable by biomarkers. Whereas this thesis has involved using SCr as a biomarker for AKI 

and often potential subsequent CKD, there are a number of other routinely undertaken laboratory-

based diagnostic tests to which the author anticipates an approach similar to that presented here 

could be applied. For instance, given non-alcoholic fatty liver disease (NAFLD) is speculated as 

the next potential pandemic (Lazarus, 2020), this could involve utilising data on aspartate 

aminotransferase (AST) and aminotransferases alanine aminotransferase (ALT) ratios, which is 

used to identify suspected liver fibrosis and which can lead to chronic liver disease. Other 

examples include Haemoglobin A1c (HbA1c), which is used to identify potential diabetes 

mellitus and, brain natriuretic peptide (BNP) and/or N-terminal pro b-type natriuretic peptide 

(NT-proBNP), which is used to identify potential heart failure. Replicating the concept presented 
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by the author in this thesis for these other routine population healthcare data could help better 

understand the epidemiology of, and inform improvement in the prevention and management of, 

the conditions to which they relate.  

 

 

1.12 Contribution to knowledge 

 

The original contribution to knowledge is: 

 

(i) The methodological development of a new validated nationwide data source for 

AKI, which enables the reliable identification of all AKI occurring in the entire 

population of the country of Wales, including that which is hospital and 

community acquired.  

(ii) The application of the aforementioned novel data set to provide the first 

comprehensive population-based epidemiological description of AKI. 

(iii) The application of the aforementioned novel data set to demonstrate, and identify 

potential opportunities to further refine, the clinical utility of electronic AKI 

alerting systems. 

(iv) The development of a prototype of a tool which, in utilising the aforementioned 

novel data set, SPC methods, and quality indicators developed by the author, 

provides an innovative means to robustly measure, monitor and compare rates of 

AKI incidence and AKI associated mortality across all of Wales, a mechanism 

which did not exist prior. 

 

This, to the author’s knowledge, is work not achieved on this scale before. As validation of this 

original contribution, the peer-reviewed status of the author’s 14 published works presented 

throughout the thesis are also offered. Published as ‘open access’ in peer-reviewed journals during 

the five year period of 2016 to 2021, according to the ISI Web of Science, these articles have 

accumulated a total of 209 citations to date (Accessed 16 February 2022). To increase their 

dissemination further, and to maximise engagement with fellow researchers, abstracts of the work 

have also been presented to a number of academic societies and other learned forums, including 

at national and international meetings (Appendix 1.3). 
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1.13 Contributions of the author 

 

This thesis was written entirely by the author (JH) with editorial support from her supervisory 

team. This included Dr Ray Higginson as Director of Studies, and Professor Aled O. Phillips 

(AOP) and Professor John Geen (JG) as clinical supervisors and who also set up the national AKI 

work programme to which the thesis relates. The peer-reviewed studies presented in projects two 

and three were written on behalf of the national AKI Steering Group, to which JH was employed 

as the full time data analyst. Of the 14 published works presented, JH first authored 10 and for 

which JH was responsible for co-designing the studies, collecting and analysing the data, 

producing the tables and figures, and co-writing the manuscripts. For the 4 studies not first 

authored by JH, JH was responsible for co-designing the studies, collecting the data, supervising 

the first author in analysing the data, and co-writing the manuscripts. For all studies, AOP and JG 

set out the hypotheses, interpreted the results, and co-wrote the manuscripts. For work 

documented in project one, JH received support from the following colleagues. The data 

collection process was conceived by JH with support from Mr Stephen Winder and Dr Alan Dodd. 

The clinical audit was completed by JH with support from Miss Gina Sanki. For work documented 

in project three, JH developed and designed the prototype tool under direction of AOP and JG.   

 

 

1.14 Personal reflection of the author 

 

Before reflecting on lessons learnt and potential areas for improvement, there are a number of 

aspects I feel went well during my period of study. The first is a practical one and relates to the 

papers written prior and alongside writing the thesis. Writing these papers progressed my 

academic writing skills substantially, and at pace, and likely made the thesis writing process easier 

than I may have found it without such writing experience. Also helping me in my research and 

write up process were the number of positive behaviours I adopted throughout, including 

practicing good time management, realistic goal setting, and taking a disciplined and 

organisational approach to note-taking, reading and referencing. Another was the thinking time I 

allowed myself which, although could be considered time not spent necessarily ‘producing’, 

resulted in some of my most pivotal thoughts and connections. From my experience, some of the 

most radical ideas and so-called ‘lightbulb moments’ often materialise during times and in 

situations you least expect, not always at a desk. Journaling has meanwhile enabled me to reflect 

on how far my thinking has travelled throughout the study process. Documenting my progress in 

this way has been particularly helpful during difficult periods and if I was to restart, I would start 

this activity earlier. 
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While many aspects may have gone well, numerous challenges have also been encountered and 

there are some things which on reflection I may have done differently. The first is a practical one 

and relates to a recommendation made above and project one of the thesis. Earlier investment in 

learning more advanced programming languages and softwares may have resulted in faster data 

processing and analysis times and therefore simplified the undertaking of some of the later work 

that is documented. I also likely had a number of unrealistic expectations when entering this PhD 

process. This included my naivety regarding research ethics and the difficulties in accessing 

additional data. I also underestimated how demanding the write-up process would be, 

academically, personally and in terms of time. In hindsight, I was also late to acknowledge that a 

doctoral project evolves over time and as it is written, and the content planned at the beginning is 

often different to what is produced at the end.  

 

My final reflection is the value of support from others. At first I may have mistakenly viewed this 

thesis as a solo effort and while a large proportion of the work has been such, being able to lean 

on others for input and feedback has been critical for me not only completing but maintaining 

perspective during. I am especially grateful for the relationships with my supervisors, who have 

guided me throughout the entire process and from whom I have learnt so much.  

 

There are a number of lessons I take from this research process, and not only as a researcher. One 

relates to being told that this thesis is not my life’s work, but rather a starting point. This resonating 

statement helped me accept that this thesis would not and could not be perfect, something I 

perhaps wish I’d realised sooner. It was also quite empowering to realise this doctorate as the 

beginning of my research career, and not the end. Emerson (1844) famously wrote success is not 

about the destination, but the journey itself. I now understand and appreciate the ‘PhD’ as a 

journey, a long, non-linear process which is supposed to challenge, and which involves failures 

as well as successes. I have learnt and grown during this PhD experience and end it more resilient 

and better equipped for future research endeavours. 
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Chapter 2: Project 1 

 

Development and validation of a national data set for AKI 

 

 

2.1 Introduction 

 

As set out in chapter one, in the quality literature, Deming (1986) describes quality as ‘fitness for 

use’. In the context of data, data quality translates to data that are fit for use by data consumers 

and which can meet their specific goals. If data on AKI alerts triggered by the Welsh AKI alerting 

system were to be used for epidemiological research in AKI and/or inform improvement in 

healthcare provision related to AKI, it was therefore important that first, processes for generating 

these large data sets were developed, and second, these data were ‘fit for use’. Quality assuring 

these data was essential if they were to be suitable for analysis and application. By applying the 

Welsh AKI alerting system as a centralised system of data collection, this first project of the 

portfolio style thesis describes work undertaken by the author to systematically and reliably 

collect, and quality assure, national data on AKI alerts. It also documents work undertaken by the 

author to develop a method which could be used to, automatically, using the data, classify the 

clinical setting of alerts, as either hospital acquired (HA) or community acquired (CA) AKI. 

Finally, not all AKI alerts can be assumed to represent a distinct clinical episode of AKI. The 

work here also therefore includes the development of a method by the author which could be used 

to automatically, using the data, distinguish between AKI alerts and incident episodes of AKI. 

 

 

2.2 Aims and objectives 

 

In addressing the first aim of the thesis, the aim of this project was to develop a validated national 

data set for AKI. To achieve this aim, the objectives were as follows: 

 

1. Develop processes to extract data on AKI alerts. 

2. Develop processes to cleanse data on AKI alerts. 

3. Develop a method to classify the clinical setting of AKI alerts.  

4. Develop a method to distinguish between AKI alerts and AKI episodes. 
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2.3 Extraction and cleansing of data 

 

2.3.1 Development of processes to extract data on AKI alerts 

 

As described in chapter one, the AKI alerting system applied in this thesis is based in the Welsh 

Laboratory Information Management System (WLIMS), an ‘InterSystems TrakCare Lab’ 

database, which all 19 laboratories in NHSW use for the administration of test results, including 

serum creatinine (SCr). From the time of its activation in the WLIMS, it is therefore possible for 

the previously described national AKI alert algorithm (Figure 1.3) to be applied to collect data on 

all AKI events occurring in the entire population of Wales, in all care settings.  

 

To extract data on patients for which an AKI alert had been triggered, the web-based 

‘InterSystems TrakCare DeepSee’ software platform was employed, with each row of data 

representing a SCr result. This thesis is based on the collection of all SCr results, and therefore 

all AKI alerts, for the period of November 2013 to March 2019. This data was collected by the 

author over time and as a series of separate monthly files. Due to the volume of data requiring 

extraction each time, the collection process involved a number of steps. While ideally the relevant 

data would have been extracted in a single step, this involved a complex query with nested 

subqueries that was too cumbersome for the forementioned ‘DeepSee’ application to process. 

Despite efforts to streamline this query, the method illustrated in Figure 2.1 was selected as the 

more practicable and reliable approach.  

 

Data collected from the WLIMS 

 

Table 2.1 lists the items included in each raw data extraction from the WLIMS. In addition to the 

SCr result value, this included information on patient demographics and the test location related 

to each result. For SCr results associated with an AKI alert, information on the alert was also 

extracted, including the baseline SCr, the AKI alert code, the AKI stage, and which of the three 

algorithm rules was responsible for triggering the alert.  

 

Data collected from other sources 

 

To enable more reliable data, some data items were collected from sources other than the WLIMS, 

including data on mortality and place of residence. Whilst initially collected from the WLIMS, a 

high proportion of cases were found to have a date of death field incorrectly populated and/or 

missing data. The date of death field in the WLIMS is linked to a separate database called the 

Welsh Demographic Service (WDS) and a temporary error in this link was suspected to be causing 

this problem. To overcome this issue, data on date of death was therefore alternatively collected 
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from source (WDS) using batch tracing methods. This involved using NHS number to link the 

two datasets and uploading lists of NHS numbers drawn from the WLIMS extracted data to the 

NHS Wales Informatics Service data warehouse which hosts WDS. Each upload, on average, 

achieved a 99.0% overall match rate. Data on patient postcode and lower super output area 

(LSOA) of residence was also collected from WDS. This enabled cross-referencing with the 

Welsh Index for Multiple Deprivation (WIMD), Welsh Government’s official measure of relative 

deprivation, which ranks the 1909 geographical areas (LSOAs) in Wales on the basis of eight 

domains; income, employment, health, education, access to services, community safety, physical 

environment, and housing (WIMD, 2014). Using the patient postcode, 97.5% of patients were 

successfully georeferenced to a LSOA of residence and WIMD rank. Possible reasons for failed 

matches included input errors at source and/or patient records which had not been updated for 

some time and therefore contained postcodes which were now classified as inactive. 

 

Calculated data fields 

 

The recording and coding of test locations in the WLIMS is such that the first three and five 

characters of a location code refers to the associated organisation and site respectively (Table 2.2). 

The NHS Wales organisation field was therefore derived using the VLOOKUP function in 

Microsoft Excel and based on the first three characters of the location code field. Using the same 

method, the NHS Wales site field was derived based on the first five characters of the location 

code field.  
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Figure 2.1: Process developed by the author to extract raw data on AKI alerts from the WLIMS.  

CSV, Comma-separated values (a text file format). 
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Table 2.1: List of fields included in national AKI data set developed by the author 

Field Source 

NHS number WLIMS 

Gender WLIMS 

Date of birth WLIMS 

Age WLIMS 

Result date WLIMS 

SCr value WLIMS 

RV1 WLIMS 

RV2 WLIMS 

RV ratio WLIMS 

Baseline SCr WLIMS 

AKI alert code WLIMS 

AKI stage WLIMS 

AKI rule WLIMS 

Location code WLIMS 

Location description WLIMS 

Patient type code WLIMS 

Patient type description WLIMS 

Clinical specialty code WLIMS 

Clinical specialty description WLIMS 

Postcode WDS 

Date of death WDS 

LSOA WDS 

WIMD rank WIMD 

NHS Wales organisation Calculated 

NHS Wales site Calculated 

 

Table 2.2: Location codes associated with test location in the WLIMS 

Organisation 

code 

Organisation Site code Site 

7A1 Betsi Cadwaldr University 

Health Board 

7A1A1 Ysbyty Glan Clwyd 

7A1A4 Wrexham Maelor 

7A1AU Ysbyty Gwynedd 

7A1AV Llandudno 

7A2 Hywel Dda University 

Health Board 

7A2AG Ysbyty Glangwili 

7A2AJ Bronglais Hospital 

7A2AL Llanelli 

7A2BL Withybush Hospital 

7A3 Swansea Bay University 

Health Board 

7A3B7 Princess of Wales 

7A3C4 Singleton 

7A3C7 Morriston 

7A3CJ Neath Port Talbot 

7A4 Cardiff and Vale University 

Health Board 

 

 

 

 

 

 

7A4BV University Hospital of Wales 

7A4C1 University Hospital Llandough 

7A4C3 Dental School UHW 

7A5 Cwm Taf Morgannwg 

University Health Board 

7A5B1 Royal Glamorgan 

7A5B3 Prince Charles 

7A6 Aneurin Bevan University 

Health Board 

7A6AM Nevill Hall 

7A6AR Royal Gwent 

7A6AV Ysbyty Ystrad Fawr 

RQF Velindre NHS Trust RQF5B Welsh Blood Service 

RQFH5 Velindre 
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2.3.2 Development of processes to cleanse data on AKI alerts 

 

While the inevitability of missing and/or unreliable healthcare data is well documented (Sterne et 

al., 2009), the risk that these data may pose for research and practice can be overcome through 

various computational methods. For the SCr data described above to be considered suitable for 

analysis, processes to cleanse these raw data were also required.  

 

Missing and/or invalid data 

 

Using the extraction method described in Figure 2.1, a test data set was generated by the author. 

This included data on 31,601 alerts triggered for 17,689 patients aged 18 years or older during the 

six month period of March to August 2015. Formulas in Microsoft Excel were then developed to 

check for missing data and/or errors in the type and format of these data. This included screening, 

and checking for invalid entries in, the following fields:  

 

 SCr value (as defined by blank or not numeric data type),  

 NHS number (as defined by blank or not equalling 10 digits),  

 Gender (as defined by not ‘M’ or ‘F’),  

 Date of birth (as defined by blank or > Result date or <> ‘dd/mm/yyyy’), 

 Date of death (as defined by blank or < Result date or <> ‘dd/mm/yyyy’),  

 Location code (as defined by blank or ‘Unknown’) 

 

Results revealed 0.1% of SCr results in the test data set were missing or contained an invalid SCr 

value and could therefore be described as not suitable for analysis. For example, this included a 

number of rows with a SCr value of ‘H’, referring to a haemolysed sample, and ‘L’, referring to 

a lipemic sample. 0.1% of SCr results were meanwhile missing or containing an invalid NHS 

number, <0.1% were missing or containing an invalid entry in the gender field, <0.1% were 

missing or containing an invalid date of birth, <0.1% contained an invalid date of death, and 

<0.1% related to an unknown location.  

