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Abstract 

Background  

The widespread concerns about statin safety have resulted in low uptake of and poor 

adherence to statin treatment for prevention of cardiovascular diseases. The use of statins 

for primary prevention has been particularly challenging due to the controversy about the 

balance between benefits and harms of treatment. Personalised clinical decision-making 

and stratified treatment strategies that take into account the risk of adverse events are 

potential approaches towards better use of statins.  

Methods 

A systematic review of randomised controlled trials was conducted, with pair-wise, 

network, and dose-response meta-analyses, to assess the associations between statins and 

common adverse events and explore the variations by drug type and dose in primary 

prevention patients. A prognostic model (StatinMD) was derived and externally validated 

to predict the personalised risk of serious muscle disorders in individuals eligible for statin 

treatment, using a competing risk model with data from electronic healthcare records.  

Results 

Statins were associated with a small increase in the risk of muscle symptoms, liver 

dysfunction, renal insufficiency, and eye conditions, but not with muscle disorders or 

diabetes. There was little evidence of the difference between statin drugs or the dose-

response relationships of their adverse effects. The StatinMD model included 22 

predictors to predict the risk of serious muscle disorders in 1, 5, and 10 years. The model 

showed overall good discrimination and calibration in the majority of the population.    
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Conclusions 

The overall balance between benefits and harms of statins supports their use for primary 

prevention of cardiovascular diseases. The StatinMD model provides a reliable predicted 

risk of serious muscle disorders for most individuals to assist clinical decision-making on 

statin treatment.   
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Chapter 1 Introduction and Objectives 

1.1 Importance of understanding statin safety 

1.1.1 Crucial role of statins in prevention of cardiovascular diseases 

Cardiovascular diseases (CVD) are the leading cause of global mortality, taking around 

17.9 million lives each year and accounting for one third of all deaths worldwide.1 One 

important risk factor of CVD is high plasma cholesterol, especially low-density 

lipoprotein cholesterol (LDL-C).2 There is strong evidence that lowering LDL-C level 

reduces the incidence of CVD and related deaths.3, 4 Two major strategies for cholesterol 

management are lifestyle intervention and lipid-lowering medication.5-7 Statins, a class 

of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, are the 

cornerstone of lipid-lowering therapy.8, 9  

Over the past half century, the evidence of statins’ effects on lowering LDL-C level 

and reducing CVD risk has been well established.10, 11 Large clinical trials showed that 

lowering LDL-C per 1 mmol/L with statins reduced major vascular events by about 21%, 

including coronary deaths, myocardial infarctions, strokes, and coronary 

revascularisations.11 According to this treatment effect and the CVD incidence in the 

population, it has been estimated that taking a statin regimen for 5 years to lower LDL-C 

by 2 mmol/L on average would prevent 1,000 cases of major vascular events in 10,000 

persons with a history of CVD or 500 cases in those without CVD.12 Based on the 

evidence, statins have been recommended in clinical guidelines as the front-line therapy 

for prevention of CVD and are widely prescribed around the world.5-7 In 2018, an 

estimated 145.8 million people used statins in 83 countries.13 In the UK, statins are one 

of the most commonly prescribed drugs, with about 1 in 8 adults taking statins.14 Without 
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a doubt, statins play a crucial role in CVD prevention, with life-saving benefits for a large 

number of people.                 

1.1.2 Concerns about statin safety and the consequences 

With the broad utilisation of statins, concerns about their safety have arisen from the 

reports of adverse events in statin users.15, 16 The concerns were amplified by the cases of 

fatal rhabdomyolysis with the use of cerivastatin.17 Following a total of 52 reported deaths 

from rhabdomyolysis, cerivastatin was withdrawn from the world market in 2001.18 This 

led to cautions about the safety of this drug class and provoked re-examination of the 

safety data on all statins.17, 18 Although the reports of fatal rhabdomyolysis with the use 

of other statins were found exceptionally rare, myopathy and rhabdomyolysis have been 

labelled on all marketed statins as potential adverse events since then.17, 19 Continuing 

post-marketing surveillance has been carried out and many research efforts have been put 

into understanding the muscle-related adverse events of statins.19, 20  

Like many other drugs that are primarily metabolised via the liver, hepatotoxicity is 

another potential adverse effect of statins and it has been recommended to perform liver 

function tests before the initiation of statin treatment.21, 22 A newly emerged concern is 

about the increased risk of type 2 diabetes in statin users reported in clinical trials, which 

has led to a warning message added to the product safety labels of statins.23, 24 Other 

reported adverse events from statin users, including kidney injury, cataracts, cognitive 

impairments, and haemorrhagic stroke, have also caught attention, although most of their 

causal associations with statins remain under exploration.25, 26          

Since the withdrawal of cerivastatin, even though the authorities and professional 

societies have tried to reassure patients about the safety of other statins, negative stories 

about statins’ adverse events have been widely covered in the mass media.27, 28 This has 



8 

 

exacerbated the concerns in the public and led to an increasing rate of statin treatment 

discontinuation in many countries.29, 30 Consequently, the incidence of CVD and related 

deaths has increased in patients with poor adherence to statin treatment.30, 31  

In the UK, public attention on statin safety peaked in 2013, following publications in a 

top medical journal that were perceived as critical of statins.32, 33 A subsequent study 

found that discontinuation of statin treatment significantly increased after the intense 

media coverage of the publications and the following public discussion.34 This study 

estimated that about 219,000 patients might have discontinued statins after the media 

coverage of the criticism on statins, which might have resulted in an excess of up to 6,400 

cases of avoidable CVD. These consequences highlight the urgency of tackling public 

concerns and improving the understanding of statin safety, given the fact that the rate of 

statin uptake in eligible patients is currently very low in most countries.35                                    

1.2 Challenges in the use of statins for primary prevention 

1.2.1 Controversy over the widened use for primary prevention 

Although the use of statins for secondary prevention in patients with established CVD 

is well supported, their use for primary prevention in patients without previous 

cardiovascular events has been more controversial, particularly in patients at low risk of 

CVD.36, 37 The debate was intensified by the change to the threshold of CVD risk for statin 

treatment in clinical guidelines. In 2013, the American College of Cardiology (ACC) and 

the American Heart Association (AHA) guideline was updated to recommend prescribing 

statins to almost all patients aged 40-75 years with a 10-year CVD risk above 7.5%.38 The 

National Institute for Health and Care Excellence (NICE) in the UK has also 

progressively lowered the 10-year CVD risk threshold for prescribing statins from 20% 
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to 10% in the 2014 guideline and to below 10% in the draft guideline expected to be 

published later in 2023.5, 39 Many other guidelines have similarly reduced the risk 

threshold for statin initiation.40 

These changes have aroused criticism from those who argued that the benefits of statin 

treatment for patients at low CVD risk are limited.32, 41, 42 Such criticisms were made 

despite the evidence from systematic reviews of randomised controlled trials (RCT), 

which showed significant reductions of major vascular events and all-cause mortality by 

statins in primary prevention patients, including low-risk patients.43, 44 The arguments 

have focused on the small amount of absolute reduction in the risk of vascular events and 

mortality, given the lower baseline risk in this population compared to the population of 

secondary prevention.32, 41, 45       

More importantly, concerns about statin safety have been highlighted in this debate. It 

was estimated that lowering the risk threshold from 20% to 10% would make an 

additional 4.5 million people in the UK eligible for statin treatment, including 83% of all 

men older than 50 years and 56% of all women older than 60 years.46, 47 This means that 

a large number of people at low CVD risk may be exposed to the risk of adverse events 

with statins. However, compared to the well-established benefits of statins, more 

uncertainty remains in their potential harms.36 Although some known adverse events, 

such as rhabdomyolysis, are believed to be rare, given the smaller benefits of statins in 

the primary prevention population, the centre of the controversy is around whether the 

potential harms outweigh the benefits in this population.32, 41          

1.2.2 Unproven practices of tailoring statin regimens for safety 

Currently, there are seven types of statins in clinical use around the world: atorvastatin, 

fluvastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin, and simvastatin, each with 
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multiple doses available.48, 49 Given the smaller benefits of statin treatment in primary 

prevention patients, in clinical practice, one may attempt to tailor statin regimens by 

choosing a particular drug type or dose to minimise the risk of adverse events in these 

patients.50-52      

In current clinical guidelines, the recommendations on the choice of statin regimens 

are only based on their effects on lowering LDL-C and the goal of treatment.5, 7, 10 

However, statin drugs differ not only in their lipid-lowering potency but also potentially 

in their safety profiles, given their different pharmacokinetic properties.53 The difference 

in their efficacy may not be in accordance with the difference in their safety, due to the 

separate mechanisms of their lipid-lowering effect and potential adverse effects. 

Choosing a low-potency statin drug with the expectation of a lower risk of adverse events 

is currently an unproven practice and further evidence is needed to support the choice of 

statin drugs for safety concerns in clinical practice.         