 

Inappropriate AKI alerts 

 

While the rules above enabled missing and/or invalid data to be identified and therefore excluded 

from raw data collected from the WLIMS, also required were processes to cleanse these initially 

extracted data of those AKI alerts unsuitable for analysis because they unlikely represent actual 

AKI. This first included identifying ‘SAKI’ coded alerts, which as described in chapter one, do 

not represent a diagnosis of AKI based on the KDIGO definition of AKI. Secondly, the national 

AKI alert algorithm had the potential to inappropriately trigger alerts following misclassification 
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of some increases in SCr as AKI, including fluctuations in a patient’s SCr concentration due to 

renal replacement therapy (RRT) and fluctuations in a patient’s SCr concentration due to 

pregnancy. Processes were therefore required to identify, using the data, those alerts 

inappropriately triggered for patients who, at time of alerting, were undergoing and/or had 

recently undergone RRT, and patients who, at time of alerting, were pre- or post-partum.  

 

Identification of ‘SAKI’ alerts: Using the same test data set as above, 14.5% of alerts were 

‘SAKI’ alerts and therefore did not represent actual AKI based on the KDIGO definition of AKI. 

Such alerts could easily be identified and therefore excluded from raw data extracted from the 

WLIMS using the ‘AKI alert code’ field. 

 

Identification of inappropriate alerts related to pregnancy: 4.2% of alerts were triggered by 

a measurement of SCr in an ‘Ante-natal’ coded location (Table 2.3). This suggests that rather than 

actual AKI, these alerts likely represent increases in a patient’s SCr concentration towards pre-

pregnancy concentrations post-partum. Such alerts could easily be identified and therefore 

excluded from raw data extracted from the WLIMS using the ‘Patient type code’ field. 

 

Identification of inappropriate alerts related to RRT: While the ‘Patient type code’ field could 

be used to identify a large proportion of those alerts inappropriately triggered for patients 

undergoing, or having recently undergone, RRT (as indicated by a measurement of SCr in an 

‘Dialysis’, ‘Renal’ and ‘Renal and Transplant’ coded location) an audit was also conducted to 

investigate if particular alert codes (Table 1.3) and/or conditions are frequently associated with 

this patient cohort.  

 

From the same test data set described above, a sample including 200 alerting patients distributed 

across two health boards (Cardiff & Vale University Heath Board and Aneurin Bevan University 

Health Board) and all nine alert codes was generated. Using NHS number as the patient identifier 

to cross reference, local hospital patient management systems and the Welsh national renal patient 

database (VitalData) were used to identify whether patients were known to be on RRT at the time 

of alerting. Results showed only three of the nine alert codes (ABS1, DELTA1, and ABS2) were 

associated with patients known to be on RRT at time of alerting. While 89% of patients triggering 

ABS1 alerts were on RRT at time of alerting, this value was 60% for patients triggering DELTA1 

alerts with SCr values greater than 400 µmol/L and 26% for patients triggering ABS2 alerts. These 

results suggest that rather than actual AKI, a high proportion of ABS1 and DELTA1 alerts likely 

represent fluctuations in a patient’s SCr concentration due to RRT and may therefore not be 

suitable for analysis. Such alerts could easily be identified and therefore excluded from raw data 

extracted from WLIMS using the ‘AKI alert code’ and ‘SCr value’ fields. Discounting these alerts 

would also however risk the exclusion of a small number of patients with actual AKI.  
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Given the 89% error rate and 105 of the 17,689 patients in the test data set were flagged by ABS1, 

excluding these alerts equates to, on average: 

 

excluding 0.07% ((11%*105)/17,689) of patients identified with the algorithm with 

probable AKI. Their inclusion meanwhile risked, on average, including 0.53% 

((89%*105)/17,689) of patients identified by the algorithm who are likely on RRT, and 

alerts which therefore likely represent probable false cases of AKI. 

 

Given the 60% error rate and 89 of the 17,689 patients in the test data set were flagged by 

DELTA1 and SCr values greater than 400 µmol/L, excluding alerts meeting these criteria equates 

to, on average: 

 

excluding 0.20% ((40%*89)/17,689) of patients identified by the algorithm with probable 

AKI. Their inclusion meanwhile risked, on average, including 0.30% 

((60%*105)/17,689) of patients identified by the algorithm who are likely on RRT, and 

alerts which therefore likely represent probable false cases of AKI. 

 

In contrast, given the lower 26% error rate seen in ABS2 alerts, and 562 patients in the test data 

set were flagged by this code, excluding these alerts equates to, on average: 

 

excluding 2.35% ((74%*562)/17,689) of patients identified by the algorithm with 

probable AKI. Their inclusion meanwhile risked, on average, including 0.83% 

((26%*562)/17,689) of patients identified by the algorithm who are likely on RRT, and 

alerts which therefore likely represent probable false cases of AKI.  

 

From the results described, it could be concluded that: 

 

 While ABS1 alerts may in a small number some cases represent actual AKI, a large 

proportion likely represent false cases AKI, and are inappropriately triggered by the 

algorithm following the misclassification of fluctuations in a patient’s SCr concentration 

due to RRT. Such alerts should therefore be considered unsuitable for analysis and their 

exclusion from raw data extracted from the WLIMS necessary.  

 While DELTA1 alerts triggered by SCr values greater than 400 µmol/L may in a small 

number of some cases represent actual AKI, a large proportion likely represent false cases 

of AKI, and are inappropriately triggered by the algorithm following the misclassification 

of fluctuations in a patient’s SCr concentration due to RRT. Such alerts should therefore 
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be considered unsuitable for analysis and their exclusion from raw data extracted from 

the WLIMS necessary. 

 While ABS2 alerts may in a small number of cases represent probable false cases of AKI, 

and are inappropriately triggered by the algorithm following the misclassification of 

fluctuations in a patient’s SCr concentration due to RRT, a large proportion likely 

represent actual AKI. Such alerts should therefore be considered suitable for analysis and 

their exclusion from raw data extracted from the WLIMS not necessary. 

  

Inclusion and exclusion criteria for national AKI data set 

 

In collating all of the results described above, Table 2.4 refers to the template of formulas 

developed by the author in Microsoft Excel, designed to be applied to raw data on AKI alerts 

extracted from the WLIMS immediately following the process outlined in Figure 2.1.  
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Table 2.3: Patient type codes and descriptions associated with test location in the WLIMS 

Patient type code Patient type description 

AE Accident & Emergency 

AN Ante-natal 

COM Community 

COR Coroner 

DC Day Case 

DEN Dental 

DIAL Dialysis 

ENV Environmental 

FD Funeral Director 

FOR Forensic 

FP Family Planning 

GP GP Practice 

GUM Genito-Urinary Medicine 

HO Home Office 

IND Industrial 

IP Inpatient 

ITU ITU and High Dependency 

NON Non-Biological 

OH Occupational Health 

OP Out Patient 

ORT Outpatient rapid turnaround 

OTH Other 

PM Post Mortem 

PP Private Patient 

RAT Renal and Transplant 

RD Research and Development 

REN Renal 

 

 

Table 2.4:  Inclusion and exclusion criteria for national AKI data set developed by the author. 

Data fields indicated by italics. 

 

Exclude from data set if: 

 

1. SCr value is invalid (as defined by blank or not numeric data type),  

2. NHS number is invalid (as defined by blank or not equalling 10 digits), 

3. Gender is invalid (as defined by not ‘M’ or ‘F’),  

4. Date of birth is invalid (as defined by blank or later than date of SCr result and/or not 

formatted as ‘dd/mm/yyyy’),  

5. Date of death is invalid (as defined by earlier than date of SCr result and/or not 

formatted as ‘dd/mm/yyyy’),  

6. Location code is invalid (as defined by blank or ‘Unknown’), 

7. Alert code is ‘SAKI’, 

8. Patient type description is ‘Ante-natal’, ‘Renal Dialysis’, ‘Renal’, or ‘Renal and 

Transplant’, 

9. Alert code is ‘ABS1’, or 

10. Alert code is ‘DELTA1’ and SCr value > 400 µmol/L. 
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2.4 Classification and analysis of data 

 

2.4.1  Development of a method to classify the clinical setting of AKI alerts 

 

While only few studies in the literature at the outset of this thesis had analysed AKI that is 

acquired in the community, it is likely that HA- and CA-AKI represent different patient cohorts 

requiring different management strategies. If the data set developed by the author here was to 

inform the epidemiology of AKI and inform improvement in healthcare provision related to AKI, 

it was therefore important to be able to, in the data, distinguish between these two cohorts. While 

the classification of alerts as such would ideally involve linkage with national hospital admission 

data, access to such data was not possible. A method which could be used to automatically, using 

the SCr test location associated with alerts, was therefore required to classify the clinical setting 

of alerts. Using formulas in Microsoft Excel and the previously described ‘Patient type code’ 

field, six different versions of such a method were developed (V1-V6) (Table 2.5). While all 

include classifications for HA- and CA-AKI, V4-V6 can also categorise alerts as ‘Not AKI’ and 

‘Undetermined’. Each method could also sub-classify CA-AKI and identify those alerts triggered 

in a primary care setting (as indicated by a ‘GP’ (General practice) patient type code).  

 

Using the previously described test data set, a sample including 160 alerting patients at Prince 

Charles Hospital, located in Merthyr Tydfil, in Cwm Taf Morgannwg University Health Board 

was generated. To identify the most accurate method, the six different methods were applied to 

the sample and results were compared with the actual clinical setting of alerts. Using the NHS 

number as the patient identifier to cross reference, alerts were identified as ‘actually’ HA or CA 

using hospital admission data accessed via the local hospital patient management system and by 

manually reviewing the biochemical history of the 160 patients. To identify any potential false 

cases of AKI, the local hospital patient management system was used to identify whether patients 

were pregnant at the time of alerting, and the Welsh national renal patient database (VitalData) 

was used to identify whether patients were known to be undergoing RRT at the time of alerting.  

 

Of the 160 cases reviewed, 80 (50%) were acquired during an inpatient stay and were therefore 

HA-AKI, and 4 (3%) did not represent actual AKI, including two alerts triggered for patients who 

were pregnant at time of alerting, and two alerts triggered for patients known to be on dialysis at 

time of alerting. The remaining 76 (48%) cases were therefore CA-AKI. Whereas methods V1 

and V3 overestimated the incidence of HA-AKI by 25% and 15% respectively, V2, V4, V5 and 

V6 underestimated the incidence of HA-AKI by 10%, 48%, 26%, and 4% respectively (Figure 

2.2). V3 produced the most accurate overestimate of HA-AKI and while from a service planning 

perspective it may be more appropriate to overestimate rather than underestimate the incidence 

of HA-AKI, 12 (8%) of the 92 alerts V3 classified as such were patients with a recent in hospital 
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measurement of SCr but who had since been discharged. These were therefore cases of CA-AKI 

that V3 had misclassified as HA-AKI. V6 reported the next closest to actual estimate of HA-AKI 

incidence (77), and while this may be an underestimate, it only failed to correctly classify 3 (4%) 

of the 80 actual HA-AKI cases and also successfully identified half of the pseudo AKI cases.  

 

From the results described above, it could be concluded that compared to V1-V5, V6, which 

classifies an alert as HA-AKI if triggered by an inpatient following a measurement of SCr in a 

hospital setting in the previous seven days, offers the most accurate method for automatically 

classifying alerts as HA- or CA-AKI. Use of this method to classify the data set developed by the 

author here could help ensure a reported clinical setting which best represents the actual clinical 

setting of the AKI.  
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Table 2.5: Different methods developed by the author to classify the clinical setting of AKI alerts 

Version Clinical 

setting 

Criteria 

V1 HA-AKI If alert triggered by measurement of SCr received in an inpatient 

setting (as defined by IP or ITU patient type code) 

CA-AKI If not ‘HA-AKI’ 

V2 HA-AKI If alert triggered by measurement of SCr received in an inpatient 

setting (as defined by IP or ITU patient type code) and if alerting 

patient’s previous measurement of SCr was also received in an 

inpatient setting  

CA-AKI If not ‘HA-AKI’ 

V3 HA-AKI If alert triggered by measurement of SCr received in an inpatient 

setting (as defined by IP or ITU patient type code) and if alerting 

patient’s previous measurement of SCr was received in a hospital 

setting (as defined by IP, ITU, AE, DC, OP, or ORT patient type 

code) 

CA-AKI If not ‘HA-AKI’ 

V4 Not AKI If alerting patient received a measurement of SCr in a dialysis 

setting in the previous 30 days (as defined by DIAL patient type 

code) 

HA-AKI If alert triggered by measurement of SCr received in an inpatient 

setting (as defined by IP or ITU patient type code) and if alerting 

patient’s previous measurement of SCr was received in a hospital 

setting and in the previous 48 hours (as defined by IP, ITU, AE, 

DC, OP, or ORT patient type code) 

Undetermined  If alert triggered by measurement of SCr received in an inpatient 

setting (as defined by IP or ITU patient type code) and if alerting 

patient’s previous measurement of SCr not within the previous 48 

hours 

CA-AKI If not ‘Not AKI’, ‘HA-AKI’ or ‘Undetermined’ 

V5 Not AKI If alerting patient received a measurement of SCr in a dialysis 

setting in the previous 30 days (as defined by DIAL patient type 

code) 

HA-AKI If alert triggered by measurement of SCr received in an inpatient 

setting (as defined by IP or ITU patient type code) and if alerting 

patient’s previous measurement of SCr was received in a hospital 

setting and in the previous 72 hours (as defined by IP, ITU, AE, 

DC, OP, or ORT patient type code) 

Undetermined  If alert triggered by measurement of SCr received in an inpatient 

setting (as defined by IP or ITU patient type code) and if alerting 

patient’s previous measurement of SCr not within the previous 72 

hours 

CA-AKI If not ‘Not AKI’, ‘HA-AKI’ or ‘Undetermined’ 

V6 Not AKI If alerting patient received a measurement of SCr in a dialysis 

setting in the previous 30 days (as defined by DIAL patient type 

code) 

HA-AKI If alert triggered by measurement of SCr received in an inpatient 

setting (as defined by IP or ITU patient type code) and if alerting 

patient’s previous measurement of SCr was received in a hospital 

setting and in the previous 7 days (as defined by IP, ITU, AE, DC, 

OP, or ORT patient type code) 

Undetermined If alert triggered by measurement of SCr received in an inpatient 

setting (as defined by IP or ITU patient type code) and if alerting 

patient’s previous measurement of SCr not within the previous 7 

days 

CA-AKI If not ‘Not AKI’, ‘HA-AKI’ or ‘Undetermined’ 
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Figure 2.2: Comparison of different methods developed by the author to classify the clinical 

setting of AKI alerts 
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2.4.2 Development of a method to distinguish between AKI alerts and AKI 

episodes 

 

An electronic AKI alert is a laboratory-based diagnosis and only once interpreted in the clinical 

context can it be confirmed as an actual clinical diagnosis of AKI. Not all alerts triggered by the 

AKI alerting algorithm described in this thesis can therefore be assumed to represent an actual 

clinical episode of AKI. To overcome at least some of this issue, the algorithm suppresses 

unnecessary repeated alerts, defined as those triggered by SCr values <6% greater than the 

preceding alerting SCr (2*coefficients of the between batch variation for SCr across NHSW 

laboratories (3%)). Despite this logic however, patients could still trigger multiple alerts in a short 

time period which in reality could constitute the same incident episode. A method which could 

be used to automatically, using the data, distinguish between AKI alerts and AKI episodes was 

therefore required.  

 

To explore common definitions adopted by other researchers in the field, a review of the literature 

was undertaken. The described search showed the duration of a clinical episode of AKI varies 

and a time period and/or rule with which to define the end of an episode is difficult to universally 

and/or automatically define. However, based on international care guidelines for AKI and CKD 

(NICE, 2013; KDIGO, 2012), which recommend reassessment for the evaluation of future risk at 

three months following an AKI, and given it had previously been used as a definition by other 

researchers in the field (Sawhney et al., 2017), discussions by the Welsh AKI steering group, 

which included clinical representation, concluded:  

 

AKI alerts triggered for the same patient within 90 days of a previous alert should be 

considered part of the existing episode and not be considered a new incident episode of 

AKI. 

 

Adoption of this definition when analysing the data set developed by the author here could help 

ensure a calculated incidence that best represents the actual, or ‘true’ incidence of AKI.  

 

 

2.5 Summary of project 

 

In addressing the first aim of the thesis, this first project has described work undertaken by the 

author to develop a validated and ‘fit for use’ national data set for AKI. This novel data set enables 

the identification of all AKI diagnosed in the entire Welsh population, including that originating 

in both the hospital and community setting. A data set with this scale and scope is yet to be proven 

elsewhere.  
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By applying the Welsh AKI alerting system as a centralised system of data collection, the work 

presented here has described the development of processes by the author to systematically and 

reliably extract national data on AKI alerts from the WLIMS. It has also described the 

development of processes by the author to cleanse these data, so that they can be considered 

suitable for analysis. Finally, it has also described work undertaken by the author to develop 

methods which could be used to automatically classify and analyse these data, so that they can be 

used to reliably calculate an incidence of HA- and CA-AKI which best reflects the actual clinical 

incidence of AKI. The work here therefore underpins the remaining work that is documented in 

the thesis, and also provides the necessary confidence in its presented findings and conclusions. 
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Chapter 3: Project 2 

 

Application of a national data set for epidemiological research in AKI 

 

 

3.1 Introduction 

 

As set out in chapter one, the improvement science literature states that for something to improve, 

it first must be measured (Deming, 1986; Drucker, 1997). Moreover, at the outset of this research, 

the epidemiology of AKI was not fully understood. While numerous studies had described AKI 

that is developed during hospitalisation, less had focused on AKI that is developed in the 

community. Therefore, if the quality of care for patients who develop and are at risk of AKI was 

to be improved, it was important that before this, the nature and burden of the condition was first 

fully understood. This second project of the portfolio style thesis includes a series of peer-

reviewed studies by the author which, by applying the data set developed by the author in project 

one, collectively provide a comprehensive epidemiological description of AKI. The 11 published 

works presented follow two themes; they either define and describe the incidence and outcome 

of AKI in a selected patient population and/or healthcare setting, and/or they explore factors 

associated with variation in the incidence and/or outcome of AKI. Moreover, by utilising the 

aforementioned novel data set, and therefore data on all AKI events occurring in the entire Welsh 

population, including that in the hospital and community setting, the publications presented 

include some of the first national, multicentre, and population-based studies to describe AKI and 

its associated factors. The author therefore proposes that in helping to better understand the 

epidemiology of AKI, the work documented here makes a significant contribution to the literature 

to which it relates, and is likely of interest beyond just Wales.  

 

 

3.2 Aims and objectives 

 

In addressing the second aim of the thesis, the aim of this project was to explore and demonstrate 

the potential of the national AKI data set developed by the author in project one, for 

epidemiological research in AKI. To achieve this aim, the objectives of the project were as 

follows: 

 

1. Define and describe the incidence and outcome of AKI in different patient populations 

and/or healthcare settings. 

2. Explore factors associated with variation in the incidence and/or outcome of AKI. 
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3.3 Methodology 

 

The 11 prospective national cohort studies presented in this project all applied similar 

quantitative, observational and descriptive methods. While this section gives an overview of the 

methods employed in each study, more detailed accounts may be found in the publications 

themselves (Appendix 3.1-3.11). 

 

Data collection and analysis: While all studies used data sets developed using processes 

developed and described by the author in project one of this thesis, the specific cohort creation 

criteria employed by each individual study are described in the study abstracts that follow in 

section 3.4. Statistical analysis of the data was conducted in IBM SPSS Statistics Version 23.0 

and P values less than 0.05 were considered statistically significant in all studies. 

 

Time horizon of studies: The 11 studies presented in this project took place during the period of 

2015 to 2020 and were based on AKI alerts triggered by the Welsh AKI alerting system during 

the period of November 2013 to March 2019. Not all studies were based on the same time period 

however with sample sizes dependent on when each study was conducted. For example, whereas 

the first study below (Published work 1) was published in 2016 and included alerts triggered 

during the six month period of March to August 2015, studies which took place later were based 

on far larger samples and periods of up to four years. 

 

Incidence of AKI: AKI was defined by all studies using electronic AKI alerts triggered by the 

Welsh AKI alerting system, which, as described in chapter one, are based on changes in SCr in 

accordance with internationally agreed KDIGO definition for AKI. The studies defined an 

incident episode of AKI as 90 days, using the method developed by the author in project one. Per 

population incidence rates were calculated using Office for National Statistics mid-year 

population estimates (ONS, 2016; 2017; 2018; 2019) and since studies were conducted at 

different timepoints, not all used the same mid-year estimate. The clinical setting of AKI episodes 

were defined using the method developed by the author in project one. Inpatients triggering alerts 

following an in hospital measurement of SCr in the previous seven days were therefore classified 

as HA-AKI. Inpatients without a measurement of SCr in this timeframe were unable to be 

confidently classified as either HA- or CA-AKI and were excluded from all analyses. All other 

episodes were classified as CA-AKI.  

 

Outcome of AKI: While not every study reported on all of the following, outcome of AKI was 

measured in a number of ways. This included 30- and 90-day mortality, recovery from AKI 

(defined by a SCr result within 30 days no longer in keeping with the definition of AKI), 

requirement of treatment in intensive care (defined by a measurement of SCr in an intensive care 
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setting within 7 days), peak AKI stage (defined by comparing the maximum SCr reached during 

a patient’s episode with the baseline SCr associated with the alert), progression of AKI (defined 

by a peak AKI stage greater than the AKI stage associated with the alert, and for stage 3 alerts, 

more than a 50% rise in SCr from the alerting SCr), development of de novo CKD (defined by 

development of an eGFR <60 ml/min per 1.73 m2 within 90 days) and for patients with pre-

existing CKD, progression of pre-existing CKD (calculated using the latest eGFR value within 

90 days of the alert and defined by a decline from baseline eGFR of more than 15% or 5 ml/min 

per 1.73 m2). Some of the more longitudinal studies also included longer term survival analyses.  

 

Factors associated with incidence and outcome of AKI: Since the seven local health boards in 

NHSW are each responsible for planning and delivering healthcare services for patients resident 

within their geographical area, the local health board area (as indicated by the ‘NHSW 

organisation’ field described in project one) was used to identify regional variation of AKI 

incidence across Wales. Other variables analysed by studies which addressed the second objective 

of this project included age, pre-existing CKD (defined by an eGFR <60 ml/min per 1.73 m2 and 

calculated using baseline SCr and the CKD Epidemiology Collaboration eGFR equation), severity 

of AKI (defined using the stage of the AKI alert), socioeconomic status (defined using the Welsh 

Index for Multiple Deprivation score described in project one), admission to hospital (defined by 

a measurement of renal function in an inpatient setting within 7 days), clinical specialty associated 

with the AKI, interaction with healthcare services prior to the AKI (defined using measurements 

of renal function in the 30 day period prior to an AKI alert), follow-up care following AKI 

(defined by a repeat measurement of renal function within 7 or 30 days of an AKI alert), time of 

year and day of the week on which AKI is detected, and repeated episodes of AKI.  
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3.4 Published works by the author related to the epidemiology of AKI 

 

This section presents 11 peer-reviewed publications by the author which together address the two 

objectives of this project. For each publication, the abstract followed by an evaluation of the work 

in the context of the overall thesis is provided. Because the abstracts refer to standalone papers 

all addressing a similar theme, there may be some unavoidable repetition.  

 

3.4.1  Published work 1 (of 14 presented as part of this thesis) 

 

 

Title: Acute Kidney Injury in the era of the AKI e-alert 

Reference: 

 

Holmes J, Rainer T, Geen J, Roberts G, May K, Wilson N, Williams JD, Phillips 

AO. Clinical Journal of the American Society of Nephrology. December 2016. 

Appendix: 3.1 

Abstract: Background/aim: Our aim was to use a national electronic AKI alert to define 

the incidence and outcome of all episodes of community- and hospital-acquired 

adult AKI.  

Methods: A prospective national cohort study was undertaken in a population 

of 3.06 million. Data were collected between March of 2015 and August of 2015. 

All patients with adult (≥18 years of age) AKI were identified to define the 

incidence and outcome of all episodes of community- and hospital-acquired AKI 

in adults. Mortality and renal outcomes were assessed at 90 days.  

Results: There was a total of 31,601 alerts representing 17,689 incident 

episodes, giving an incidence of AKI of 577 per 100,000 population. 

Community-acquired AKI accounted for 49.3% of all incident episodes, and 

42% occurred in the context of pre-existing CKD; 90-day mortality rate was 

25.6%, and 23.7% of episodes progressed to a higher AKI stage than the stage 

associated with the alert. AKI electronic alert stage and peak AKI stage were 

associated with mortality, and mortality was significantly higher for hospital-

acquired AKI compared with alerts generated in a community setting. Among 

patients who survived to 90 days after the AKI electronic alert, those who were 

not hospitalized had a lower rate of renal recovery and a greater likelihood of 

developing an eGFR<60 ml/min per 1.73 m2 for the first time, which may be 

indicative of development of de novo CKD.  

Conclusions: The reported incidence of AKI is far greater than the previously 

reported incidence in studies reliant on clinical identification of adult AKI or 

hospital coding data. Although an electronic alert system is Information 

Technology driven and therefore, lacks intelligence and clinical context, these 

data can be used to identify deficiencies in care, guide the development of 

appropriate intervention strategies, and provide a baseline against which the 

effectiveness of these interventions may be measured. 

 

 

Evaluation of published work 1 in relation to thesis 

 

By using the data set developed in project one of this thesis, this first publication by the author 

sought to define and describe the incidence and outcome of HA- and CA-AKI in the adult 

population of Wales. The study found the overall incidence of AKI to be 577 per 100,000 

population, far higher than rates reported by previous studies using clinical identification of AKI 

or hospital coding data. Consistent with previous smaller studies however, it found CA-AKI to 
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account for a significant proportion of AKI (49.3%). The study also observed a 30.1% 90-day 

mortality rate in HA-AKI and 22.3% in CA-AKI, which combined gave a significantly high 

25.6% 90-day mortality rate following all AKI (Figure 3.1a). In the surviving cohort, for HA and 

CA combined, the study also found that almost a quarter of patients saw their AKI progress, more 

than 10% did not recover from their AKI, and more than a quarter either developed de novo CKD, 

or experienced progression of pre-existing CKD (Figure 3.1b). These results are presented in 

Table 3.1, which summarises the key findings of the five studies presented in this project which 

defined and described the incidence and outcome of AKI in different patient populations and/or 

healthcare settings.  

 

This first publication also identified that there is significant regional variation in the incidence of 

AKI in the adult Welsh population, with incidence highest in areas served by Cwm Taf University 

Health Board (814 per 100,000 population) and lowest in areas served by Powys Teach Health 

Board (60 per 100,000 population). While the very low incidence observed in Powys likely 

reflects most of its population accessing care across the border and the rural nature of the area, it 

could also relate to the limited availability of healthcare services compared to other areas in 

Wales. The high incidence observed in Cwm Taf meanwhile likely reflects that this health board 

serves some of the most socially deprived populations of Wales (73 of the 188 (39%) LSOAs it 

serves are among the most deprived 20% of the 1909 LSOAs in Wales). Studies presented later 

(Published works 6 and 7) build on this finding further and explore exclusively the association of 

socioeconomic status with the incidence and outcome of AKI.  

 

In addition to regional variation, this first study also explored the association of a number of other 

factors with the incidence and outcome of HA- and CA-AKI in the adult Welsh population. The 

results of these analyses and how they could be used to guide the development of appropriate 

intervention strategies are in Table 3.2.  

 

To put this published work in to context of the overall thesis, it has used national data on AKI 

alerts to better understand the epidemiology of AKI in the general adult Welsh population, 

including that which is acquired in the hospital and community setting. It has also identified that 

incidence and outcome of AKI varies in association with a number of factors, including local 

health board area, pre-existing CKD, severity of AKI, hospitalisation following AKI, and the 

clinical specialty associated with the AKI. Not only do the described findings provide a robust 

baseline from which interventions to improve the prevention and/or management of HA- and CA-

AKI could be measured, they could also guide the development of these interventions. For 

instance, the data presented here would suggest such interventions may have greatest impact if 

targeted at stage 2 and 3 AKI in certain clinical areas and/or patients with pre-existing CKD and/or 

increasing hospital admission rates for those patients presenting with CA-AKI. 
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Table 3.1: Key findings of published works by the author which defined and described the 

incidence and outcome of AKI in different patient populations and/or healthcare settings 

Published 

work 

Patient population/ 

healthcare setting 

studied 

Incidence of AKI Outcome of AKI 

1 AKI in the adult 

Welsh population 

577 per 100,000 of the adult 

Welsh population, or 0.58% 

 

25.6%  90-day mortality 

rate, 23.7% AKI 

progression rate, 12.0% 

AKI non-recovery rate 

HA-AKI in the 

adult Welsh 

population 

 

50.7% of all AKI 

 

30.1%  90-day mortality 

rate 

 

CA-AKI in the 

adult Welsh 

population 

 

49.3% of all AKI 22.3% 90-day mortality 

rate 

2 AKI in the adult 

Welsh population 

identified in the 

primary care setting 

28.8% of all CA-AKI 

 

15.4% 90-day mortality 

rate, 40.5% pre-existing 

CKD progression rate, 

18.1% AKI non-recovery 

rate 

3 AKI in the adult 

Welsh population 

requiring treatment 

in the intensive care 

setting 

10.0% of all AKI 

 

38.2% 90-day mortality 

rate, 38.5% AKI 

progression rate, 19.1% 

AKI non-recovery rate 

 

4 AKI in the 

paediatric Welsh 

population 

 

 

77.3 per 100,000 person-

years, or 0.08% 

1.7% 30-day mortality 

rate, 94.0% AKI recovery 

rate 

 

5 AKI in the adult 

Welsh renal 

transplant 

population 

 

35.4% of all renal transplant 

recipients 

 

19.8% 30-day mortality 

rate 
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Table 3.2: Key findings of  Published work 1 

Variable Association with incidence and/or outcome of AKI in the adult Welsh 

population 

Severity of AKI The majority (78.7%) of AKI incidence is associated with the least severe 

stage of AKI, and more severe AKI is significantly associated with 

increased likelihood of death (AKI stage 2/3 vs. AKI stage 1; HR, 1.43; 

95% CI, 1.34 to 1.54) and less recovery of renal function (AKI stage 2/3 

vs. AKI stage 1; HR, 1.82; 95% CI, 1.64 to 2.03). From this finding, it 

could be concluded that interventions to improve the prevention and/or 

management of AKI in the adult Welsh population may therefore have 

greatest impact if targeted at stage 2 and 3 AKI.  

Pre-existing CKD A high proportion of AKI incidence is associated with pre-existing CKD 

(42.0%). From this finding, it could be concluded that interventions to 

improve the prevention and/or management of AKI in the adult Welsh 

population may therefore have greatest impact if targeted at patients with 

pre-existing CKD. 

Clinical specialty 

associated with the 

AKI 

Whereas the majority (25.0%) of HA-AKI is acquired in a general 

medical inpatient setting, followed by the combination of general surgery 

and trauma and orthopaedics (24.0%), the majority (53.0%) of CA-AKI 

that is not detected in primary care is detected in an accident and 

emergency setting (Figure 3.2). From this finding, it could be concluded 

that interventions to improve the prevention and/or management of AKI 

in the adult Welsh population may therefore have greatest impact if 

targeted at these clinical areas. 

Hospitalisation 

following AKI 

82.0% of CA-AKI is admitted to hospital within seven days. These 

hospitalisations are most common in those patients presenting with more 

severe AKI, who are older and have pre-existing CKD (Figure 3.2), and 

are significantly associated with increased recovery from AKI (90.0% vs. 