Similarly, the dose-response relationships of statins’ effects on LDL-C may not be 

applicable to their adverse effects, given the separate mechanisms that have different 

pharmacodynamic processes.48, 53 The current stratification of the intensity of statin doses 

is based on the percentage of LDL-C reduction, and moderate to high-intensity doses (e.g. 

atorvastatin 20mg) are recommended in clinical guidelines as initial statin treatment for 

primary prevention. However, high-intensity dosing of statins has been questioned for 

producing little further reduction of coronary death or total mortality. The use of high-

intensity doses of statins may alter the benefit-risk ratio of treatment, particularly in 

primary prevention, if their beneficial effects plateau while adverse effects continue 

escalating. Understanding the dose-response relationships of adverse effects could be 

useful for determining the optimal therapeutic dose range of statins for primary 



11 

 

prevention, avoiding doses that provide little extra benefit but may increase the risk of 

potential harm.49, 54   

1.3 Potential approaches towards better use of statins 

1.3.1 Personalised treatment decision-making based on risk prediction 

General treatment recommendations in clinical guidelines are usually based on the 

relative effects at a population level. However, in clinical practice, treatment decisions 

are made based on individual cases and the absolute gain or loss from treatment in an 

individual is more relevant when making the decision.55, 56 Although a relative effect of a 

treatment is often believed to be consistent across the population, even if it is true, the 

absolute increase or reduction in the risk of the treatment outcome may vary greatly by 

individual.57 This is because the baseline risk of the outcome event for each individual 

may be different due to different personal characteristics.58 For example, with a relative 

effect measured by risk ratio (RR) being 1.5, the absolute increase in the outcome risk 

would be 25% when the baseline risk is 50% and 5% when the baseline risk is 10%. This 

may lead to completely different treatment decisions. Such personalised information is 

required regarding both the beneficial and harmful outcomes of a treatment in order to 

make a well-informed decision. 

In terms of statin treatment, the main benefit is to reduce CVD, of which the 

personalised baseline risk can be calculated by the existing risk prediction tools, such as 

the QRISK2, the SCORE2, and the Framingham models.59-61 The absolute reduction of 

the CVD risk in an individual can be subsequently obtained by applying the relative effect 

of statins on CVD demonstrated in clinical trials to the predicted baseline risk. However, 

for the potential harms of statins, very few tools are available to predict the personalised 
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baseline risk of adverse events.62 This makes it difficult to understand the balance 

between benefits and harms of statin treatment when making a treatment decision for an 

individual. It is therefore warranted to develop risk prediction tools for the adverse events 

of statins to assist personalised decision-making on statin treatment.                               

1.3.2 Stratified treatment strategy with risk stratification 

As an important strategy to improve healthcare in the population, stratified treatment 

aims to target a treatment at the patient group who could have the most benefits or the 

least harms from the treatment.63, 64 One approach to stratifying the use of a treatment in 

the population is to consider the absolute gain or loss from the treatment, which is 

essentially based on the baseline risk of the treatment outcome when the treatment effect 

is believed to be consistent, as explained above.65 When considering the efficacy, it may 

be more worthwhile treating individuals with a higher baseline risk of the outcome as 

they could have substantial absolute benefits from treatment. On the contrary, when 

considering safety, one may wish to be more cautious in treating individuals with a higher 

baseline risk of the outcome since they may suffer more harms from treatment. A 

threshold of the baseline risk of the outcome may be considered to determine the 

stratifying strategy of treatment.   

The current stratifying strategy of statin treatment is determined only by the threshold 

of the baseline CVD risk.40 However, as discussed above, it is crucial to take into account 

the risk of adverse events when considering the stratified treatment strategy in the 

population. This could help better target statin treatment in the population with an ideal 

balance between benefits and harms and prevent potential harms from statins in high-risk 

individuals. Such stratified treatment strategy could be determined upon the availability 

of prediction tools for the adverse events of statins.                     
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1.4 Adverse events of interest in this thesis 

The specific outcomes of interest in this thesis are the common adverse events that have 

resulted in amends of safety labelling on statin products or caused significant concerns 

for the clinical use of statins. The associations of these adverse events with statin 

treatment have not been fully understood or explicitly quantified, with continuing 

controversy and requiring further research, as described below.            

1.4.1 Muscle-related adverse events 

Most of the concerns about statin safety come from the adverse events related to 

muscles, given the notorious history of cerivastatin.17, 20 Muscle-related problems have 

become the most commonly reported adverse event in statin users and a major cause of 

poor adherence to statin treatment.66, 67 They are therefore the focus of much of the 

research into statin safety, including in this thesis. The muscle-related adverse events 

observed in statin users have a wide spectrum of clinical presentations, including myalgia, 

myopathy, myositis, and rhabdomyolysis as the common types.68 The definitions and 

distinctions of these specific types are inconsistent in studies, but they are often 

considered as the following two groups based on their severity.20, 67  

 Serious muscle disorders 

Serious muscle disorders are muscle conditions presenting with clinically significant 

elevation in blood creatine kinase (CK), mainly including myopathy, myositis, and 

rhabdomyolysis.20, 67 Myopathy is considered with CK over 10 times the upper limit of 

normal (ULN), often but not necessarily accompanied by muscle symptoms, especially 

muscle weakness.26, 67 Myositis is similar to myopathy but associated with muscle 
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inflammation.20 Rhabdomyolysis is the most serious type that could present a very high 

CK >40ULN and lead to renal impairment or myoglobinuria.26, 67  

Although such serious muscle disorders are generally rare in the population, their 

associations with statin treatment have been widely recognised based on evidence from 

clinical trials, large observational studies, and pharmacovigilance surveillance data. 

Several theories about the underlying mechanisms of statins causing muscle injuries also 

have been proposed.12, 20, 67 The magnitude of this adverse effect of statins remains 

undetermined, but some studies have suggested that the relative treatment effect could be 

large.12, 25 Moreover, these serious conditions usually require clinical actions, such as 

pharmacotherapy, physiotherapy, or hospitalisation, and in the worst cases may end up in 

death.69, 70 As such, they may be given more weight in the trade-off between benefits and 

harms of statins and could have a great influence on statin treatment decision-making. 

 Mild muscle problems  

On the contrary, mild muscle problems seen in statin users, mostly referred to as 

myalgia, are muscle symptoms, typically muscle pain and tenderness, with normal or 

slightly raised CK.67 These conditions are common in the general population, either with 

or without the use of statins.71 There are other common causes of myalgia, such as 

intensive exercise, injury, or viral infection.67 Their attribution to statin treatment has been 

particularly controversial, with discrepancy in the evidence from clinical trials and 

observational studies.12 Due to the potential ‘nocebo effect’ in observational studies that 

the reporting of self-perceived muscle symptoms may be subjected to patients’ pre-

treatment awareness of muscle-related adverse effects, it has been argued that most of 

these mild problems are not caused by statins.12, 72 However, the tolerance of these mild 
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symptoms varies by individuals and the discomfort could lead to poor adherence to or 

discontinuation of statin treatment.67         

1.4.2 Other concerning adverse events 

 Liver dysfunction/injury 

Drug-induced liver injury is a major complication with medications and among the 

most common causes of discontinuation of drug development and drug withdrawal from 

the market.73 Statins, as many other drugs that are mainly metabolised via the liver 

cytochrome P450 (CYP450) enzymes, have been under close watch for potential 

hepatotoxicity since their first introduction.21, 22 Early trials showed that patients on statin 

treatment experienced an elevation in the liver enzymes alanine aminotransferase (ALT) 

or aspartate aminotransferase (AST) and the statin labels used to recommend periodic 

liver enzyme tests to monitor patients’ liver function during statin treatment.22, 74 As the 

evidence accumulates along with the increasing use of statins, the attribution of the 

common mild elevation of liver enzymes to statins has been questioned and the 

requirement for routine monitoring of liver function was removed from the safety labels 

in 2012.75, 76 However, large studies of post-marketing surveillance data showed that 

statin-related liver injury could be severe, even though the cases are rare.77, 78 With the 

remaining uncertainty, it is still recommended to perform liver enzyme tests before 

starting statin treatment and decompensated cirrhosis and acute liver failure are labelled 

as contraindications for statin use.22  

 Type 2 diabetes 

The risk of diabetes with statins became the centre of attention following the 

publication of a large clinical trial in 2008, which found a higher average concentration 

of glycated haemoglobin (HbA1c) and a modest increase in the rate of newly diagnosed 
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type 2 diabetes among patients on statin treatment.79 This motivated the re-examination 

of the data from previous clinical trials, which yielded similar results.80, 81 Based on the 

evidence, a statement indicating potential elevation in HbA1c and fasting glucose levels 

was added to the statin labels in 2012.23 Considering that diabetes could become a life-

long chronic disease with serious complications and substantial disease burden, 

discussions have focused on whether the increased risk of diabetes or more probably the 

earlier presentation of diabetes outweighs the risk reduction of CVD by statin treatment.24  