82.0%), less likelihood of developing de novo CKD (19.0% vs. 25.0%), 

but greater likelihood of death (HR, 1.31; 95% CI, 1.23 to 1.39). From 

this finding, it could be concluded that interventions to improve the 

management of CA-AKI in the adult Welsh population may therefore 

have greatest impact if targeted at increasing hospital admission rates for 

patients triggering AKI alerts in the community.  
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Figure 3.1: Outcomes of HA- and CA-AKI in the adult Welsh population: [A] 90-day mortality 

[B] Non-recovery from AKI, development of de novo CKD, and progression of pre-existing CKD 
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Figure 3.2: Clinical specialty associated with AKI in the adult Welsh population: [A] HA-AKI. 

[B] CA-AKI 

 

 

 
Figure 3.3: Hospitalisation following CA-AKI and its association with AKI severity, age and 

pre-existing CKD: CA-AKI detected in primary care [A] and not detected in primary care [B] 
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3.4.2 Published work 2 
 

 

Title: 

 

Acute kidney injury electronic alerts in primary care ‐ findings from a large 

population cohort 

Reference: 

 

Holmes J, Allen N, Roberts G, Geen J, Williams JD, Phillips AO. QJM: An 

International Journal of Medicine. September 2017. 

Appendix: 3.2 

Abstract: Background/aim: Electronic reporting of AKI has been used to aid early AKI 

recognition although its relevance to CA-AKI and primary care has not been 

described. We described the characteristics and clinical outcomes of patients 

with CA-AKI, and AKI identified in primary care (PC-AKI) through AKI e-

Alerts. 

Methods: A prospective national cohort study was undertaken to collect data on 

all e-alerts representing adult CA-AKI. The study utilized the biochemistry 

based AKI electronic (e)-alert system that is established across the Welsh 

National Health Service. 

Results: 28.8% of the 22 723 CA-AKI e-alerts were classified as PC-AKI. 

Ninety-day mortality was 24.0% and lower for PC-AKI vs. non-primary care 

(non-PC) CA-AKI. Hospitalization was 22.3% for PC-AKI and associated with 

greater disease severity, higher mortality, but better renal outcomes (non-

recovery: 18.1% vs. 21.6%; progression of pre-existing CKD: 40.5% vs. 58.3%). 

49.1% of PC-AKI had a repeat test within 7 days, 42.5% between 7 and 90 days, 

and 8.4% was not repeated within 90 days. There was significantly more non-

recovery (24.0% vs. 17.9%) and progression of pre-existing CKD (63.3% vs. 

47.0%) in patients with late repeated measurement of renal function compared 

to those with early repeated measurement of renal function. 

Conclusions: The data demonstrate the clinical utility of AKI e-alerts in primary 

care. We recommend that a clinical review, or referral together with a repeat 

measurement of renal function within 7 days should be considered an 

appropriate response to AKI e-alerts in primary care. 

 

 

Evaluation of published work 2 in relation to thesis 

 

By using the data set developed in project one of this thesis, this second publication by the author 

sought to define and describe the incidence and outcome of AKI in the adult Welsh population 

that is identified in primary care. Following Published work 1 and Figure 3.3, which suggested 

AKI detected in primary care differs from all other CA-AKI, this second study found that almost 

a third of all CA-AKI in the adult Welsh population is identified in primary care, around a fifth 

(22.3%) of these patients are admitted to hospital, 15.4% die within 90 days, and of those who 

survive, less than 90% recover from their AKI. While mortality was lower and progression of 

AKI was no different compared to AKI identified elsewhere in the community, patients with 

primary care identified AKI experienced significantly worse renal outcomes including, for those 

with pre-existing CKD, significantly more progression of CKD (58.3% vs. 40.5%, P<0.001) 

(Table 3.1). The study also found less than half (49.1%) of patients with primary care identified 

AKI received a repeat measurement of renal function within seven days, and that significantly 

worse renal outcome was associated with this cohort, with more non-recovery (24.0% vs. 17.9%) 

and progression of pre-existing CKD (63.3% vs. 47.0%).  
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To put this published work in to context of the overall thesis, it has used national data on AKI 

alerts to better understand the epidemiology of AKI that is identified in the primary care setting. 

Not only do the described findings provide a robust baseline from which interventions to improve 

the management of AKI in this clinical setting could be measured, they could also guide the 

development of these interventions. Moreover, given what constitutes an appropriate response to 

AKI alerts in primary care is lacking, and detailed guidelines for the management of AKI in the 

community do not exist, this study’s findings could help inform their development. The data 

presented here suggests a response which includes ensuring a clinical review and/or referral 

and/or repeat measurement of renal function within seven days may well offer improved outcomes 

for some patients following an AKI diagnosis in primary care. 
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3.4.3  Published work 3 
 

 

Title: 

 

Utility of electronic AKI alerts in intensive care: A national multicentre 

cohort study 

Reference: 

 

Holmes J, Roberts G, Geen J, Dodd A, Selby NM, Lewington A, Scholey G, 

Williams JD, Phillips AO. Journal of Critical Care. April 2018. 

Appendix: 3.3 

Abstract: Background/aim: Electronic AKI alerts highlight changes in serum creatinine 

compared to the patient's own baseline. Our aim was to identify all AKI alerts 

and describe the relationship between electronic AKI alerts and outcome for AKI 

treated in the Intensive Care Unit (ICU) in a national multicentre cohort.  

Methods: A prospective cohort study was undertaken between November 2013 

and April 2016, collecting data on electronic AKI alerts issued.  

Results: 10% of 47,090 incident AKI alerts were associated with ICU 

admission. 90-day mortality was 38.2%. Within the ICU cohort 48.8% alerted 

in ICU. 51.2% were transferred to ICU within 7 days of the alert, of which 37.8% 

alerted in a hospital setting (HA-AKI) and 62.2% in a community setting (CA-

AKI). Mortality was higher in patients transferred to ICU following the alert 

compared to those who had an incident alert on the ICU (p<0.001), and was 

higher in HA-AKI (45.3%) compared to CA-AKI (39.5%) (35.0%, p=0.01). In 

the surviving patients, recovery of renal function was significantly higher 

following HA-AKI (84.2%, p=0.004) and CA-AKI (87.6%, p<0.001) compared 

to patients alerting on the ICU (78.3%).  

Conclusions: The study provides a nationwide characterisation of AKI in ICU 

highlighting the high incidence and its impact on patient outcome. The data also 

suggests that within the cohort of AKI patients treated in the ICU there are 

significant differences in the presentation and outcome between those patients 

that require transfer to the ICU after AKI is identified and those who develop 

AKI following ICU admission. Moreover, the study demonstrates that using 

AKI e-alerts provides a centralised resource which does not rely on clinical 

diagnosis of AKI or coding, resulting in a robust data set which can be used to 

define the incidence and outcome of AKI in the ICU setting. 

 

 

Evaluation of published work 3 in relation to thesis 

 

By using the data set developed in project one of this thesis, this third publication by the author 

sought to define and describe the incidence and outcome of AKI in the adult Welsh population 

that requires treatment in the intensive care setting. The study found that 10% of all AKI in the 

adult Welsh population is associated with treatment in intensive care, 48.8% of which is AKI 

identified in ICU and 51.2% is AKI transferred to ICU. While in the surviving cohort, 38.5% of 

patients saw their AKI progress and almost a fifth did not recover from their AKI (Table 3.1), the 

study also observed a significantly high 38.2% 90-day mortality rate following all AKI requiring 

treatment in ICU, and better overall survival for patients with AKI identified in ICU compared to 

those with AKI transferred to ICU (Figure 3.4).  

 

To put this published work in to context of the overall thesis, it has used data on AKI alerts to 

better understand the epidemiology of AKI that is treated in the intensive care setting. Not only 

do the described findings provide a robust baseline from which interventions to improve the 
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management of AKI in this clinical setting could be measured, they could also guide the 

development of these interventions. The data presented here suggests that this could include the 

earlier transfer of patients by critical care outreach teams to the ICU following an AKI diagnosis, 

which may in some cases, offer improved outcomes.  

 

 

 

 
 

Figure 3.4: Kaplan-Meier survival curves for AKI requiring treatment in intensive care 
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3.4.4  Published work 4 
 

   

Title: Acute Kidney Injury in Children Based on Electronic Alerts 

Reference: 

 

Gubb S, Holmes J, Smith G, Geen J, Williams JD, Phillips AO. Journal of 

Pediatrics. November 2019. 

Appendix: 3.4 

Abstract: Aim: To define the incidence and outcome of acute kidney injury (AKI) in 

paediatrics using data collected from a national electronic alert system. 

Methods: A prospective national cohort study was undertaken to collect data on 

all cases of paediatric AKI, excluding neonates, identified by an e-alert, from 

April 2015 to March 2019. 

Results: There were 2472 alerts in a total of 1719 patients, giving an incidence 

of 77.3 per 100,000 person-years. Of the patients, 84.2% of all AKI were stage 

1 and 58.3% occurred with a triggering creatinine within the reference range. 

The incidence of AKI was associated with measures of social deprivation. 

Thirty-day mortality was 1.7% but was significantly higher in hospital-acquired 

AKI (2.1%), compared with community-acquired AKI (0.8%, P < 0.001) and 

was associated with the severity of AKI at presentation. A significant proportion 

of patients had no repeat measure of creatinine (39.8%). This was higher in 

community-acquired AKI (69.7%) compared with hospital-acquired AKI 

(43.0%, P < 0.001), and higher in patients alerting with patients triggering with 

a creatinine within the reference range (48.4% vs 24.5%, P < 0.001). The 

majority of patients (84.7%) experienced only 1 AKI episode. Repeated episodes 

of AKI were associated with increased 30-mortality (11.6% vs 4.6%, P < 0.001) 

and higher residual renal impairment (13.3% vs 5.4%, P < 0.001). 

Conclusions: The results suggest that the significance of the alert is missed in 

many cases reflecting that a large proportion of cases represent modest 

elevations in serum creatinine (SCr), triggered by a SCr level that may be 

interpreted as being normal despite a significant increase from the baseline for 

the patient. 

 

 

Evaluation of published work 4 in relation to thesis 

 

By using the data set developed in project one of this thesis, this fourth publication by the author 

sought to define and describe the incidence and outcome of AKI in the paediatric population of 

Wales. The study found the overall incidence of AKI to be 77.3 per 100,000 of the Welsh 

paediatric population, far higher than rates reported by previous studies using clinical 

identification of AKI or hospital coding data. Consistent with Published work 1 and AKI in adults, 

it found a significant proportion of AKI in children is also acquired outside of the hospital setting 

(30.5%). It observed significantly better outcomes compared to AKI seen in adults however, 

including a 2.1% 30-day mortality rate in HA-AKI and 0.8% in CA-AKI, which combined gave 

a 1.7% 30-day mortality rate following all paediatric AKI. The study also found that a significant 

proportion of patients (39.6%) did not receive a repeat measurement of renal function within 30 

days following an alert and repeated episodes of AKI were associated with significantly worse 

outcomes, including higher 30-day mortality rates (11.6% vs 4.6%, P < 0.001) and lower rates of 

recovery (5.4% vs 13.3%, P < 0.001).  
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To put this published work in to context of the overall thesis, it has used national data on AKI 

alerts to better understand the epidemiology of AKI in children, including that which is acquired 

in the hospital and community setting. Moreover, not only do the described findings provide a 

robust baseline from which interventions to improve the prevention and management of paediatric 

AKI could be measured, they could also guide the development of these interventions. The data 

presented here suggest that this could include more frequent monitoring of renal function in 

children following AKI, which could in some cases, improve outcomes for paediatric patients 

who develop AKI. 
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3.4.5  Published work 5 
 

 

Title: 

 

Using electronic AKI alerts to define the epidemiology of acute kidney 

injury in renal transplants 

Reference: 

 

Jones A, Holmes J, Stephens M, Geen J, Williams JD, Donovan K, Phillips AO. 

Journal of Nephrology. December 2020. 

Appendix: 3.5 

Abstract: Background/aim: Little is known regarding the impact of AKI on renal 

transplant outcome. Our aim was to define the incidence and outcome of AKI in 

renal transplant patients using data collected from a national AKI alert system 

Methods: The study represents a prospective national cohort study collecting 

data on 1224 renal transplants recipients with a functioning renal transplant, 

between April 2015 and March 2019. 

Results: 444 patients experienced at least one episode of AKI giving an 

incidence rate of 35.4%. 64.7% of episodes were AKI stage 1, 7.3% AKI stage 

2 and 28% AKI stage 3. Only 6.2% of episodes occurred in the context of 

rejection. 43.5% of AKI episodes were associated with sepsis. AKI was 

associated with pre-existing renal dysfunction, and a primary renal diagnosis of 

diabetic nephropathy. AKI was more prevalent in recipients from a donor after 

cardiac death (26.4% vs. 21.4%, p < 0.05) compared to the non-AKI cohort. 

Following AKI, 30-day mortality was 19.8% and overall mortality was 34.8%, 

compared to 8.4% in the non AKI cohort (RR 4.06, 95% CI 3.1–5.3, p < 0.001). 

Graft survival (GS), and death censored graft survival (DCGS) censored at 4 

years, in the AKI cohort were significantly lower than in the non AKI group 

(p < 0.0001 for GS and DCGS). 

Conclusions: The study provides a detailed characterisation of AKI in renal 

transplant recipients highlighting its significant negative impact on patient and 

graft survival. 

 

 

Evaluation of published work 5 in relation to thesis 

 

By using the data set developed in project one of this thesis, this fifth publication by the author 

sought to define and describe the incidence and outcome of AKI in the adult renal transplant 

population of Wales. The study found AKI to occur in over a third (35.4%) of patients living with 

a renal transplant, and that one in five of these are likely to die within 30 days and only a quarter 

are likely to recover from their AKI (Table 3.1). It also found transplant patients developing AKI 

experience significantly worse outcomes compared to those transplant patients who do not 

experience AKI, including higher rates of 30-day mortality and lower rates of graft survival.  

 

To put this published work in to context of the overall thesis, it has used national data on AKI 

alerts to better understand the epidemiology of AKI in the renal transplant population. Moreover, 

while further and more longitudinal studies may be required, not only do the described findings 

provide a robust baseline from which interventions to improve the prevention and management 

of AKI in this patient cohort could be measured, they could also guide the development of these 

interventions. The data presented here suggest this could include more frequent monitoring of 

renal function in transplant recipients post-transplant, to minimise the development of AKI, and 

therefore improve outcomes. 
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3.4.6  Published works 6 and 7 

 

 

Title: 

 

The influence of socioeconomic status on presentation and outcome of acute 

kidney injury 

Reference: 

 

Phillips D, Holmes J, Davies R, Geen J, Williams JD, Phillips AO. QJM: An 

International Journal of Medicine. December 2018. 

Appendix: 3.6 

Abstract: Background/aim: Although socioeconomic background is known to impact on 

the incidence and progression of chronic kidney disease, its influence on the 

presentation and outcome for acute kidney injury is not known and is the subject 

of this study. 

Methods: The Welsh National electronic AKI reporting system was used to 

identify all cases of AKI in patients >18 years of age between March 2015 and 

November 2017. Socioeconomic classification of patients was derived from the 

Welsh Index Multiple Deprivation score (WIMD). Patients were grouped 

according to the WIMD score by their postcode, and the ranked data were 

categorized into percentiles and correlated with incidence and measures of AKI 

severity and outcome. 

Results: Data was collected on a total of 57,654 patients. Increased deprivation 

was associated with higher AKI incidence rates, more episodes of AKI per 

patient and more severe AKI at presentation. In contrast 90-day mortality was 

highest in the most affluent areas. Mortality in affluent areas was driven by 

increased patient age. Corrected for age 90-day mortality was higher in areas of 

increased deprivation. 

Conclusions: This study highlights that AKI incidence presentation and 

outcomes are adversely affected by social deprivation. Further studies are 

required to understand the extent to which these differences reflect patient 

related factors or regional differences in provision and access to care. 