 Renal insufficiency/failure 

Concerns about the potential harms of statins to the kidney were raised shortly after 

rosuvastatin was first approved in 2003 in the US. The call for the withdrawal of 

rosuvastatin from the market was made based on evidence that trial participants taking 

rosuvastatin, particularly with a dose of 80 mg/d, had a higher rate of persistent 

proteinuria or haematuria, and cases of renal insufficiency or failure had been observed 

in rosuvastatin users since marketing began.82 As a consequence, 80 mg/d rosuvastatin 

was no longer approved, but the lower doses remain on the market with even increasing 

use.83, 84 This also provoked questions about the risk of kidney injury with other statins, 

especially in light of the statin-related rhabdomyolysis and diabetes which may lead to 

renal failure and microvascular kidney diseases.12 Interestingly, some attention has been 

drawn to the anti-inflammation effect of statins and the potential benefits for improving 

kidney function in patients with chronic kidney disease.85, 86  

 Cataracts and other eye conditions 

In the early stage of statin development, cataractogenic effects of statins were observed 

in animal studies but this did not receive much attention.87 Subsequent clinical trials that 

examined lens opacities and other vision-related outcomes did not identify an increased 
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risk in statin users.88, 89 However, serious concern has been provoked by several large 

observational studies since 2010, which found a considerable increase in the risk of 

developing cataracts and having cataract surgery among statin users compared to non-

users.90 This concern was intensified by the publication of a large clinical trial in 2016 

that showed a small excess of cataract surgery in patients on statin treatment.91 In the 

meantime, similar to the case of kidney-related adverse effects, studies exploring the 

potential protective effect of statins on the progression of age-related macular 

degeneration have emerged, contributing to the heterogeneous evidence base of statins’ 

effect on eyes.92, 93                                  

1.5 Objectives of this thesis 

1.5.1 Understanding statin safety in primary prevention of CVD  

As introduced above, with the widespread concerns about the safety of statins, 

continuing controversy surrounds the use of statins in primary prevention of CVD. Given 

the smaller benefits of statin treatment for primary prevention, it becomes critical to 

address the remaining uncertainty about the common adverse events in this population, 

as the potential harms are more likely to shift the benefit-risk ratio of treatment. 

Therefore, this thesis first aims to investigate the safety profile of statins in the 

population of primary prevention, in order to better understand the balance between 

benefits and harms of statin treatment in this population. This thesis also aims to explore 

the rationales of tailoring statin regimens by drug type or dose, which may be considered 

as a potential approach to minimise the harm from statins when treating primary 

prevention patients.  
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These can be achieved by leveraging existing data from clinical trials to perform the 

following specific tasks:   

1) To assess the associations between statins and the adverse events of interest listed 

above in patients without a history of CVD; 

2) To examine the major efficacy outcomes and compare the benefits and harms of statin 

treatment in these patients;  

3) To compare the potential adverse effects between statin drug types; 

4) To examine the dose-response relationships in the potential adverse effects of each 

statin drug. 

1.5.2 Predicting personalised risk of serious muscle disorders 

The second aim of this thesis is to develop risk prediction tools for the adverse events 

of statins, in order to assist personalised clinical decision-making on statin treatment and 

support potential stratified statin treatment strategy. This will be beneficial for patients of 

both primary and secondary prevention, whenever a decision on statin treatment needs to 

be made and safety concerns come into play.    

Although all of the common adverse events introduced above could be concerns for 

patients, some may be more influential than others in the decision-making on statin 

treatment. As discussed above, serious muscle disorders could have a great influence on 

statin treatment decisions, given their widely-recognised association with statins and the 

potential poor prognosis. Therefore, as a priority for the time-consuming work of 

prediction modelling, this thesis focuses on developing one prediction model for serious 

muscle disorders. To facilitate the comparison with the CVD risk to understand the 

benefit-harm balance of statin treatment in clinical practice, the prediction model 

primarily aims to predict the 10-year risk of serious muscle disorders. Considering that 
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shorter-term risks may be also of concern for patients, the model is expected to also 

provide predictions for 1-year and 5-year risks.   

The model development includes two studies: 

1) To derive a model predicting the risk of serious muscle disorders based on personal 

characteristics in patients eligible for statin treatment for both primary and secondary 

prevention of CVD; 

2) To validate the prediction model with the assessment of model performance and 

potential clinical utility for the purpose of prediction.      
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Chapter 2 Design and Methodology 

2.1 Overarching design of this thesis 

In line with the objectives set in the first chapter, the overarching design of this thesis 

comprises two paths towards the purposes of making causal inference and risk prediction 

respectively, as illustrated in Figure 2.1.  

For making causal inferences about the potential adverse effects of statins in primary 

prevention, a systematic review of existing randomised controlled trials (RCT) was 

conducted. Pair-wise meta-analysis comparing statin users and non-users was performed 

to assess the overall associations with adverse events and the balance between potential 

benefits and harms for the drug class of statins. Network meta-analysis was used to further 

compare the potential adverse effects between different statin drug types. Emax model-

based meta-analysis was applied to examine the dose-response relationships in the 

potential adverse effects for each type of statin. 

To predict the risk of serious muscle disorders for statin treatment decision-making, a 

prediction model was developed in the population potentially eligible for statin treatment. 

The model was derived to estimate the personalised risk of serious muscle disorders in 1, 

5, and 10 years based on patient characteristics, medical history, and treatment 

prescription, using data from electronic healthcare records (EHR) in the UK. The model 

was internally and externally validated by assessing the prediction performance of the 

model and the potential clinical utility for the purpose of risk prediction.  

The rationale and important methodological considerations for the key methods used 

in the three studies are described below. The technical and execution details are further 

reported in the following chapters for each study.     
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Figure 2.1 Overarching design of this thesis 

Statin Safety in Prevention of Cardiovascular Disease 

Objective 1: Understanding statin safety in primary prevention 

Assessing the associations between statins and adverse events Pair-wise meta-analysis 

Network meta-analysis 

Emax-model based meta-analysis 

Comparing different types of statin drugs 

Examining dose-response relationships 

Causal inference: systematic review of clinical trials 

Objective 2: Personalising the risk of serious muscle disorders Risk prediction: development of prognostic model 

Predicting the risk based on personal characteristics Model derivation 

Assessing the validity of the model for clinical use Model validation 
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2.2 Systematic review and meta-analysis 

2.2.1 Strengths of a systematic review of randomised controlled trials 

In this thesis, the associations between statins and adverse events were assessed 

through a systematic review of RCTs, which is regarded as the strongest evidence for 

making causal inferences about treatment effects.94, 95 It is especially useful for examining 

subjective outcomes, such as muscle pain with statin treatment, which could be biased by 

the ‘nocebo effect’ in the absence of randomisation or control, as individuals on treatment 

are more likely to perceive an event given their pre-treatment awareness of the potential 

treatment outcomes.72 Although there have been a considerable number of RCTs for statin 

treatment, not all RCTs were conducted with as much rigour as others and the results on 

safety outcomes from these RCTs were conflicting.96, 97 A systematic review provides an 

approach to address some of the limitations of an individual RCT and the discrepancies 

among different trials, through synthesis and scrutiny of the results from all relevant 

studies.94      

The systematic review in this thesis was conducted following the standard process 

recommended in the Cochrane Handbook, involving a series of strategies to reduce 

potential bias from selective inclusion of studies or subjective summary of study 

findings.94, 98 These strategies included comprehensive searches for all relevant studies, 

the use of pre-specified explicit criteria in study selection, critical appraisal of the 

included studies, and reproducible integration of study results.98 Through such a 

systematic approach, it would not only ensure the reliability of the synthesised evidence 

for making causal inferences about the adverse effects of statins but also help identify the 

gap in the current trial evidence regarding statin safety, which would be useful for 

considering future studies.94, 99           
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2.2.2 Different types of meta-analyses in this thesis 

Meta-analysis is the statistical method in a systematic review to integrate results from 

the included primary studies.100, 101 The main strengths of this statistical integration are to 

obtain a pooled result that coordinates the discrepancies among primary studies and to 

improve the power of statistical tests or the precision of estimation based on a combined 

sample.102 With the widening application of systematic reviews, different types of meta-

analyses have emerged to integrate studies of various designs and to serve particular 

purposes of analysis.103 In this thesis, pair-wise meta-analysis, network meta-analysis, 

and model-based meta-analysis were conducted for the specific objectives of the 

systematic review.     