 

Title: 

 

Acute Kidney Injury, Age, and Socioeconomic Deprivation: Evaluation of 

a National Data Set 

Reference: 

 

Holmes J, Phillips D, Donovan K, Geen J, Williams JD, Phillips AO. Kidney 

International Reports. March 2019. 

Appendix: 3.7 

Abstract: Background/aim: This study examined the relationship among age, measures 

of social deprivation, and incidence and outcome of acute kidney injury (AKI). 

Methods: The Welsh National electronic AKI reporting system was used to 

identify all cases of AKI in patients 18 years or older between March 2015 and 

January 2017. Patients were grouped according to their WIMD score, and 

Multivariate Cox proportional hazard modelling was used to adjust the data for 

age. The ranked data were categorized into percentiles and correlated with 

incidence, and measures of AKI severity and outcome. 

Results: Analysis included 57,654 patients. For the whole cohort, the highest 

90-day survival was associated with the most socially deprived cohorts. There 

was a significant negative relationship between age-adjusted incidence of AKI 

and the WIMD score. In patients 60 years or older, there was an inverse 

correlation between WIMD score and survival that was not evident in those 

younger than 60. AKI severity at presentation was worse in patients from areas 

of social deprivation. Social deprivation was associated with a significantly 

higher proportion of pre-existing chronic kidney disease (CKD) in patients with 

AKI older than 60, but not in those younger than 60. 

Conclusions: Overall mortality following AKI was higher in least-deprived 

areas, reflecting an older patient cohort. In contrast, social deprivation was 

associated with higher age-adjusted AKI incidence and age-adjusted mortality 

following AKI. The excess mortality observed in more deprived areas was 

associated with more severe AKI and a higher proportion of pre-existing CKD. 
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Evaluation of published works 6 and 7 in relation to thesis 

 

By using the data set developed in project one of this thesis, these sixth and seventh publications 

by the author explored the association of social deprivation, age and pre-existing CKD with 

variation in the incidence and outcome of AKI in the adult population of Wales. While the two 

separate studies found increased social deprivation associated with increased incidence of AKI, 

both studies found increased social deprivation associated with better outcome following AKI. 

Whereas Published work 6 found AKI incidence rates to be highest in the most socially deprived 

areas (Figure 3.5a), in contrast, it found 90-day AKI associated mortality rates to be highest in 

the least socially deprived areas (Figure 3.5b), reflecting an older patient cohort (Figure 3.5c) and 

higher proportion of patients with pre-existing CKD (Figure 3.5d) living in less socially deprived 

areas. Once corrected for the described factors however, rates of 90-day AKI associated mortality 

were higher in areas of increased deprivation.  

 

Published work 7 also found a significant association between increased social deprivation and 

both age-adjusted incidence of AKI and age-adjusted mortality following AKI. It also found the 

positive correlation seen in Published work 6, between increased social deprivation and increased 

unadjusted 90-day survival following AKI, to be significant only in patients aged 60 years or 

older (Figure 3.6), for both HA- and CA-AKI. From this finding, it could be concluded that in 

addition to age, lifestyle and comorbidity, socioeconomic factors like the availability and 

accessibility of healthcare services may also affect the incidence and outcome of AKI. The finding 

described therefore also highlights that improving the incidence and outcome of AKI likely 

requires influencing complex and long term inequalities which in turn likely requires social, 

economic and medical interventions at the population level. For instance, the findings described 

suggest that interventions aimed at improving the prevention and/or management of AKI in the 

adult Welsh population may have greatest impact if targeted at areas of increased social 

deprivation, and at patients who live in these socially deprived areas who are aged less than 60 

years and/or who have pre-existing CKD. 

 

To put these two published works in to context of the overall thesis, they have used national data 

on AKI alerts to identify that the incidence and outcome of AKI in the adult Welsh population 

varies in association with social deprivation, age and pre-existing CKD. Not only do the described 

findings help to better understand the epidemiology of AKI, they could also guide the 

development of interventions to improve the prevention and management of AKI. Further studies 

are nonetheless required to further understand the extent to which the impact of socioeconomic 

status on the presentation and outcome of AKI observed in the studies here reflect patient related 

factors or differences in healthcare provision and/or access. 
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Figure 3.5: Association of socioeconomic status, age and pre-existing CKD with the incidence 

and outcome of AKI: [A] Correlation of socioeconomic status and incidence of AKI [B] 

Correlation of socioeconomic status and 90-day AKI associated mortality [C] Correlation of 

socioeconomic status and age [D] Correlation of socioeconomic status and pre-existing CKD 
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Figure 3.6: Correlation between social deprivation and 90-day AKI associated mortality for 

different age groups 
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3.4.7  Published work 8 

 

 

Title: 

 

Community acquired acute kidney injury: findings from a large population 

cohort 

Reference: 

 

Holmes J, Geen J, Phillips B, Williams JD, Phillips AO. QJM: An International 

Journal of Medicine. November 2017. 

Appendix: 3.8 

Abstract: Background/aim: The extent of patient contact with medical services prior to 

development of community acquired-acute kidney injury (CA-AKI) is unknown. 

We examined the relationship between incident CA-AKI alerts, previous contact 

with hospital or primary care and clinical outcomes. 

Methods: A prospective national cohort study of all electronic AKI alerts 

representing adult CA-AKI. Data were collected for all cases of adult (≥18 years 

of age) CA-AKI in Wales between 1 November 2013 and 31 January 2017. 

Results: There were a total of 50 560 incident CA-AKI alerts. In 46.8% there 

was a measurement of renal function in the 30 days prior to the AKI alert. In this 

group, in 63.8% this was in a hospital setting, of which 37.6% were as an 

inpatient and 37.5% in Accident and Emergency. Progression of AKI to a higher 

AKI stage (13.1 vs. 9.8%, P < 0.001) (or for AKI 3 an increase of > 50% from 

the creatinine value generating the alert), the proportion of patients admitted to 

Intensive Care (5.5 vs. 4.9%, P = 0.001) and 90-day mortality (27.2 vs. 18.5%, 

P < 0.001) was significantly higher for patients with a recent test. 90-day 

mortality was highest for patients with a recent test taken in an inpatient setting 

prior to CA-AKI (30.9%). 

Conclusions: Almost half of all patients presenting with CA-AKI are already 

known to medical services, the majority of which have had recent measurement 

of renal function in a hospital setting, suggesting that AKI for at least some of 

these may potentially be predictable and/or avoidable. 

 

 

Evaluation of published work 8 in relation to thesis 

 

By using the data set developed in project one of this thesis, this eighth publication by the author 

explored the association of a previous interaction with healthcare services with variation in the 

incidence and outcome of CA-AKI in the adult Welsh population. The study found that almost 

half (46.8%) of all patients presenting with CA-AKI are already known to healthcare services, 

with almost two thirds (63.8%) of which having received a measurement of renal function in a 

hospital setting during the 30 day period prior to alerts. It also found a previous interaction with 

healthcare services to be associated with significantly worse outcomes, including more 

progression of AKI (13.1 vs. 9.8%), more requirement of treatment in intensive care (5.5 vs. 

4.9%) and higher rates 90-day mortality (27.2 vs. 18.5%).  

 

To put this published work in to context of the overall thesis, it has used national data on AKI 

alerts to identify that a large proportion of CA-AKI may relate to a recent hospitalisation. Not 

only does this study help to better understand the epidemiology of CA-AKI, it also could guide 

the development of interventions to improve the prevention and management of CA-AKI. The 

data here would suggest that this could include earlier and more frequent monitoring of patients 

following discharge from hospital, to in some cases, predict and therefore prevent the 
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development of AKI. Moreover, given detailed guidelines for the management of AKI in the 

community are lacking, the findings described here could help their development. 
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3.4.8  Published work 9 

 

 

Title: 

 

Seasonal pattern of incidence and outcome of Acute Kidney Injury: A 

national study of Welsh AKI electronic alerts 

Reference: 

 

Phillips D,  Young O, Holmes J, Allen LA, Roberts G, Geen J, Williams JD, 

Phillips AO. International Journal of Clinical Practice. September 2017.   

Appendix: 3.9 

Abstract: Background/aim: To identify any seasonal variation in the occurrence of, and 

outcome following AKI. 

Methods: The study utilised the biochemistry based AKI electronic (e)‐alert 

system established across the Welsh National Health Service to collect data on 

all AKI episodes to identify changes in incidence and outcome over one calendar 

year (1st October 2015 and the 30th September 2016). 

Results: There were total of 48 457 incident AKI alerts. The highest proportion 

of AKI episodes was seen in the quarter of January to March (26.2%), and the 

lowest in the quarter of October to December (23.3%, P < 0.001). The same trend 

was seen for both community‐acquired and hospital‐acquired AKI sub‐sets. 

Overall 90 day mortality for all AKI was 27.3%. In contrast with the seasonal 

trend in AKI occurrence, 90 day mortality after the incident AKI alert was 

significantly higher in the quarters of January to March and October to 

December compared with the quarters of April to June and July to September (P 

< 0.001) consistent with excess winter mortality reported for likely underlying 

diseases which precipitate AKI. 

Conclusions: In summary we report for the first time in a large national cohort, 

a seasonal variation in the incidence and outcomes of AKI. The results 

demonstrate distinct trends in the incidence and outcome of AKI. 

 

 

Evaluation of published work 9 in relation to thesis 

 

By using the data set developed in project one of this thesis, this ninth publication by the author 

explored whether there is seasonal variation in the incidence and outcome of AKI in the adult 

population of Wales. The study found significant seasonal variation in the incidence of AKI with 

the highest incidence observed in the quarter of January to March (26.2%), and the lowest 

observed in the quarter of October to December (23.3%), with this trend consistent across both 

HA- and CA-AKI (Figure 3.7). It also found outcome of AKI to vary significantly depending on 

the time of year in which the AKI was detected, but in contrast to AKI incidence, rates of 90-day 

AKI associated mortality were highest in the quarters of January to March (29.4%) and October 

to December (28.1%). These differences likely reflect well-documented excess winter mortality 

associated with numerous primary underlying illnesses which precipitate AKI. 

 

To put this published work in to context of the overall thesis, it has used national data on AKI 

alerts to identify that there is seasonal variation in the incidence and outcome of AKI in the adult 

population of Wales. While further studies involving data on clinical diagnosis and cause of death 

are required to further understand these trends, the described findings nonetheless help to better 

understand the epidemiology of AKI and could guide the development of interventions to improve 

the prevention and management of AKI.  
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Figure 3.7: Seasonal variation in AKI incidence. * p <0.001 vs. all other quarters 
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3.4.9  Published work 10 

 

 

Title: 

 

Adding a new dimension to the weekend effect: an analysis of a national 

data set of electronic AKI alerts 

Reference: 

 

Holmes J, Rainer T, Geen J, Williams JD, Phillips AO. QJM: An International 

Journal of Medicine. April 2018. 

Appendix: 3.10 

Abstract: Background/aim: Increased mortality related to differences in delivery of 

weekend clinical care is the subject of much debate. We compared mortality 

following detection of acute kidney injury (AKI) on week and weekend days 

across community and hospital settings. 

Methods: A prospective national cohort study, with AKI identified using the 

Welsh National electronic AKI reporting system. Data were collected on 

outcome for all cases of adult AKI in Wales between 1 November 2013 and 31 

January 2017. 

Results: There were a total of 107 298 episodes. Weekday detection of AKI was 

associated with 28.8% (26 439) 90-day mortality compared to 31.9% (4551) for 

AKI detected on weekdays (RR: 1.11, 95% CI: 1.08–1.14, P < 0.001, HR: 1.16 

95% CI: 1.12–1.20, P < 0.001). There was no ‘weekend effect’ for mortality 

associated with hospital-acquired AKI. Weekday detection of community-

acquired AKI (CA-AKI) was associated with a 22.6% (10 356) mortality 

compared with weekend detection of CA-AKI, which was associated with a 

28.6% (1619) mortality (RR: 1.26, 95% CI: 1.21–1.32, P < 0.001, HR: 1.34, 

95%CI: 1.28–1.42, P < 0.001). The excess mortality in weekend CA-AKI was 

driven by CA-AKI detected at the weekend that was not admitted to hospital 

compared with CA-AKI detected on weekdays which was admitted to hospital 

(34.5% vs. 19.1%, RR: 1.8, 95% CI: 1.69–1.91, P < 0.001, HR: 2.03, 95% CI: 

1.88–2.19, P < 0.001). 

Conclusions: ‘Weekend effect’ in AKI relates to access to in-patient care for 

patients presenting predominantly to hospital emergency departments with AKI 

at the weekend. 

 

 

Evaluation of published work 10 in relation to thesis 

 

By using the data set developed in project one of this thesis, this tenth publication by the author 

explored whether the incidence and outcome of AKI in the adult Welsh population varies 

according to the day of the week on which the AKI is detected. The study found significantly 

more AKI is detected during the week than on the weekend, with average daily incidence rates, 

expressed by the proportion of the total weekly AKI incidence, 17.3% for Monday through Friday 

and 6.7% for Saturday and Sunday. It also found significantly worse 90-day mortality rates for 

AKI that is detected on the weekend compared to AKI that is detected during the week (31.9% 

vs. 28.8%). With no such difference observed in HA-AKI, this increased mortality at the weekend 

was driven entirely by CA-AKI (28.6% vs. 22.6%), which in turn was driven by non-admission 

to hospital, as demonstrated by a 34.5% mortality rate associated with CA-AKI detected on 

weekends which was not admitted to hospital, compared to 19.1% for CA-AKI detected on 

weekdays which was admitted to hospital. From these findings, it could be concluded that in AKI, 

the so-called ‘weekend effect’, which refers to differences in healthcare delivery at the weekend, 

relates mostly to changing patterns of admission for CA-AKI at the weekend. Possible 
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explanations for this could include inappropriate delay in hospital discharge at weekends, and 

reduced availability of primary care services and diagnostics at weekends.  

 

To put this published work in to context of the overall thesis, it has used national data on AKI 

alerts to identify that rather than inequity of hospital based care at the weekend, the ‘weekend 

effect’ in AKI predominantly relates to limited access to inpatient care at the weekend for patients 

presenting with AKI at hospital emergency departments.  While further studies involving hospital 

episode statistics (HES), and data on resource allocation and/or healthcare staffing models may 

be required to further understand these trends, the described findings nonetheless add to the wider 

discussion that the adoption of a 7-day team-based model of healthcare, which increases 

discharges and access to primary care at weekends, could improve patient flow and reduce 

variation in care. 
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3.4.10  Published work 11 

 

 

Title: 

 

Recurrent acute kidney injury: predictors and impact in a large population-

based cohort 

Reference: 

 

Holmes J, Geen J, Williams JD, Phillips AO. Nephrology Dialysis 

Transplantation. July 2019. 

Appendix: 3.11 

Abstract: Background/aim: This study examined the impact of recurrent episodes of 

acute kidney injury (AKI) on patient outcomes. 

Methods: The Welsh National electronic AKI reporting system was used to 

identify all cases of AKI in patients ≥18 years of age between April 2015 and 

September 2018. Patients were grouped according to the number of AKI 

episodes they experienced with each patient's first episode described as their 

index episode. We compared the demography and patient outcomes of those 

patients with a single AKI episode with those patients with multiple AKI 

episodes. Analysis included 153 776 AKI episodes in 111 528 patients. 

Results: Of those who experienced AKI and survived their index episode, 29.3% 

experienced a second episode, 9.9% a third episode and 4.0% experienced fourth 

or more episodes. Thirty-day mortality for those patients with multiple episodes 

of AKI was significantly higher than for those patients with a single episode 

(31.3% versus 24.9%, P < 0.001). Following a single episode, recovery to 

baseline renal function at 30 days was achieved in 83.6% of patients and was 

significantly higher than for patients who had repeated episodes (77.8%, P < 

0.001). For surviving patients, non-recovery of renal function following any AKI 

episode was significantly associated with a higher probability of a further AKI 

episode (33.4% versus 41.0%, P < 0.001). Furthermore, with each episode of 

AKI the likelihood of a subsequent episode also increased (31.0% versus 43.2% 

versus 51.2% versus 51.7% following a first, second, third and fourth episode, P 

< 0.001 for all comparisons). 