2.2.2.1 Pair-wise meta-analysis comparing a treatment to a control  

A typical pair-wise meta-analysis was performed to compare statin treatment with non-

statin control, combining data from trials that included these two groups.98, 100, 104 Pair-

wise meta-analysis is a two-stage process, where a desired measurement of the treatment 

effect, such as an odds ratio (OR) or risk ratio (RR), is first estimated in each trial using 

the same method and a pooled estimate of the measurement is then calculated as a 

weighted average of the individual estimates.98, 104  

Depending on the heterogeneity among the included studies, different methods can be 

used to calculate the pooled estimate.105 The sources of heterogeneity include clinical 

heterogeneity due to differences in participants, treatments, or outcomes and 

methodological heterogeneity due to differences in study design, outcome measurement, 

or risk of bias. As a result, the treatment effects being evaluated in individual studies may 

present statistical heterogeneity, which can be tested or quantified by some statistics when 

pooling the data from individual studies.106 When the heterogeneity is believed to be low, 
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one can use a fixed-effects model with the assumption that all included studies are 

estimating the same underlying true treatment effect and the pooled estimate incorporates 

only the variation across the participants within each study. When the heterogeneity 

appears to be considerable, a random-effects model can be used to incorporate variations 

within and between the included studies into the pooled estimate.107 In certain 

circumstances, it may not be appropriate to pool individual studies if the heterogeneity is 

too high.              

2.2.2.2 Network meta-analysis for comparing multiple treatment options 

Network meta-analysis (NMA) was used to compare different statin drug types, making 

use of trials that included multiple treatment groups of different statin drugs, in addition 

to those trials involved in the pair-wise meta-analysis. NMA was invented to support 

evidence-based healthcare policy-making or clinical decision-making among multiple 

available treatment options, in the lack of direct comparisons among some of the 

treatments. The idea of NMA is to build up indirect comparisons between two treatments 

through one or more common controls that both treatments have been respectively 

compared within different studies.108 It subsequently integrates all indirect comparisons, 

as well as direct comparisons if they exist, to obtain a pooled estimate of the comparative 

effect between the two treatments.109, 110 Although such indirect evidence may not be as 

powerful as evidence from a direct comparison, NMA provides an opportunity to 

efficiently compare multiple treatments based on existing trial data, which is particularly 

useful when it is difficult or ethically inappropriate to conduct head-to-head trials.111    

NMA shares the fundamental assumptions and methods with pair-wise meta-analysis, 

including the heterogeneity concept and the fixed-effects or random-effects models.112 In 

addition, it takes account of the consistency (or coherence) across different comparisons 
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between two treatments, which is the assumption about whether the comparative effect 

between two treatments in their direct and indirect comparisons is expected to be 

identical.113 Consistency model and inconsistency model can be used to combine direct 

and indirect comparisons under different assumptions. The consistency can be further 

assessed after pooling the data from all comparisons.114, 115               

2.2.2.3 Model-based meta-analysis for examining dose-response relationships 

A model-based meta-analysis, specifically Emax model-based network meta-analysis, 

was used to examine the dose-response relationships of the potential adverse effects of 

statins. Clinical trials for examining dose-response relationships of treatment effects 

require more complicated designs and are less common.116 Meta-analysis provides an 

opportunity to make fuller use of the data from existing dose-response trials to help 

understand the relationships.117 This needs a combination of meta-analysis approach and 

mathematical modelling of dose-response relationships, which is the type of model-based 

meta-analysis (MBMA).118  

Early MBMA methods for dose-response data use simple regression models, such as 

linear regression, which ignore pharmacological plausibility and are not clinically 

interpretable.119 Recent methods have evolved to combine pharmacological models that 

express the underlying pharmacokinetics and pharmacodynamics of drug effects, such as 

the Emax model,120 into the meta-analysis process, but only allow for examining the dose-

response relationship for one drug at a time.121, 122 A model-based network meta-analysis 

(MBNMA) method has been newly developed, combining the Emax model or other 

pharmacological models with the NMA framework.123 This makes it possible to 

simultaneously examine the dose-response relationships for several drugs, such as 

different statin drugs in this thesis. This method has the theoretical strength of the 
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pharmacological models and the advantages of the NMA approach to leverage the dose-

response data that are generally sparse.123       

2.3 Development of a risk prediction model 

2.3.1 Principles and key steps in prognostic prediction modelling 

2.3.1.1 Definition and purpose of a prognostic prediction model 

Prognosis refers to a clinical outcome that individuals could potentially develop in the 

future, given their current health status.124, 125 As a health outcome, it is often associated 

with multiple factors by nature, including patient characteristics and medical history, 

which are called prognostic factors.126 A prognostic prediction model is a statistical 

combination of a set of prognostic factors, usually a multivariable regression model, from 

which the risk of developing the outcome of interest can be calculated.126  

Although multivariable regression models are also commonly used in etiologic studies 

for causal inference, the interpretation of a prognostic prediction model is different from 

that of an etiologic model. In an etiologic model, the interest is the coefficient of a 

particular risk factor that indicates the relative risk of the outcome with or without the 

risk factor, taking into account other factors (confounders) that may confound the 

association between the risk factor and the outcome.127 In contrast, the interpretation of a 

prognostic model focuses on the predicted probability of the outcome calculated by the 

model, which is an absolute risk of the outcome based on the combination of all included 

prognostic factors (predictors) with their coefficients.128 This combination is also known 

as the ‘prognostic index’ or the ‘prognostic score’, which personalises the predicted risk 

of the prognostic outcome for an individual based on a shared baseline risk of the outcome 

in the population.129, 130 The coefficient of a single predictor reflects the contribution of 
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this predictor to the prognostic index when combined with other included predictors but 

does not necessarily indicate its causal association with the outcome.127               

2.3.1.2 Derivation of a prognostic prediction model 

Depending on the type of outcome for prediction, the derivation of a prognostic 

prediction model starts from choosing an appropriate statistical model. In this thesis, the 

outcome for prediction (serious muscle disorders in 1, 5, and 10 years) is a time-to-event 

outcome, which is defined not only by whether the outcome occurs or not but also by the 

time of the outcome occurrence.131 A series of models for survival analysis, such as the 

Cox model and several extended versions, can be used to derive a prediction model for a 

time-to-event outcome. In order to use a specific model, it is essential to check whether 

the underlying assumptions of the model are fulfilled in the study data.132 For survival 

models, common assumptions include the proportionality of the outcome hazard and the 

linearity of the associations between the outcome hazard and continuous predictor 

variables. 

In addition to specifying the statistical model, two key steps in prediction model 

derivation include the identification of candidate predictors for the outcome and the 

selection of the predictors to be included in the final model. Candidate predictors usually 

can be identified from previous studies of the prognostic factors of the outcome or based 

on clinical knowledge about the factors that are believed to be clinically relevant.133 These 

factors do not necessarily cause the outcome but should be assumed to be predictive of 

the outcome occurrence.127 Currently there is no consensus on the best method for 

selecting the final predictors. Some statistical selection methods based on the significance 

tests have been widely used but also criticised for the purely data-driven selection 

procedure that may result in overfitting of the model and elimination of some predictors 
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of clinical concerns.134, 135 For clinical prediction models like the model for serious 

muscle disorders in this thesis, it is suggested that the predictor selection should consider 

clinical knowledge and previous studies rather than solely relying on statistical tests.136                        

2.3.1.3 Validation of a prognostic prediction model 

If a model has not been derived properly in the above-mentioned process, for example, 

the statistical model used is inappropriate or some important predictors are omitted, the 

model may not be able to predict the outcome accurately.137 When a model is applied to 

unseen patients in clinical practice, the patient characteristics and clinical settings are 

often different from those the model derivation was based on and the model may not work 

well in this situation.138 For these reasons, before a prediction model can be used in 

clinical practice, evidence is required that the model's performance is satisfactory for the 

purpose of prediction in the target population.139 The process of assessing model 

performance is referred to as ‘model validation’.137 This sometimes also includes the 

evaluation of the potential clinical utility of the model to understand the consequences of 

using the model for clinical decision-making.   

The strategies of model validation are classified as ‘internal validation’ and ‘external 

validation’.140 Internal validation is to assess the model performance using a part or the 

whole sample that has been used for the model derivation.141 When using all the 

derivation data for internal validation, it is also called apparent validation. Other common 

types of internal validation include the split-sample approach, cross-validation, and 

bootstrapping resampling techniques, which are more useful when the sample size is 

limited.141 It can inspect the robustness of the model derivation process and demonstrate 

the reproducibility of the derived model, which could be informative for corrections or 

adjustments of the model when necessary.142, 143 However, the model performance 
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measured in internal validation is likely to be over-optimistic, as the model has been fitted 

to the same or similar data.141 But it can provide a reference level for external validation 

to help understand the model performance. 

External validation is to assess the model performance in another sample that is 

different from the model derivation sample, in terms of their population characteristics, 

geographic locations, clinical settings, or data collection approaches.144 This enables 

evaluation of the generalisability, also called the transportability, of the model, which 

could justify the application of the model to unseen individuals in clinical practice.142 

Since different data are used, the model performance measured through external 

validation can avoid over-optimism in internal validation.144 It could also demonstrate the 

robustness and reproducibility of the model, as a model with poor internal validity is 

unlikely to perform well in an external sample.145 Therefore, external validation is 

believed to be a stronger proof of model performance and an indispensable step in the 

development of a prediction model.139, 143   

2.3.2 Competing risk in predicting time-to-event outcomes  

2.3.2.1 Competing risk and its impact on predicting time-to-event outcomes 

For the time-to-event outcome in this thesis, a common model to predict the outcome 

risk is the Cox proportional hazards model, which regresses the hazard of the outcome, 

an instantaneous rate of the outcome occurrence at a specific time point, on multiple 

predictor variables.146, 147 The cumulative incidence (the risk) of the outcome can be 

directly obtained through a transformation of the modelled hazard, based on the 

assumption of independent censoring.148 Censoring is when the follow-up of a subject 

ends before the outcome is observed due to some reasons, such as a subject’s death, losing 

track of a subject, or the end of the desired length for follow-up.131 Independent censoring 
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assumes that the distributions of the time to censoring and the time to outcome event are 

independent and the probability of the outcome occurrence in the subjects who are 

censored, if they continue to be observed, is the same as in the subjects who do not 

experience the censoring events and remain for follow-up.149  

However, this assumption of independence may not be true in reality because there are 

some circumstances where the future risk of the outcome in the censored subjects, if they 

remain for follow-up, is different from that in the uncensored subjects. When the 

distribution of the time to censoring also provides information about the distribution of 

the time to outcome event, it is called informative censoring.149 An important type of 

informative censoring is competing events, which are events that prohibit the occurrence 

of the outcome.150 In this thesis, the outcome for prediction is muscle disorders and a 

possible competing event is deaths from causes other than muscle disorders that have 

happened before the potential onset of muscle disorders.  This is because the subjects who 

have died without developing muscle disorders will never develop this condition if they 

hypothetically continue to be observed, meaning their future risk of muscle disorders is 

different from those who remain to be observed. The cumulative incidence of a competing 

event is called the competing risk.150  

With the presence of competing risk, using the Cox model with the incorrect 

assumption of independent censoring will lead to an overestimation of the outcome 

risk.151 This is because the subjects who have experienced a competing event and are no 

longer at risk of the outcome are treated as if they could still develop the outcome. This 

overestimation could be considerable when the competing risk in the population is 

high.152, 153 In this thesis, the target population for predicting muscle disorders are those 

potentially eligible for statin treatment. This population could be relatively old and is 

more likely to be multi-morbid or frail, who may have a high risk of death from causes 
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other than muscle disorders. In this case, ignoring the competing risk could result in a 

significant overestimation of the risk of muscle disorders, which may exaggerate the 

concerns about statin safety and lead to inappropriate treatment decisions. Therefore, it is 

important to take into account the competing risk in the development of the risk prediction 

model in this thesis.     

2.3.2.2 The Fine-Gray model to handle competing risk 

To take account of the competing risk and predict the outcome risk more accurately, 

the Fine-Gray proportional subdistribution hazards model was used in this thesis to 

develop the risk prediction model for muscle disorders. The Fine-Gray model is a well-

accepted approach with sound theoretical and statistical footing to model the risk of a 

time-to-event outcome in the presence of competing events.154 It has been shown to 

reduce overestimation of the outcome risk and improve prediction accuracy compared to 

the Cox model when competing events exist.155  

In the presence of competing risk, the outcome risk can no longer be directly 

transformed from the hazard of the outcome, as it now depends on both the hazards of the 

outcome and the competing event.156 The Fine-Gray model defines a subdistribution 

hazard as the theoretical hazard of the outcome in the presence of competing events, 

which can be regressed on multiple predictor variables like in the Cox model.157 The 

difference between this subdistribution hazard and the hazard in the Cox model is the risk 

set for calculating the instantaneous rate of the outcome occurrence.158 For the 

subdistribution hazard, the risk set includes not only the subjects who have survived 

without any events but also those who have experienced the competing event but not the 

outcome at the time point for the calculation.153 Hence the subjects censored by the 

competing event hypothetically remain to be observed as part of the risk set for the 
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outcome but with the hazard of the outcome being zero. The proportion of these censored 

subjects in the risk set depends on the competing risk in the population.158 The calculated 

subdistribution hazard of the outcome, therefore, incorporates both the hazards of the 

outcome and the competing event and can be directly transformed into the outcome 

risk.156  

Another common approach to handling competing risk is the cause-specific model, 

which is more suitable for an etiological model rather than a prognostic prediction 

model.159 It requires creating separate models for the outcome and the competing event, 

which adds complexity to the calculation of the outcome risk and makes it difficult to 

apply to clinical practice as the predictors for the outcome and the competing event are 

often different.156, 159, 160 On the contrary, the Fine-Gray approach incorporates the 

competing risk into one model for the outcome, which is more efficient for modelling and 

easier to use in clinical practice.      

2.3.3 Handling missing data with multiple imputation 

2.3.3.1 Presence of missing data and common approaches 

Missing data is a common issue in multivariable regression analyses, because often not 

all of the variables are measured or recorded for each subject in a study.161 This problem 

is particularly evident in studies using data from routine healthcare records, as these data 

are not measured or collected for the specific purposes of a study.162, 163 In this thesis, the 

prediction model for muscle disorders is a multivariable model using data from primary 

care records, specifically the Clinical Practice Research Datalink (CPRD) in the UK. 

Missing data is therefore expected, as shown in the CPRD data profile, and needs to be 

handled properly.     
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One straightforward approach to handling missing data is to exclude subjects with 

missing data and perform a complete-case analysis. This approach often considerably 

reduces the sample size of the study and the statistical power of analysis and is only 

appropriate when data are missing completely at random (MCAR), which is rarely true 

in reality. Missing indicator is another common approach that uses an extra variable to 

indicate the missingness of a variable.164 Although this method allows the use of the 

whole sample for analysis, it essentially treats all missing values as the same, which is an 

unrealistic assumption and ignores the variation in the missing values.161, 165 Similarly, 

some simple imputation methods without modelling that replace all missing values of a 

variable with one value defined by a certain rule, such as ‘last observation carried forward’ 

and ‘simple mean imputation’,165, 166 are based on assumptions not scientifically justified 

and artificially reduce the variation in the imputed variables.161, 165   

Compared to these approaches, the model-based imputation approach, which imputes 

the missing values of a variable with the observed data of other variables through an 

imputation model, has the advantage of leveraging all information in the data and taking 

account of the variation in the missing values. Such an imputation approach is based on 

the assumption of missing at random (MAR), meaning that any potential differences 

between the missing values and the observed values of a variable can be explained by 

other variables observed in the study.167 Although missing data could be potentially 

missing not at random (MNAR), there is currently no way to distinguish between the 

patterns of MAR and MNAR. The MAR assumption is widely believed to be the most 

common data missing mechanism in clinical and epidemiological studies and is more 

reasonable than assuming one identical value for all missing data in other approaches 

above.165, 168 It has also been argued that MAR is an assumption established to facilitate 

the use of the imputation methods rather than to demonstrate a true property of the data.167 



34 

 

Early model-based imputation methods, such as ‘conditional mean imputation’, 

perform only single imputation to replace each missing value with one plausible value 

estimated by the imputation model.165 A major drawback of single imputation is that it 

can’t incorporate the potential error and uncertainty in the imputation by only one 

estimation.161 Multiple imputation was further developed to overcome this limitation and 

improve the results of data imputation. This method has been widely used and validated 

in observational studies with data from healthcare records, including many previous 

studies using data from the CPRD.      