Conclusions: The results of this study provide an important contribution to the 

debate regarding the need for risk stratification for recurrent AKI. The data 

suggest that such a tool would be useful given the poor patient and renal 

outcomes associated with recurrent AKI episodes as highlighted by this study. 

 

 

Evaluation of published work 11 in relation to thesis 

 

By using the data set developed in project one of this thesis, this eleventh and final publication to 

be included in this project explored whether variation in the outcome of AKI is associated with 

repeated episodes of AKI. The study found almost a third (29.3%) of patients who survive their 

index episode of AKI experience at least one additional episode. It also found 30-day AKI 

associated mortality and recovery from AKI to be significantly worse for patients with multiple 

episodes compared to those patients with a single episode (Figure 3.8), and that following any 

AKI episode there is significant association between non-recovery and the probability of a 

recurrent episode (Figure 3.9).  

 

To put this published work in to context of the overall thesis, it has used national data on AKI 

alerts to identify that repeated episodes of AKI are common and likely lead to a worse prognosis. 

While further and more longitudinal studies may be required to further explore this conclusion, 
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the described findings nonetheless support previous studies in the literature which propose the 

development of tools for predicting patients at most risk of experiencing recurrent AKI.  

 

 

 

 
 

Figure 3.8: Outcomes associated with repeated episodes of AKI: [A] 30-day mortality [B] 

Recovery from AKI. Error bars indicate 95% confidence intervals 

 

 

 

 

 

 
 

Figure 3.9: Relationship between recovery and repeated AKI episodes. Error bars indicate 95% 

confidence intervals and * indicate significant differences (p <0.001) between recovery and non-

recovery 
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3.5 Summary of project 

 

In addressing the second aim of the thesis, this second project has presented 11 peer-reviewed 

publications by the author which collectively provide a comprehensive epidemiological 

description of AKI. The studies presented have followed two themes. While some have utilised 

national data on AKI alerts and therefore routine SCr data, to define and describe the incidence 

and outcome of AKI in different patient populations and/or healthcare settings, others have 

explored and identified factors associated with variation in the incidence and/or outcome of AKI. 

This has included: 

 

 Defining and describing the incidence and outcome of AKI in the: 

o adult,  

o paediatric, and 

o renal transplant populations of Wales, and in the 

o hospital,  

o community,  

o primary care, and  

o intensive care setting. 

 

 Exploring the association of the following factors with the incidence and/or outcome of 

AKI: 

o age,  

o pre-existing CKD,  

o socioeconomic status,  

o local health board area,  

o severity of the AKI, 

o clinical specialty associated with the AKI,  

o hospitalisation following AKI,  

o interaction with healthcare services prior to AKI,  

o follow-up care following AKI,  

o seasonal variation,  

o the ‘weekend effect’, and  

o repeated episodes of AKI.  

 

By applying the data set developed by the author in project one of this thesis, the studies presented 

in this project help better understand the epidemiology of AKI. Some of their conclusions could 

also meanwhile be used to guide the development of interventions to improve the prevention 

and/or management of AKI. Therefore, and in the context of the overall thesis, the work 
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documented here could be described as demonstration of these data’s potential for 

epidemiological research in AKI, as well as QI in healthcare provision related to AKI. Moreover, 

because they utilised the aforementioned novel data set, the publications presented represent some 

of the first national, multicentre, and population-based studies to describe AKI and its associated 

factors. The author therefore proposes that they significantly add to the literature to which they 

relate. 
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Chapter 4: Project 3 

 

Application of a national data set for QI in healthcare provision related to AKI 

 

 

4.1 Introduction 

 

While project two could primarily be described as documenting the potential of the data set 

developed by the author in project one for informing the epidemiology of AKI, this third and final 

project of the portfolio style thesis explores and documents practical examples of these data’s 

potential for informing QI in healthcare provision related to AKI. Comprised of two parts, it first 

presents two peer-reviewed studies by the author which by applying the described data set, sought 

to investigate potential opportunities to refine the clinical utility of the AKI alerting system 

described in this thesis. These studies followed concern among some clinicians that such systems 

could generate large numbers of alerts which could lead to so-called ‘alert fatigue’, whereby alerts 

are missed and/or ignored by clinicians regardless of their importance. This was problematic and 

risked undermining the primary purpose of the system.  

 

While the author’s studies presented in project two may provide a baseline from which the impact 

of interventions aimed at improving the quality of healthcare provision related to AKI in Wales 

could be measured, it was also important for this quality to be measurable over time. As discussed 

in previous chapters, the QI literature states without measurement, improvement is not possible 

(Deming, 1986; Drucker, 1997). It is intuitive that without measurement, it is impossible to 

determine if, and to what extent, interventions improve quality as expected. The second part of 

this project describes the work undertaken by the author to develop a tool which could be used to 

robustly measure, monitor and compare the quality of healthcare provision related to AKI in 

Wales, a mechanism which did not exist prior. To demonstrate the potential of such a tool for QI, 

and endorse its potential widespread and routine adoption, the project concludes with a further 

and final peer-reviewed publication written by the author. 
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4.2 Aims and objectives 

 

In addressing the third aim of the thesis, the aim of this project was to explore and demonstrate 

the potential of the national AKI data set developed by the author in project one, for QI in 

healthcare provision related to AKI. To achieve this aim, the objectives of the project were as 

follows:  

 

1. Demonstrate the clinical significance of alerts transmitted by the Welsh AKI alerting 

system. 

2. Investigate potential opportunities to refine the clinical utility of the Welsh AKI alerting 

system. 

3. Develop a tool which could be used to inform QI in healthcare provision related to AKI 

in Wales. 

 

 

4.3 Published works by the author related to the clinical utility of AKI alerts 

 

This section presents two peer-reviewed publications by the author (Appendix 4.1 and 4.2) which 

together address objectives one and two of this project. For each publication, the rationale, 

abstract and an evaluation of the work in the context of the overall thesis is provided.  

 

4.3.1  Published work 12 (of 14 presented as part of thesis) 

 

Rationale 

 

Consensus definitions of AKI are dependent on temporal changes in SCr, either within 48 hours 

or seven days. Not all patients developing AKI will have received a measurement of SCr within 

these timeframes however and Siew et al. (2010) previously report that definitions of AKI which 

discount preadmission measurements of SCr likely leads to under-diagnosis of AKI. In the 

absence of a recent SCr measurement, and to avoid using estimates, the previously described 

national AKI alert algorithm therefore detects possible incident cases of AKI using one of three 

rules. These are based on absolute or relative increases in SCr from baseline values drawn from 

either the previous 48 hours (Rule 1), 7 days (Rule 2), or 8-365 days (Rule 3). Despite its 

mandation (NHS England, 2014), ‘Rule 3’ of the algorithm was not however widely accepted by 

clinicians, mainly driven by concern that using SCr measurements dating back many months had 

the potential to generate false cases of AKI. The published work below aimed to examine and 

compare the clinical significance of alerts triggered by ‘Rule 3’ of the algorithm, with those 

triggered by ‘Rule 1’ and ‘Rule 2’. 



77 

 

 

Moreover, while there was evidence that even small increases in SCr were associated with adverse 

outcomes following AKI (Kork et al., 2015; Lassnigg et al., 2004; Newsome et al., 2008), it was 

unknown whether this applied for increases to values which occur within the population reference 

ranges and therefore SCr values which could be described as ‘normal’. The second part of the 

author’s study below therefore sought to evaluate the clinical significance of alerts triggered by 

the algorithm for SCr values occurring within the population reference range for SCr.  

 

Title: Understanding Electronic AKI Alerts: Characterization by Definitional 

Rules 

Reference: 

 

Holmes J, Roberts G, Meran S, Williams JD, Phillips AO. Kidney International 

Reports. May 2017. 

Appendix: 4.1 

Abstract: Background/aim: Automated acute kidney injury (AKI) electronic alerts are 

based on comparing creatinine with historic results. We report the significance 

of AKI defined by 3 “rules” differing in the time period from which the baseline 

creatinine is obtained, and AKI with creatinine within the normal range. 

Results: A total of 47,090 incident episodes of AKI occurred between 

November 2013 and April 2016. Rule 1 (>26 μmol/l increase in creatinine within 

48 hours) accounted for 9.6%. Rule 2 (≥50% increase in creatinine within 

previous 7 days) and rule 3 (≥50% creatinine increase from the median value of 

results within the last 8–365 days) accounted for 27.3% and 63.1%, respectively. 

Hospital-acquired AKI was predominantly identified by rules 1 and 2 (71.7%), 

and community-acquired AKI (86.3%) by rule 3. Stages 2 and 3 were detected 

by rules 2 and 3. Ninety-day mortality was higher in AKI rule 2 (32.4%) than 

rule 1 (28.3%, P < 0.001) and rule 3 (26.6%, P < 0.001). Non-recovery of renal 

function (90 days) was lower for rule 1 (7.9%) than rule 2 (22.4%, P < 0.001) 

and rule 3 (16.5%, P < 0.001). We found that 19.2% of AKI occurred with 

creatinine values within normal range, in which mortality was lower than that in 

AKI detected by a creatinine value outside the reference range (22.6% vs. 29.6%, 

P < 0.001). 

Conclusions: Rule 1 could only be invoked for stage 1 alerts and was associated 

with acute on chronic kidney disease acquired in hospital. Rule 2 was also 

associated with hospital-acquired AKI and had the highest mortality and non-

recovery. Rule 3 was the commonest cause of an alert and was associated with 

community-acquired AKI. 

 

 

Evaluation of published work 12 in relation to thesis 

 

As measured by mode of presentation, severity of injury and outcome, the study found the clinical 

significance of alerts triggered by ‘Rule 3’ comparable to that of ‘Rule 1’ and ‘Rule 2’, and that 

‘Rule 3’ detects the majority of all AKI, the highest proportion of stage 2 and 3 AKI, and almost 

90% of AKI acquired in the community. It also found almost one in five (19.2%) alerts triggered 

by the algorithm are for SCr values occurring within the population reference range. Results 

showed that despite alerts triggered by these ‘normal’ SCr values represent the least severe stage 

of AKI, their clinical significance is statistically no different to all other AKI. From these findings, 

it could be concluded that although the suppression of alerts triggered by the algorithm by ‘Rule 
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3’ and/or ‘normal’ SCr values may minimise ‘alert fatigue’, the data suggests this could lead to 

the exclusion of a number of high risk patients. 

 

The above conclusion should help clinicians better understand the significance of alerts 

transmitted by the Welsh AKI alerting system; a meaningful aim given Chang et al. (2011) report 

the acceptance of such a system relies on the end-user’s confidence in its likely benefit for care 

and diminishes over time. From a wider perspective, this author’s study could also be used to help 

allay speculation any healthcare providers and professionals in other areas may have regarding 

the clinical utility of such systems and promote their adoption elsewhere. By utilising the data set 

developed by the author in project one, and in the context of the overall thesis, the study is 

therefore demonstration of these data’s potential for informing improvement in healthcare 

provision related to AKI. 

 

4.3.2  Published work 13 

 

Rationale  

 

While the previous study focussed on the clinical utility of AKI alerts in an adult patient cohort, 

this next publication by the author concentrates on their functionality in a paediatric patient 

cohort. To detect an incident case of AKI, the previously described national AKI alert algorithm 

uses SCr results which date back 365 days. This approach is limited for paediatric patients in 

which, compared to adults, the frequency of blood tests performed is much lower, and less than 

20% of paediatric inpatients reportedly undergo repeated measurements of SCr (McGregor et al., 

2016). To overcome this issue and in the absence of a recent SCr measurement, a number of 

methods for estimating baseline renal function in children have previously been proposed 

(Zappitelli et al., 2007; 2008; Atiyeh et al., 1996). These include back calculating a baseline SCr 

value from an estimated creatinine clearance (eCCl) of 120 ml/min per 1.73 m2 that could be 

considered ‘normal’ (eCCl120 method) and using normative midpoint values based on age and 

sex related population reference ranges for SCr (NormMid method). The published work below 

aimed to compare the reliability of these methods for deriving SCr values with which to estimate 

baseline renal function in children. 

 

Moreover, SCr-based definitions of AKI in children are further complicated by the need to 

consider SCr concentrations change with age and depend on body size and muscle mass. To 

overcome some of these issues, the previously described algorithm includes a modification for 

detecting AKI in patients aged less than 18 years (Table 1.3). Despite this, there was concern 

among some clinicians that inherent errors in the measurement of very low SCr values commonly 

incurred in very young children, could generate false cases of AKI, particularly in neonatal 
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patients. In addition, and on the basis that 0.5 mg/dL (0.03 µmol/L) is considered ‘normal’ in 

new-borns on day seven (Feldman and Guignard, 1982; Schwartz et al., 1984), Selewski et al. 

(2014) recommend a minimum SCr of 0.5 mg/dL (0.03 µmol/L) for diagnosis of AKI in neonates. 

The second part of the author’s study below therefore sought to evaluate the clinical significance 

of alerts triggered by the algorithm for SCr values measured in neonates less than 0.5 mg/dL (0.03 

µmol/L). 

 

Title: The incidence of pediatric acute kidney injury is increased when identified 

by a change in a creatinine-based electronic alert 

Reference: 

 

Holmes J, Roberts G, May K, Tyerman K, Geen J, Williams JD, Phillips AO. 

Kidney International. August 2017. 

Appendix: 4.2 

Abstract: Background/aim: A prospective national cohort study was undertaken to 

collect data on all cases of pediatric (under 18 years of age) acute kidney injury 

(AKI) identified by a biochemistry-based electronic alert using the Welsh 

National electronic AKI reporting system. Herein we describe the utility and 

limitation of using this modification of the KDIGO creatinine-based system data 

set to characterize pediatric AKI.  

Results: Of 1,343 incident episodes over a 30-month period, 34.5% occurred in 

neonates of which 83.8% were AKI stage 1. Neonatal 30-day mortality was 

4.1%, with 73.3% of this being accounted for by patients treated in an Intensive 

Care Unit. In the non-neonatal group, 76.1% were AKI stage 1. Hospital-

acquired AKI accounted for 40.1% of episodes while community-acquired AKI 

represented 29.4% of cases within which 33.9% were admitted to hospital and 

30.5% of cases were unclassified. Non-neonatal 30-day mortality was 1.2%, 

with half of this accounted for by patients treated in the Intensive Care Unit. 

Nonrecovery of renal function at 30 days occurred in 28% and was significantly 

higher in patients not admitted to hospital (45% vs. 20%). Conclusions: The 

reported incidence of AKI in children was far greater than previously reported 

in studies reliant on clinical identification of adult AKI or hospital coding data. 

Mortality was highest in neonates and driven by those in the Intensive Care Unit. 

Nonrecovery of renal function and persistent renal impairment was more 

common in non-neonates and was especially high in patients with community-

acquired AKI who were not hospitalized. 

 

 

Evaluation of published work 13 in relation to thesis 

 

Through observation of 1,343 episodes of paediatric AKI, the study found that while the described 

eCCl120 method significantly underestimates the actual baseline SCr of paediatric patients, the 

NormMid method more accurately estimates the actual baseline SCr of paediatric patients (Figure 

4.1). Bland-Altman analysis also demonstrated significant non-agreement between estimated 

baseline SCr values and actual baseline SCr values. The greater unit biases (or means) seen in 

Figure 4.2a and c vs. 4.2b and d however confirmed that compared to the NormMid method, 

assuming a ‘normal’ eGFR of 120 ml/min per 1.73 m2 is more likely to underestimate actual 

baseline SCr, which could lead to over-diagnosis of AKI. It could therefore be concluded that, in 

the absence of a recent measurement of SCr, normative midpoint values based on age and sex 
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related population reference ranges may offer the algorithm the most reliable method for 

estimating baseline renal function in children.  