2.3.3.2 Key steps and considerations in multiple imputation 

Multiple imputation aims to create multiple completed versions of the original 

incomplete data to enable analyses of the whole sample and allow for uncertainty about 

the missing values.167 The basic procedure includes three main steps: imputation of 

missing values, analysis of completed data, and combination of analysis results.169  

In the first step, each missing value in a variable is replaced by multiple plausible values 

that are drawn from a specified distribution for the variable. The distribution of the 

variable can be specified by a model with the observed data of other variables, which is 

called the imputation model. In this way, several completed versions of the original 

dataset are created, which contain the same observed data and the different imputed data 

of the missing values. In the following step, the same analyses are performed in each 

completed dataset to obtain estimates of the desired parameters. These estimates from 

each dataset will be different, as the imputed data in each dataset are different. The final 

step is to combine the different estimates from all datasets, usually following the Rubin’s 

rules that calculate the average of the estimates and take account of the variations within 

and between the datasets.167 For certain parameters, the estimates need to be transformed 
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before using the Rubin’s rules or other robust combination approaches could be used, 

such as obtaining the median and the interquartile range (IQR) of the estimates.170                

Specification of an imputation model with necessary variables is crucial for a proper 

imputation. For a time-to-event outcome in this thesis, it has been recommended to 

include a variable for the cumulative hazard of the outcome calculated by the Nelson-

Aalen estimator to reduce potential bias in the imputation.171 When using data from 

healthcare records, there is often more than one variable with missing data.172 The 

multivariate imputation by chained equations (MICE) approach imputes the missing 

values on a variable-by-variable basis, with different imputation models specified for 

each variable.173 This allows more flexibility in building the imputation models, which 

may lead to better validity of the imputed data.174 The MICE approach has been shown 

to outperform other approaches of imputing multiple variables, such as the joint 

modelling, and is more robust if the imputation models are misspecified.175, 176       
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Chapter 3 Associations between Statins and Adverse 

Events in Primary Prevention of Cardiovascular 

Disease: Systematic Review and Meta-analyses 

3.1 Introduction 

3.1.1 Importance of understanding statin safety in primary prevention 

The use of statins for primary prevention of cardiovascular disease (CVD) in patients 

without previous cardiovascular events has been controversial, with the debate focusing 

on the balance between benefits and harms of statin treatment in these patients.37, 41 

Compared to patients of secondary prevention, the baseline risk of CVD is generally 

lower in patients of primary prevention, leading to a smaller absolute reduction in the risk 

of cardiovascular events by statin treatment that is more likely to be outweighed by the 

increase in the risk of potential adverse events.32 Unlike the well-studied benefits of 

statins, more uncertainty remains in their potential harms, which needs particular 

examination in patients of primary prevention in order to better understand the 

controversial benefit to harm balance of statin treatment in this population.36   

In clinical practice, given the smaller benefits of treating patients for primary 

prevention, one may try to minimise the risk of adverse events by tailoring statin regimens 

with a specific drug type and dose.51 However, there is a lack of clinical guidance on this, 

and the current recommendations on the choice of statin regimens are only based on their 

lipid-lowering effects and the goal of treatment, which is probably not applicable when 

considering safety.5, 7 The recommendations for high or moderate-intensity statin 

regimens in primary prevention have been particularly controversial due to the concerns 
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about safety.177, 178 A better understanding about the potential variations of statins’ 

adverse effects by drug type and dose would help make a choice of statin regimens for 

primary prevention, taking into account both the goal of treatment and the risk of potential 

harms.                       

3.1.2 Previous research and current evidence gap 

Through the long history of statins, there have been a large number of clinical trials 

examining outcomes of statin treatment and systematic reviews have also been conducted 

to synthesise the evidence from statin trials.12, 179 However, most of the previous 

systematic reviews focused on the efficacy of statins for lowering low-density lipoprotein 

cholesterol (LDL-C) and reducing cardiovascular events, mainly based on the population 

of secondary prevention.11, 97, 180 This leaves the safety of statins in the population of 

primary prevention not well understood. 

Only a few reviews examined statin safety exclusively in patients of primary prevention, 

which provided conflicting results about the associations between statins and adverse 

events based on different criteria of study inclusion and inconsistent definitions of the 

adverse events.44, 181-183 In particular, the muscle-related adverse events examined in these 

reviews were poorly defined, with some lacking clear definitions of the outcomes and 

some combining a wide range of muscle-related conditions of varying severity.44, 182 This 

makes the results difficult to interpret and less meaningful for clinical implication.  

Very few reviews compared adverse effects between different statin drug types and the 

only one focusing on primary prevention did not include all statin types and omitted some 

trials.97, 182, 184 Results from these reviews contained considerable uncertainty. Some 

reviews compared a higher dose level of statins to a lower dose level, where the 

stratification of dose level was based on statins’ effect on LDL-C, and showed that the 
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higher doses may be associated with a higher risk of adverse events.185, 186 No previous 

studies or reviews, to my knowledge, have examined the pharmacological dose-response 

relationships of the potential adverse effects of statins.            

3.1.3 Objectives of this chapter 

In order to better understand the benefit-to-harm balance of statin treatment for primary 

prevention of CVD, the main objective of this chapter was to assess the associations 

between statins and adverse events by systematically scrutinising and synthesising data 

from existing clinical trials in patients without previous cardiovascular events. This 

chapter also aimed to compare the potential adverse effects of different statin drug types 

and examine the dose-response relationships in the adverse effects, to support further 

development of clinical guidance on tailoring statin regimens that take into account both 

the goal of treatment and the risk of potential harms.    

3.2 Methods 

The systematic review in this chapter is reported according to the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA).187 The study protocol was 

registered on PROSPERO, the international prospective register of systematic reviews 

(registration number: CRD42020169955). 

3.2.1 Literature search 

There are a large number of clinical trials of statins conducted over half a century and 

several previous systematic reviews exist. To avoid duplicate efforts and maximise the 

efficiency of identifying relevant studies, statin trials were first sought from six previous 

large-scale systematic reviews.44, 181, 182, 184, 188, 189 These reviews were identified by 

systematically searching the literature database PubMed for reviews of statin treatment 
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published in the past ten years (the search strategy is provided in Appendix 1), and the 

reviews with broadest criteria of study inclusion were selected. The reference lists of the 

selected six reviews were cross-checked to ensure the completeness of the identification 

of potential studies. 

Among the six reviews, the most recent one included trials published up to January 

2018 but its selection criteria were narrower than the current review, while the broadest 

review covered trials published only up to March 2013.182, 184 To supplement the coverage 

of these previous reviews and update with recently published studies, three literature 

databases: PubMed, Embase, and the Cochrane CENTRAL, were searched for statin trials 

published from 1 January 2013 to 1 August 2020 (the latest date when this review was 

updated). Systematic search strategies were created through consultation with a health 

sciences librarian and are provided in Appendix 2.         

3.2.2 Study selection 

Eligible studies for this review were randomised controlled trials (RCT) in adults (>18 

years) without previous cardiovascular events, which compared statins with non-statin 

controls or compared different drug types or doses of statins. Statin treatment could be 

monotherapy or add-on treatment to non-pharmacological interventions, but combination 

therapies of statins with other medications were ineligible. Non-statin controls included 

placebo, usual care, and no treatment. Studies were considered eligible as long as 70% or 

more of the participants did not have previous cardiovascular events, to avoid excluding 

large trials with a small proportion of CVD patients and limit the loss of information in 

primary prevention patients. Studies that enrolled fewer than 100 participants or lasted 

for shorter than four weeks were excluded, to avoid early-phase trials designed for 

mechanistic research.  
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As the primary outcomes for this review, the included studies must report at least one 

of the following adverse events of interest, as introduced in Chapter 1: muscle-related 

problems, liver dysfunction/injury, renal insufficiency/failure, diabetes, and cataract/eye 

conditions. To reconcile the inconsistent definitions of muscle-related problems in statin 

trials and better distinguish their clinical significance, the muscle-related problems 

reported in the included studies were classified as muscle symptoms and muscle disorders, 

which were examined separately. Each outcome was specifically defined based on 

clinical guidelines and how they were measured in the clinical trials, as the following: 

 Muscle symptoms 

Myalgia (muscle pain), muscle weakness, muscle spasms, or other non-specific muscle 

discomforts perceived by the trial participants, with normal blood creatine kinase (CK) 

level or slightly raised CK below 10 times the upper limit of normal (ULN).67 

 Muscle disorders  

Myopathy, myositis, or rhabdomyolysis as diagnosed in the clinical trials, or clinically 

significant elevation of CK to over 10ULN.67 

 Liver dysfunction/injury  

Elevation of liver enzymes aspartate transaminase (AST) or alanine transaminase (ALT) 

to over 3ULN, or liver diseases as diagnosed in the trials.22 

 Renal insufficiency/failure  

Proteinuria, renal function decline, or renal diseases as diagnosed in the trials.190 

 Diabetes  

Type 2 diabetes as diagnosed in the trials.24  
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 Eye conditions  

Cataracts or cataract surgery and other eye conditions as diagnosed in the trials.90        

To compare the potential harms with the benefits of statin treatment in the same 

population, three major cardiovascular events as secondary outcomes were also examined 

for the efficacy of statins: myocardial infarction, stroke, and death from CVD. These 

outcomes were defined as diagnosed in the clinical trials.   

The detailed eligibility criteria are provided in Appendix 3. According to the eligibility 

criteria, titles and abstracts of the identified references were screened for potential studies 

and the full texts were further assessed to include eligible studies by two reviewers 

independently. Discrepancies between the reviewers were resolved through discussion. 