 

Of the 468 neonatal alerts analysed, the study found almost a third (33.1%) were triggered by SCr 

values less than 0.5 mg/dL (0.03 µmol/L). Results showed this group have significantly better 

outcome than all other neonatal AKI, with no association with mortality or persistent renal 

impairment at 30 or 90 days. Although in some cases alerts triggered by SCr values less than 0.5 

mg/dL (0.03 µmol/L) may represent actual AKI in neonates, the data suggests these alerts may 

not be clinically significant. It could therefore be concluded that suppression of those alerts 

meeting such criteria would unlikely lead to the exclusion by the algorithm of high risk patients 

and may help minimise ‘alert fatigue’.  

 

Not only do the above conclusions help clinicians better understand the utility of alerts transmitted 

by the Welsh AKI alerting system for paediatric patients, they also provide potential to refine its 

utility further. From a wider perspective, this author’s study could also be used to help allay 

speculation any healthcare providers and professionals in other areas may have regarding the 

utility of such systems for a paediatric patient cohort and promote their adoption elsewhere. By 

utilising the data set developed by the author in project one, and in the context of the overall 

thesis, the study is therefore demonstration of these data’s potential for informing improvement 

in healthcare provision related to AKI. 

 

 
 

Figure 4.1: Comparison of actual baseline SCr values with those derived by methods for 

estimating baseline renal function in children
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Figure 4.2: Bland-Altman plots comparing actual baseline SCr values with those derived by 

methods for estimating baseline renal function in children: [A] Actual vs. estimated creatinine 

clearance criteria method (eCCl120) in non-neonates [B] Actual vs. normative midpoint method 

(NormMid) in non-neonates [C] Actual vs. eCCl120 in neonates [D] Actual vs. NormMid in 

neonates 
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4.4 Development of prototype tool for QI 

 

This section relates to the third and final objective of the project and describes the work 

undertaken by the author to develop a tool which, by applying the data set developed earlier in 

the thesis, could be used to inform QI in healthcare provision related to AKI. This work involved 

the: 

 

 development of indicators which could be used to measure quality of healthcare 

provision related to AKI, 

 identification and application of SPC techniques which could be used to analyse quality 

of healthcare provision related to AKI, 

 consideration of AKI ‘variables of interest’, 

 building of a prototype tool in an appropriate software, and the 

 demonstration of the tool’s potential for QI.  

 

 

4.4.1   Development of AKI quality indicators  

 

As discussed in chapter one, research on quality indicators in the field of AKI is limited. Work 

aimed at developing indicators to effectively measure improvement in the prevention and 

management of AKI is therefore regarded both a clinical and research priority (James and Pannu, 

2015; Kashani et al., 2019; Macedo et al., 2020; Liu et al., 2020). Measurement of quality 

involves the development and assessment of quality indicators. These are measurements of 

healthcare outcome, process, or structure that can be used to measure the quality of care and 

identify opportunities for improvement. In their seminal paper on developing and applying quality 

indicators in primary care, Campbell et al. (2002, p.358) define a quality indicator as: 

 

“statistical devices which infer judgement about the quality of care provided to 

populations”. 

 

It is widely accepted that to be useful, quality indicators must be valid, reliable and feasible (Busse 

et al., 2019). A valid quality of care indicator measures what it intends to measure and changes if 

quality of care changes. A reliable indicator generates similar results by different observers on 

different occasions and a feasible indicator is one which requires data that can be obtained at 

reasonable effort and cost. Some extend these characteristics further and suggest the method 

which is used to derive a quality indicator also determines its reliability (Campbell et al., 2002; 

Mainz, 2003a). While ideally indicators should be informed solely by rigorous empirical studies, 

the literature accepts this is not always possible and instead promotes the use of the best research 
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available, which could include scientific evidence, information on the epidemiology of the 

condition of interest, clinical experience-based expertise and/or guidelines. In alignment with this, 

the indicators developed by the author in this work are based on a combination of peer-reviewed 

research, including some of the author’s own studies previously presented, the clinical opinion of 

the Welsh AKI steering group, and NICE (2014; 2019) guidelines for AKI.  

 

While other classifications for quality of care exist, Donabedian’s framework is the most widely 

accepted and classifies indicators as structural, process and outcome, where structure refers to 

information on the care setting, process refers to activities undertaken to deliver care, and outcome 

refers to states of health or events that follow care (Busse et al., 2019; Donabedian, 1988). This 

approach to evaluating care hypothesises that good structure increases the likelihood of good 

process, which in turn increases the likelihood of good outcome. Given there is limited evidence 

linking structure to outcomes (Brook et al., 2000), a combination of outcome and process 

indicators is recommended by most (Mainz, 2003a; 2003b). While the omission of a process-

based indicator in the work here may not be ideal, these should only be measured if linked by 

scientific evidence to improved outcome (NICE, 2018). Others also argue that if the occurrence 

of what is being measured is common, and measurement of whole system performance is possible, 

outcome indicators are the most powerful detectors of differences in quality (Mant, 2001; Palmer 

1998). Given the author’s studies in project two reported high AKI incidence rates across all 

clinical settings in Wales, while time to respond to AKI may have offered a potential process-

based indicator, the outcome-based indicators described below are proposed as the most valid, 

reliable and feasible. 

 

Indicator selection 

 

Using Donabedian’s framework, this thesis proposes the following indicators to measure the 

quality of healthcare provision related to AKI in Wales: 

 

 the rate of AKI incidence, and  

 the rate of 30-day AKI associated mortality.  

 

While the former could be used to measure the quality of care for patients at risk of developing 

AKI and therefore to measure improvement in the prevention of AKI, the latter could be used to 

measure the quality of care for patients who develop AKI and therefore to measure improvement 

in the management of AKI. To justify the selection of these indicators further, Liu et al. (2020) 

suggest that while post-AKI events like 30-day mortality offer a sensible metric for quality of 

post-AKI care, healthcare providers should also be aware of the number of patients developing 

AKI and who therefore warrant post-AKI care.  
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Calculation of indicators 

 

The indicators above can be described as computer-interpretable, relying on formula based 

calculations, which for any given time period, could be computed as:  

 

AKI incidence rate (per 1,000 population)  

= [∑(Incident AKI episodes)/∑(Population at risk)]*1,000 

 

30-day AKI associated mortality rate (% of AKI episodes) 

= [∑(Incident AKI episodes resulting in death within 30 days)/∑(Incident AKI 

episodes)]*100 

 

An important characteristic of these formulae is their conditional adaptability. While calculation 

of the denominator of the mortality based indicator could always remain the same, computing the 

incidence based indicator required dynamically considering the clinical setting of AKI being 

analysed. For instance, whereas HA-AKI incidence rates at individual hospitals could be reported 

as rates per 1,000 available hospital beds, using NHS bed data published by Welsh Government 

(2021), all other incidence rates could be reported as rates per 1,000 population, using Welsh 

population data available from the ONS.  

 

Accuracy problems caused by missing (Sterne et al., 2009) and/or unreliable data (Wells et al., 

2013) existing in electronic health records are limitations commonly associated with 

electronically derived types of indicators such as those above. To overcome some of these issues, 

Mant (2001) suggests standardised data collection as a requirement when computing indicators, 

particularly outcome indicators. Following their finding that the incidence and mortality of sepsis 

in the United States substantially differs depending on the method of database abstraction used, 

Gaieski et al. (2013) also conclude consistent data collection methods are required for the accurate 

assessment of healthcare interventions and fair comparisons between healthcare providers. By 

utilising the data set developed earlier in this thesis, and therefore data that has been 

systematically collected and validated, the author proposes that the indicators developed here 

bypass these problems.  
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4.4.2  Consideration of AKI ‘variables of interest’ 

 

‘Simpson’s Paradox’ refers to the disappearance of trends in groups of data when groups are 

inappropriately combined (Simpson, 1951). This statistical phenomenon can affect the results of 

both comparative and non-comparative analyses. Overcoming it involves limiting the effect of 

differences between groups on such analyses and can be achieved by the grouping or splitting of 

data for which an indicator measures. This is otherwise known as data stratification.  

 

Data stratification 

 

The scale and scope of the data set developed by the author earlier in this thesis is such that it 

enables the data on the indicators developed here to be stratified in multiple ways. While 

theoretically this could include filtering by any field in the described data set (Table 2.1), the work 

presented here primarily concerns the splitting of these data by the following strata (and stratums):  

 

 clinical setting of AKI (all-cause AKI, HA-AKI or CA-AKI), 

 severity of AKI (Stage 1, 2 and/or 3), 

 local health board (for which there are 7 in Wales), 

 hospital (for which there are 19 in Wales), 

 clinical specialty (for which there are 86 listed in the WLIMS), and 

 for HA-AKI only:  

o ward location (for which there are >1000 listed in the WLIMS), and 

 for CA-AKI only:  

o primary care cluster (for which there are 64 in Wales) and/or  

o GP practice (for which there are approximately 400 in Wales).  

 

While not all of the above may necessarily feature as ‘variables of interest’ in the forthcoming 

sample SPC charts presented by the author below, their exclusion here does not suggest they have 

no place in future work. Moreover, while some of the more lower level data above may have the 

potential to provide more granular information, Mainz (2003a) suggests outcome indicators 

become less useful as the number of data points reduces and the perspective narrows. The 

prototype tool developed by the author here is therefore predominantly proposed as a ‘national’ 

tool, intent on measuring high-level performance, mostly at the provider level.  
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4.4.3  SPC methodology 

 

While quality indicators represent ‘what’ is measured, QI methodology refers to ‘how’ quality is 

measured. Influenced by the work of the statistician Shewhart, Deming (1986), a management 

philosopher and leading thinker in quality theory, postulates that variation exists in all processes 

and can be controlled (natural or common-cause) or uncontrolled (unnatural or special-cause). 

Traditional quality management theory states that a systematic approach which reduces process 

variation is essential for optimising process and outcome (Anderson et al., 1994). This industrial 

notion of quality transfers to healthcare in which The Health Foundation (2021) suggest two types 

of variation exist: variation in system processes, and variation in clinical practice, where the 

former can lead to inefficiency and waste, and the latter can result in error and harm.  

 

Statistical process control (SPC) methods are central to most QI methodology. Through scientific 

analysis of data on quality indicators over time, these techniques enable the identification and 

investigation of variation in quality, and can therefore be used to evaluate the impact of, and 

identify opportunities for, QI. As potential tools to inform QI in healthcare provision related to 

AKI, this thesis explores the following SPC techniques: 

 

 control charts, 

 funnel plots, and 

 Pareto charts. 

 

Control charts 

 

Control charts are a primary SPC tool routinely used to monitor quality over time (Benneyan et 

al., 2003). A main benefit of the control chart is its visual nature which allows users to easily 

understand the range and consistency of what is being measured over time (Sebastian-Coleman, 

2013). The charts take the format of graphs which plot data points in chronological order against 

the mean and upper (UCL) and lower control limits (LCL) of the data set concerned. These control 

limits reflect the expected variation in the data and are typically defined as three standard 

deviations (SD) from the mean. While data points falling within these limits are consistent with 

natural or common-cause variation, points falling outside of these thresholds significantly differ 

from the mean by more than could be expected by chance and therefore represent unnatural or 

special-cause variation which may warrant further investigation. The Institute for Healthcare 

Improvement suggest that by applying a number of other principles, the control chart can also be 

used to identify ‘shifts’ and ‘trends’ in the data it plots. While the former is indicated by six or 

more consecutive points above or below the mean, the latter is indicated by five or more 

consecutively increasing or decreasing points (Martin et al., 2016). 
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Although a simple run chart may offer an alternative method for monitoring data on quality over 

time, this thesis proposes the control chart as the more robust. While such charts could be used to 

identify unnatural variation in quality of healthcare provision related to AKI in Wales over time, 

they could also be used to evaluate the impact of interventions aimed at improving quality of 

healthcare provision related to AKI in Wales. Figure 4.3 shows control charts created by the 

author which plot data on the two earlier AKI quality indicators. While these example charts plot 

national all-cause AKI incidence and mortality rates, similar charts are also producible for other 

variables which may be of interest, including any combination of those listed in Section 4.42. 

Moreover, while the plots in Figure 4.3 are based on monthly time series data, also possible are 

similar plots based on the analysis of quarterly time series data.  
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Figure 4.3: Sample control charts developed by the author to monitor quality of healthcare 

provision related to AKI: [A] AKI incidence rate per month [B] 30-day AKI associated mortality 

rate per month [C] AKI incidence rate for a selected variable of interest vs. all Wales AKI 

incidence rate 
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Benchmarking 

 

Data on quality indicators serve many purposes. They make it possible for healthcare providers 

to measure, document and demonstrate quality of care and enable the comparison of performance 

between providers, areas, and in some cases, countries. These comparisons, otherwise known as 

the method of benchmarking, are proven to be effective for identifying opportunities for 

improvement (Kiefe et al., 2001) and reducing variation in care (Ettorchi-Tardy et al., 2012). In 

their seminal paper on clinical governance models, Scally and Donaldson (1998) depict (Figure 

4.4) how, through benchmarking, spreading good practice found at exemplar organisations can 

improve quality at others.  

 

The basic principle of benchmarking involves identifying a point of comparison, a benchmark, 

against which everything else can be compared. This can be based on either external or internal 

criteria. Whereas the former uses research and/or expert judgement to establish a minimum level 

of performance, an internal benchmark is calculated from within the data set itself and usually 

involves using the overall average to define the expected level of performance. Given research on 

AKI care standards is limited (Macedo et al., 2020), the work here adopts an internal benchmark, 

defined as the national all Wales mean.  

 

Funnel plots 

 

While overlaying the data of a selected variable of interest onto the all Wales mean using a control 

chart offers a form of benchmarking (Figure 4.2c), this method is not suitable for easily and 

simultaneously comparing multiple data series. A funnel plot is an alternative SPC technique 

commonly used to compare and graphically illustrate variation in quality between healthcare 

providers, to identify those with significantly better or worse performance.  

 

For a selected time period, these graphs plot a quality indicator of interest on the y axis, against 

the sample size of each sub-population that is being compared on the x axis. Alongside a line 

drawn at the population mean (or benchmark), they also include lines drawn at 95% and 99.8% 

control limits. Because they vary with sample size, these limits also give rise to the chart’s 

characteristic ‘funnel’ shape and while the former equates to a conceptual confidence limit of 

95%, which statistically translates to 2SD from the mean and a significance level of p<0.05, the 

latter equates to a conceptual confidence limit of 99.8%, which statistically translates to 3SD from 

the mean and a significance level of p<0.001. Data points falling outside of these thresholds can 

be described as outliers, which significantly differ from the mean by more than could be expected 

by chance and therefore represent unnatural or special-cause variation. In the case of this work, 

such points could represent rates of AKI incidence and/or mortality which significantly differ 
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from the national all Wales mean by more than could be expected by chance, and which therefore 

may warrant further investigation.  

 

The control limits calculated in the work here can be described as coming from the Poisson 

distribution, which applies to phenomena expressed as crude rates, ratios or proportions, which 

can be defined as the number of events in a fixed population over a selected period of time 

(Clopper and Pearson, 1934; Spiegelhalter, 2005). Calculation of such limits involves computing 

a Z score for each data point that is plotted which statistically can be defined as the number of 

standard errors between the sub-population’s mean and the population mean. In more 

straightforward terms, it indicates how far the two means are away from each other. Where x is 

the rate of the sub-population being compared, μ is the population mean, and σ is the population 

SD:  

 

Z = (x – μ) / σ  

 

Figure 4.5 shows funnel plots created by the author which plot data on the two earlier AKI quality 

indicators. While these example charts compare the rates of HA-AKI incidence and mortality at 

different local health boards and hospitals, similar charts are also producible for other variables 

which may be of interest. This could for instance include plotting by ward location or clinical 

specialty within individual hospitals, or for CA-AKI, plotting by primary care cluster and/or GP 

practice either for all of Wales or within individual local health boards. Moreover, while the plots 

in Figure 4.5 are based on data for a quarterly time period, also possible are similar plots based 

on the analysis of longer or shorter time periods, such as years or months.   