3.2.3 Data extraction 

Information about study designs, participant characteristics, intervention allocation, 

and outcome ascertainment were extracted from each of the included studies using a 

designed data extraction table. Study designs included study location, year of study, 

recruitment setting, sample size, and participant enrolment approach. Participant 

characteristics included mean age, the proportion of females, the proportions of ethnic 

groups, the proportion of CVD patients, and common comorbidities among the 

participants. Intervention allocation involved the specific treatments (drug type and dose) 

and controls, the number of participants allocated to each group, and the allocation 

method. Outcome ascertainment involved the duration of follow-up, the definition and 

measurement of each outcome, and the number of events observed in each group for each 

outcome.  
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For studies identified from previous reviews, data were extracted from the original 

studies by one reviewer and confirmed by the data reported in the previous reviews. For 

studies identified from database searching, data were extracted in duplicate by two 

reviewers and cross-checked to ensure accuracy.    

3.2.4 Quality assessment 

The risk of bias in the included studies was assessed using the Cochrane Risk of Bias 

Tool.191 This assessment involved six aspects of a trial: random sequence generation, 

allocation concealment, blinding of participants and personnel, blinding of outcome 

assessment, incomplete outcome data, and selective reporting. The risk of bias in each 

aspect was ranked as high risk, low risk, or unclear risk for each study. 

The overall quality of the evidence for each outcome was assessed according to the 

GRADE (Grading of Recommendations Assessment, Development and Evaluation) 

criteria.192 The criteria took into account five aspects of the evidence: risk of bias, 

inconsistency, indirectness, imprecision, and publication bias, which were further 

combined into the grade of the overall certainty of evidence as high, moderate, or low. 

The GRADE assessment was performed for the evidence of each primary and secondary 

outcome from the pair-wise meta-analyses and the evidence of each significant 

comparison between statin drug types from the network meta-analyses.193  

Two reviewers conducted these assessments independently and discrepancies were 

resolved through discussion.        
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3.2.5 Statistical analysis 

3.2.5.1 Pair-wise meta-analysis 

Pair-wise meta-analysis was performed in R with the ‘meta’ package to assess the 

association between statins and each of the primary and secondary outcomes.194 The odds 

ratio (OR) with the 95% confidence interval (CI) of each outcome comparing statin 

treatment to non-statin control was first calculated within individual studies with the 

extracted data.98 In multi-arm trials, statin groups with different statin types or doses were 

combined into one statin group. As a pragmatic approach, the fixed-effects and random-

effects meta-analyses were both performed in this review. A pooled OR with 95% CI 

across individual studies for each outcome was estimated by the fixed-effects model with 

the Mantel-Haenszel method and by the random-effects model with the DerSimonian-

Laird method.107 The Mantel-Haenszel method is the default method for the fixed-effects 

model recommended by the Cochrane handbook,98 given its better performance over 

other methods when the event rate is low or the sample sizes of the compared groups are 

unequal,195 which was the expected case in this review. In order to better estimate the 

absolute risk difference described below, studies with zero events in one or two of the 

compared groups remained in the analyses, with continuity correction by the Yates 

method applied to these studies.196 

Results from the fixed-effects model were presented as the primary analysis when there 

was no substantial statistical heterogeneity,105, 197 because the pooled effect from a fixed-

effects model could be regarded as the estimate of the desired ‘typical intervention effect’ 

and the model requires fewer assumptions for the estimation.98, 198 The Mantel-Haenszel 

method for a fixed-effects model also usually works better and leads to less bias than the 

DerSimonian-Laird method for a random-effects model when the event rate is low.195 If 
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substantial statistical heterogeneity existed, results from the random-effects model were 

presented as the primary analysis since the model could better reflect the observed effects 

in the included studies in this case.107 Statistical heterogeneity among individual studies 

was assessed using the Q test and quantified by the I2 statistic and substantial 

heterogeneity was defined by p <0.05 from the Q test and I2 >50%.106, 199 Depending on 

the model presented in the primary analysis, results from the alternative model were also 

presented as sensitivity analysis.   

Absolute risk difference (ARD) by the number of events per 10,000 person-years 

between the statin group and the control group for each outcome was estimated based on 

the pooled OR and the overall outcome incidence across all control groups in the included 

studies reporting the outcome, using Equation 3.1 and Equation 3.2, where 𝐼𝑠  is the 

overall incidence in the statin group and 𝐼𝑐 is the overall incidence in the control group: 

𝑂𝑅 =
𝐼𝑠 (1−𝐼𝑠)⁄

𝐼𝑐 (1−𝐼𝑐)⁄
  (Equation 3.1) 

𝐴𝑅𝐷 = 𝐼𝑠 − 𝐼𝑐  (Equation 3.2) 

In order to compare the ARD for the safety and efficacy outcomes, before the 

calculation of ARD above, the overall (cumulative) incidences in the control groups over 

different durations in the trials for different outcomes were transformed into annual 

incidences (incidence rate per 10,000 person-years) that were comparable among all 

outcomes. This transformation was based on the general relationship between cumulative 

incidence and incidence rate,200 as illustrated in Equation 3.3, where 𝑐𝑢𝑚𝐼  is the 

cumulative incidence, 𝐼𝑅 is the incidence rate (i.e. annual incidence), and 𝑇 is the time 

period that is the average study duration of the trials for each outcome:  

𝑐𝑢𝑚𝐼 = 1 − 𝑒(−𝐼𝑅×𝑇)  (Equation 3.3) 
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Publication bias was examined by the Harbord test of the symmetry of funnel plots 

when at least ten studies were included in the analysis of an outcome.201 When publication 

bias was presented, defined by the asymmetry of the funnel plot detected by p < 0.1 from 

the Harbord test, sensitivity analysis was performed by excluding small studies. The 

robustness of the pooled results was further assessed by leave-one-out influence analysis 

that inspected whether the pooled results significantly relied on a single study.202 

Additional sensitivity analysis was performed by excluding the studies that involved a 

small proportion of CVD patients. 

3.2.5.2 Network meta-analysis 

Network meta-analysis (NMA) with the frequentist method based on the electrical 

networks and graph theory was performed in R using the ‘network’ package to assess the 

association between each type of statin drug and each adverse event and compare the 

potential adverse effects between different statin types.203 Statin groups with the same 

drug type but different doses in a study were combined into one group. Heterogeneity 

among individual studies and global inconsistency across different designs of treatment 

comparisons for each outcome were both assessed using a generalised Q test, with a 

significance level of p < 0.05 for the test.204 A fixed-effects consistency model was first 

assumed and used to calculate a pooled OR with 95% CI for each outcome and each pair 

of treatment comparisons, as this model is more robust when the outcome data are rather 

sparse and requires fewer assumptions for the calculation.203 A random-effects 

consistency model was also performed as sensitivity analysis. The potential local 

inconsistency between direct and indirect evidence for each treatment comparison was 

further examined by node-splitting analysis.115  
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3.2.5.3 Emax model-based meta-analysis 

Emax model-based network meta-analysis (MBNMA) was performed in R with the 

‘MBNMAdose’ package to examine the dose-response relationships of the potential 

adverse effects of each statin drug.123 With this method, the dose-specific effects of each 

statin drug on an adverse event estimated from an underlying network meta-analysis were 

fitted to an Emax dose-response model.205 The Emax model was specified by three key 

parameters E0, Emax, and ED50, which respectively denoted the basal effect when the drug 

dose is zero, the asymptotic maximum drug effect, and the dose that produces half of the 

maximum effect.120 Posterior means with 95% credible intervals (CrI) of the model 

parameters of interest (Emax and ED50) were estimated through a Bayesian approach with 

the package.123 The maximum effect Emax was reported as the maximum odds ratio (ORmax) 

of each statin compared to non-statin control (i.e. the dose of the statin being 0). Model 

convergence was assessed by the potential scale reduction factor 𝑅̂ with convergent level 

defined at 𝑅̂<1.1.206 Dose-response curves were drawn based on the established models.   

3.3 Results 

3.3.1 Study inclusion and characteristics 

3.3.1.1 Study inclusion 

A total of 7,555 references of potentially relevant studies were identified, including 308 

from the previous reviews and 7,247 from the database searches. After removing 

duplicates, screening by title and abstract, and further selecting by full-text, 62 eligible 

studies were included in this systematic review.79, 91, 207-266 The selection process is 

illustrated in Figure 3.1. 
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Figure 3.1 Flow diagram of study selection 

3.3.1.2 Study characteristics 

Characteristics of individual studies are presented in Table 3.1. The included studies 

overall enrolled 120,456 participants followed up for an average of 3.9 years. The mean 

age of all participants was 61 years and 40% were women. Most studies (60 studies) 

enrolled participants with hyperlipidaemia or dyslipidaemia and the common 
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comorbidities in these participants were diabetes (11 studies), asymptomatic 

atherosclerosis (9 studies), and hypertension (4 studies). Twenty studies included some 

participants with previous cardiovascular events, which comprised only 6% of the total 

participants. 