 

Limitations of funnel plots 

 

The funnel plot is not without some limitations. A first relates to its control limits, which in some 

cases have the potential to incorrectly identify ‘false-positive’ outliers. At approximately one in 

a thousand for 99% control limits, and 25 in a thousand for 95% control limits, the risk of these 

so-called ‘Type 1 errors’ is however very low.  

 

Although it may allow for additional variability expected in smaller samples, another limitation 

of the funnel plot is the potential for samples which extremely differ from others to skew the 

overall benchmark to which all others are compared. In the context of the work here, this could 

translate to the skewing of the national mean by an atypically small hospital, or an atypical 

provider organisation such as Powys Teaching Health Board, which has no district general 

hospitals, is served by laboratories in neighbouring health boards, and provides healthcare 

services for a very small proportion of the Welsh population. While exclusion of these relatively 
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different samples could overcome this issue, guidance by the ONS (2013) also suggests data 

points relating to less than 10 events should also be excluded from analyses.  

 

Another common issue associated with funnel plots is over-dispersion, whereby an abundance of 

points sit outside of the control limits. This can arise when large numbers of events are plotted 

and case-mix or other risk factors have not been accounted for (Spiegelhalter, 2005). Given it is 

known that multiple confounding factors, other than care, can contribute to patient outcomes, 

some recommend controlling for differences in case-mix when evaluating quality indicators 

(Busse et al., 2019; Iezzoni, 1996; Mainz 2003a). This is described as risk-adjustment and can be 

used to overcome potential over-dispersion manifesting in funnel plots.  

 

Risk-adjustment 

 

Risk adjustment models can include covariates such as patient demographics, comorbidities, 

lifestyle factors, and the severity of the illness that is the focus of measurement (Dover and 

Schopflocher, 2011). The author’s studies presented in project two of this thesis suggest any 

potential over-dispersion which may be present in the funnel plots in Figure 4.5 may represent 

factors such as age or social deprivation. Age-standardisation is a commonly used risk adjustment 

technique and while artificial population structures like the European Standard Population (ESP) 

can be used to weight incidence and mortality data and produce age-standardised rates (ASRs) 

(ONS, 2014; WHO, 2013), particularly when making international comparisons, deriving an age 

correction factor from within the data being analysed is another method. To demonstrate how the 

30-day AKI associated mortality rate indicator described in this work could be age-standardised, 

the author used Cox proportional-hazards regression modelling in IBM SPSS. This modelling 

resulted in a 0.034 per year age correction factor for AKI in all clinical settings, 0.029 for HA-

AKI and 0.050 for CA-AKI. Where a sub-population could represent a local health board and/or 

hospital in Wales, these factors could be applied to standardise the rate of each sub-population as 

follows; where x represents the mean age of the sub-population being compared, and μ represents 

the mean age of the overall population: 

 

ASR of 30-day AKI associated mortality 

= 30-day AKI associated mortality rate + [(x - μ)*(1+age correction factor)] 

 

The funnel plots in Figure 4.6 show the results of this preliminary risk-adjustment work and 

demonstrate how fewer points, which in this case are Welsh hospitals, fall outside of the control 

limits once the data is corrected for age, which could represent less over-dispersion.  
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While some literature suggests risk adjustment creates a so-called ‘level playing field’ and 

therefore regards controlling for factors beyond the health system essential for fair comparison of 

outcomes across providers, others suggest these underlying sources of variation are likely of 

interest to providers. Flowers (2009, p.7) suggests that “rather than eliminate them, we should 

draw attention to them”. This school of thought is also the stance taken in this thesis, justified by 

the view that healthcare provision related to AKI in Wales should be the same for every patient 

nationwide. Not risk-adjusting also allows for confounding factors to, in some cases, help explain 

instances of outlying performance following further analysis. 

 

Alternative benchmarking methods 

 

Following the described limitations which can be associated with funnel plots, the author also 

explored caterpillar plots and league tables as potential tools for benchmarking the quality of 

healthcare provision related to AKI in Wales (Figure 4.7). Unlike the funnel plot, caterpillar plots 

simply plot individual means against each other and do not plot the overall mean. Mohammed 

and Deeks (2008) suggest presenting data simultaneously like this has the potential to spuriously 

rank providers. The same is also true for ranking organisations in league-like tables (Goldstein 

and Spiegelhalter 1996). Allwood et al. (2013) also report that when presenting institutional 

comparisons, clinicians favour the funnel plot over these alternative methods.  

 

This thesis therefore proposes the funnel plot as the most robust and reliable SPC technique to 

benchmark and identify outlying quality of healthcare provision related to AKI in Wales. Such 

charts could be used to identify instances of both low and high relative quality. They could 

therefore be used to identify those areas in Wales with most need and/or potential for QI, and also 

help facilitate the spread of good or best practice from particularly high performing areas to areas 

where performance is suboptimal. 

 

Figure 4.4: The quality in healthcare ‘variation curve’ (Adapted from Scally and Donaldson, 

1998) 
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Figure 4.5: Sample funnel plots developed by the author to compare quality of healthcare 

provision related to AKI: Comparison of HA-AKI incidence rates at local health boards [A] and 

hospitals [B]. Comparison of 30-day HA-AKI associated mortality rates at local health boards 

[C] and hospitals [D]. The upper and lower bounds of the Poisson distribution for the funnel plots 

presented in [C] and [D] were calculated using Visual Basic programming routines made 

available by Pezzullo (StatPages, 2021). These show how control limits can be estimated for 

hypothetical population sizes starting from zero and results in more ‘smoothed’ looking funnels 

compared to those in [A] and [B]. 
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Figure 4.6: Sample funnel plots developed by the author to show the effect of risk-adjusting data 

on AKI quality indicators for age: Comparison of 30-day HA-AKI associated mortality rates at 

hospitals using risk-adjusted data [A] and non risk-adjusted data [B]. Points highlighted red and 

green indicate hospitals in which the average age of patients was respectfully higher and lower 

than the average age in the whole data set. These demonstrate how the mortality rates at these 

hospitals move closer to the average following adjustment for age. 
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Figure 4.7: Sample caterpillar plots [A] and league tables [B] developed by the author to compare 

30-day AKI associated mortality rates. Error bars indicate 95% confidence limits. 

Rates highlighted red are above the average for all Wales. 
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Pareto charts 

 

While funnel plots could be used to identify instances of outlying quality of healthcare provision 

related to AKI in Wales, this thesis proposes the Pareto chart as a SPC technique which could be 

used to investigate potential causes of these instances of outlying quality of healthcare provision 

related to AKI. 

 

Based on the ‘Pareto principle’, which states 80% of outcomes result from 20% of causes and is 

otherwise known as ‘80/20 rule’ or the ‘law of the vital few’ (Juran, 1986), Pareto charts are 

common tools used in QI for decision making and prioritising areas for improvement and/or 

inquiry. These charts take the format of bar graphs, and by plotting both the frequency and 

cumulative frequency of an event against a selected variable of interest, can be used to effortlessly 

identify factors associated with the most, or highest proportions of an event.  

 

Figure 4.8 shows Pareto charts created by the author which plot data on the two earlier AKI 

quality indicators. Unlike SPC charts previously presented, the y axes in these charts plot AKI 

incidence and mortality as crude numbers, not rates i.e. number of incident AKI episodes and 

number of deaths within 30 days of an incident AKI episode. While the example charts in Figure 

4.8 rank national HA-AKI incidence and mortality by clinical specialty, similar charts are also 

producible for any other variable which may be of interest, including any of those listed in Section 

4.42. It could also include plotting by other more exciting lower level data, which is not 

necessarily related to the care provider and/or location of care, such as patient age and/or 

socioeconomic status, and day of the week and/or time of day AKI is detected. Moreover, while 

the plots in Figure 4.8 are based on data for a quarterly time period, also possible are similar plots 

based on the analysis of longer or shorter time periods, such as years or months.   
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Figure 4.8: Sample Pareto charts developed by the author to investigate potential causes of 

outlying quality of healthcare provision related to AKI: [A] Number and % of HA-AKI incident 

episodes by clinical specialty [B] Number and % of 30-day HA-AKI associated deaths by clinical 

specialty 

 

 

4.4.4  Software selection 

 

Built in ‘Microsoft Excel’ software, Appendix 4.3 provides screenshots of the prototype tool 

developed by the author which could be used to inform QI in healthcare provision related to AKI 

in Wales. These show how in addition to separate ‘Control charts’, ‘Funnel plots’ and ‘Pareto 

charts’ tabs, the tool also includes a ‘Home’, ‘Glossary’ and ‘Description of methods’ page. The 

SPC charts created use Visual Basic programming macros to automatically adjust the data (and 

titles) they display according to selections made in the dropdown menus. These dropdown menus 

also apply dynamic validation rules to prevent inappropriate selections by end-users. For example, 

the control chart is only filterable by an individual hospital if HA-AKI is selected as the clinical 

setting. The graphical display included in the funnel plot tab is accompanied by a conditionally 

formatted table which highlights areas of high and low relative performance. 
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Presented only as a prototype, the author acknowledges that future versions of the tool may benefit 

from development in more advanced and/or web-based softwares and applications. Examples of 

such softwares, which offer added functionality such as faster processing times and online 

publishing facilities, include ‘Tableau’ and ‘Power BI’, with the latter in routine use at most 

NHSW organisations at time of writing.  

 

4.4.5  Demonstration of tool for QI (Published work 14) 

 

To demonstrate the potential of the tool developed here for QI, and to strengthen the proposal for 

its potential widespread and routine adoption, the author offers the following published work. 

 

Title: Acute kidney injury demographics and outcomes: changes following 

introduction of electronic acute kidney injury alerts - an analysis of a 

national dataset 

Reference: 

 

Holmes J, Donovan K, Geen J, Williams JD, Phillips AO. Nephrology Dialysis 

Transplantation. June 2020. 

Appendix: 4.4 

Abstract: Background/aim: Electronic alerts for acute kidney injury (AKI) have been 

widely advocated. Our aim was to describe the changes in AKI demographics 

and outcomes following implementation of a national electronic AKI alert 

programme. 

Methods: A prospective national cohort study was undertaken to collect data on 

all cases of AKI in adult patients (≥18 years of age) between 1 April 2015 and 

31 March 2019. 

Results: Over the period of data collection, there were 193 838 AKI episodes in 

a total of 132 599 patients. The lowest incidence of AKI was seen in the first 

year after implementation of electronic alerts. A 30-day mortality was highest in 

Year 1 and significantly lower in all subsequent years. A direct comparison of 

mortality in Years 1 and 4 demonstrated a significantly increased relative risk 

(RR) of death in Year 1: RR = 1.08 [95% confidence interval (CI) 1.054–1.114 

P < 0.001]. This translates into a number needed to treat in Year 4 for one 

additional patient to survive of 69.5 (95% CI 51.7–106.2) when directly 

comparing the outcomes across the 2 years. The increase in the number of cases 

and improved outcomes was more pronounced in community-acquired AKI, and 

was associated with a significant increase in patient hospitalization. 

Conclusions: This study represents the first large-scale dataset to clearly 

demonstrate that a national AKI alerting system which highlights AKI is 

associated with a change in both AKI demographics and patient outcomes. 

 

By analysing and comparing the incidence and outcome of AKI over a four year period, this 

author’s study sought to explore whether implementation of the AKI alerting system described in 

this thesis was associated with changes in the number of patients in Wales developing AKI and/or 

changes in outcome following AKI. The study, which involved observation of 132,599 patients 

with AKI, found AKI incidence rates were lowest, and 30-day AKI associated mortality rates 

were highest, in the first year following introduction of the AKI alerting system described in this 

thesis. It was also able to demonstrate that the increases in incidence and the improvements in 
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outcome observed in the three subsequent years were more pronounced in CA-AKI compared to 

HA-AKI.  

 

While this study focusses on electronic alerts as the QI intervention, by employing techniques and 

indicators similar to those applied by the tool developed by the author above, it is example of the 

tool’s potential to evaluate further national QI initiatives aimed at improving healthcare provision 

related to AKI in Wales. By utilising the data set developed by the author in project one, and in 

the context of the overall thesis, the study is also additional demonstration of these data’s potential 

for informing improvement in healthcare provision related to AKI. 

 

 

4.5 Summary of project 

 

In addressing the third and final aim of the thesis, this final project has presented a number of 

practical examples of work by the author to demonstrate the potential of national data on AKI 

alerts, and therefore routine SCr data, for QI in healthcare provision related to AKI. By utilising 

the novel data set developed by the author in project one, this work has involved: 

 

1. Two peer-reviewed publications by the author which explored opportunities to refine 

the algorithm of the Welsh AKI alerting system. These studies conclude: 

 

 alerts triggered by ‘Rule 3’ and/or ‘normal’ SCr values are clinically significant 

and although their suppression by the algorithm may minimise ‘alert fatigue’, this 

could lead to the exclusion of a number of high risk patients, 

 alerts triggered for neonates by SCr values less than 0.5 mg/dL (0.03 µmol/L) may 

not be clinically significant and their suppression by the algorithm would unlikely 

lead to the exclusion of high risk patients and may therefore help minimise ‘alert 

fatigue’, and  

 in the absence of a recent measurement of SCr, normative midpoint values based 

on age and sex related population reference ranges may offer the algorithm the 

most reliable method for estimating baseline renal function in children. 

 

These conclusions demonstrate the clinical significance of alerts transmitted by the Welsh 

AKI alerting system and also have the potential to further refine its clinical utility. From a 

wider perspective, these author’s studies could also help to allay any speculation healthcare 

providers and professionals elsewhere may have regarding the value of such systems and 

encourage their adoption in other areas.  
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2. Development of a tool by the author which could be used to robustly and reliably 

inform QI in the prevention and/or management of AKI in Wales, and which proposes 

the adoption of:  

 

 the rate of AKI incidence and rate of 30-day AKI associated mortality as 

indicators to measure quality of healthcare provision related to AKI, and 

 the following SPC techniques to analyse, and identify and investigate variation in, 

quality of healthcare provision related to AKI: 

o control charts,  

o funnel plots, and 

o Pareto charts. 

 

In doing so, the described tool provides a means to identify opportunities for, and evaluate 

the impact of, QI in healthcare provision related to AKI in Wales, a mechanism which did 

not exist prior. 
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Appendix 1.1: Patient safety notice for Acute Kidney Injury (PSN029) issued by Welsh 
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Appendix 1.2: National AKI care guidelines developed by the Welsh AKI steering group 
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Appendix 3.8:  Published work 8 related to this thesis: 

 

Holmes et al. (2017) ‘Community acquired acute kidney injury: findings 

from a large population cohort’, QJM: An International Journal of Medicine 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



210 

 

 



211 

 

 



212 

 

 



213 

 

 



214 

 

 



215 

 

 



216 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



217 

 

Appendix 3.9:  Published work 9 related to this thesis: 

 

Phillips et al. (2017) ‘Seasonal pattern of incidence and outcome of Acute 

Kidney Injury: A national study of Welsh AKI electronic alerts’, The 

International Journal of Clinical Practice 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



218 

 

 



219 

 

 



220 

 

 



221 

 

 



222 

 

 



223 

 

 



224 

 

 



225 

 

 



226 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



227 

 

Appendix 3.10:  Published work 10 related to this thesis: 

 

Holmes et al. (2018) ‘Adding a new dimension to the weekend effect: an 

analysis of a national data set of electronic AKI alerts’, QJM: An 

International Journal of Medicine 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



228 

 

 



229 

 

 



230 

 

 



231 

 

 



232 

 

 



233 

 

 



234 

 

 



235 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



236 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



237 

 

Appendix 3.11:  Published work 11 related to this thesis: 
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