Thirty-eight studies compared statin treatment with non-statin controls, which included 

placebo (35 studies), usual care (2 studies), and no treatment (1 study). Twenty-three 

studies compared different types of statins and 11 studies compared different doses of 

statins, with or without a group of non-statin controls. Seven types of statins were 

examined among all the included studies: atorvastatin (29 studies), fluvastatin (2 studies), 

lovastatin (5 studies), pitavastatin (9 studies), pravastatin (21 studies), rosuvastatin (18 

studies), and simvastatin (9 studies). 

The most commonly reported adverse event in these studies was muscle disorders (42 

studies), mainly including diagnosis of myopathy or CK elevation to over 10ULN (35 

studies). The second was muscle symptoms (40 studies), mainly including myalgia or 

musculoskeletal pain (34 studies). Another commonly reported adverse event was liver 

dysfunction (38 studies), mainly including an elevation of liver enzymes to over 3ULN 

(36 studies). Renal insufficiency (16 studies), diabetes (10 studies), and eye conditions (6 

studies) were less commonly reported. Renal insufficiency mainly included proteinuria 

(9 studies) and eye conditions mainly included eye inflammation or other non-specified 

eye-related conditions (5 studies).   
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Table 3.1 Characteristics of included studies 

Study 

ID 
Study Reference 

No. of 

Participants 

Study 

Duration 

Study Population 

Statin Treatment (dose, mg/d) Comparator Comorbidities with 

Hyperlipidaemia or 

Dyslipidaemia 

Mean Age, 

year 

Female, 

% 

1 EXCEL, 1991 8245 1y None 56 41 Lovastatin (20/40/80) Placebo, 

Statin doses 

2 ACAPS, 1994 919 3y Carotid atherosclerosis 62 48 Lovastatin (20) Placebo 

3 PMSG-D, 1994 325 4m Diabetes 58 49 Pravastatin (10) Placebo 

4 Jacobsen et al, 1995 245 3m None 57 31 Pravastatin (20) Placebo 

5 KAPS, 1995 447 3y None 57 0 Pravastatin (40) Placebo 

6 WOSCOPS, 1995 6595 5y None 55 0 Pravastatin (40) Placebo 

7 CAIUS, 1996 305 3y Carotid atherosclerosis 55 47 Pravastatin (40) Placebo 

8 Bertolini et al, 1997 305 1.1y None 56 55 Atorvastatin (10), Pravastatin (20) Statin types 

9 AFCAPS/TexCAPS, 1998 6605 5.2y None 58 15 Lovastatin (20) Placebo 

10 Bak et al, 1998 215 6m None 54 0 Pravastatin (20) Placebo 

11 Gentile et al, 2000 409 6m Diabetes 59 32 Atorvastatin (10), Lovastatin (20), 

Pravastatin (20), Simvastatin (10) 

Placebo, 

Statin types 

12 ALLHAT-LLT, 2002 10355 4.8y Hypertension 66 49 Pravastatin (40) Usual Care 

13 ALERT, 2003 2102 5.1y Renal transplantation 50 34 Fluvastatin (40) Placebo 

14 ASCOT-LLA, 2003 10305 3.3y Hypertension 63 19 Atorvastatin (10) Placebo 

15 ESG-L, 2003 548 3m None 56 58 Lovastatin (10) Placebo 
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16 ESG-P, 2003 538 3m None 55 56 Pravastatin (10) Placebo 

17 Mohler et al, 2003 354 1y Peripheral arterial 

disease 

68 23 Atorvastatin (10/80) Placebo, 

Statin doses 

18 STELLAR, 2003 2431 1.5m None 58 51 Atorvastatin (10/20/40/80), 

Pravastatin (10/20/40),  

Rosuvastatin (10/20/40/80), 

Simvastatin (10/20/40/80) 

Statin types, 

Statin doses 

19 CARDS, 2004 2838 3.9y Diabetes 62 32 Atorvastatin (10) Placebo 

20 DISCOVERY, 2004 1024 3m None 61 45 Atorvastatin (10), Rosuvastatin (10) Statin types 

21 ESG-S, 2004 1528 3m None 56 52 Simvastatin (10) Placebo 

22 Muldoon et al, 2004 308 6m None 54 52 Simvastatin (10/40) Placebo,  

Statin doses 

23 PHYLLIS, 2004 508 2.6y Hypertension,  

Carotid atherosclerosis 

58 60 Pravastatin (40) Placebo 

24 PREVEND-IT, 2004 864 3.8y Microalbuminuria 51 35 Pravastatin (40) Placebo 

25 BELLES, 2005 614 1y None 64 100 Atorvastatin (80), Pravastatin (40) Statin types 

26 COMETS, 2005 396 1.5m Metabolic syndrome 58 36 Atorvastatin (10), Rosuvastatin (10) Placebo, 

Statin types 

27 CORALL, 2005 263 4.5m Diabetes 60 54 Atorvastatin (20), Rosuvastatin (10) Statin types 

28 HYRIM, 2005 568 4y Hypertension 57 0 Fluvastatin (40) Placebo 

29 URANUS, 2005 469 4m Diabetes 64 43 Atorvastatin (10), Rosuvastatin (10) Statin types 

30 ARIES, 2006 774 1.5m None 55 65 Atorvastatin (10/20),  

Rosuvastatin (10/20) 

Statin types, 

Statin doses 

31 ASPEN-Primary, 2006 1905 4y Diabetes 61 38 Atorvastatin (10) Placebo 

32 ATOROS, 2006 120 6m None 53 44 Atorvastatin (20), Rosuvastatin (10) Statin types 
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33 MEGA, 2006 7832 5.3y None 58 68 Pravastatin (10) No Treatment 

34 Schmermund et al, 2006 467 1y Coronary 

atherosclerosis 

62 59 Atorvastatin (10/80) Statin doses 

35 ANDROMEDA, 2007 509 4m Diabetes 62 39 Atorvastatin (10), Rosuvastatin (10) Statin types 

36 Bone et al, 2007 604 1.1y None 59 100 Atorvastatin (10/20/40/80) Placebo, 

Statin doses 

37 Lewis et al, 2007 326 9m Chronic liver disease 50 48 Pravastatin (80) Placebo 

38 METEOR, 2007 981 2y Atherosclerosis 57 40 Rosuvastatin (40) Placebo 

39 JUPITER, 2008 17802 5y Elevated C-reactive 

protein 

66 38 Rosuvastatin (20) Placebo 

40 RCASS, 2009 227 2y Cerebral 

atherosclerosis 

63 67 Simvastatin (20) Placebo 

41 ASTRONOMER, 2010 269 3.5y Aortic stenosis 58 38 Rosuvastatin (40) Placebo 

42 Eriksson et al, 2011 352 3m None 60 32 Pitavastatin (4), Simvastatin (40) Statin types 

43 PATROL, 2011 302 4m None 62 65 Atorvastatin (10), Pitavastatin (2), 

Rosuvastatin (2.5) 

Statin types 

44 Ghia et al, 2013 119 3m None 54 43 Atorvastatin (10/20) Statin doses 

45 Stender et al, 2013 942 3m None 70 56 Pitavastatin (1/2/4),  

Pravastatin (10/20/40) 

Statin types, 

Statin doses 

46 STOMP, 2013 420 6m None # 44 51 Atorvastatin (80) Placebo 

47 J-PREDICT, 2014 1269 5y Impaired glucose 

tolerance # 

56 38 Pitavastatin (1) Placebo 

48 LISTEN, 2014 1018 1y Concurrent diabetes 66 54 Atorvastatin (10), Rosuvastatin (5) Statin types 

49 Sponseller et al, 2014 328 3m None 58 50 Pitavastatin (4), Pravastatin (40) Statin types 
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50 Nakagomi et al, 2015 146 1y None 66 47 Atorvastatin (5), Pitavastatin (1) Statin types 

51 HOPE-3, 2016 12705 5.6y None 66 46 Rosuvastatin (10) Placebo 

52 Patil et al, 2016 100 2m None 60 49 Atorvastatin (20), Pitavastatin (4) Statin types 

53 Chen et al, 2018 180 6m Cerebral 

atherosclerosis 

61 45 Atorvastatin (20), Pravastatin (20), 

Rosuvastatin (10), Simvastatin (40) 

Statin types 

54 EMPATHY, 2018 5042 5y Diabetic retinopathy 63 52 Atorvastatin (7.6/13.1) * Statin doses 

55 INTREPID, 2018 252 1.1y HIV infection 50 14 Pitavastatin (4), Pravastatin (40) Statin types 

56 Liu et al, 2018 180 6m Atherosclerosis 51 45 Atorvastatin (20), Pravastatin (20), 

Simvastatin (20) 

Usual Care, 

Statin types 

57 BALANCE, 2019 193 6m Diabetes 56 50 Rosuvastatin (5) Placebo 

58 METEOR-China, 2019 540 2y Atherosclerosis 60 56 Rosuvastatin (20) Placebo 

59 Peng et al, 2019 150 1y Renal artery 

atherosclerosis 

64 38 Rosuvastatin (5/10) Statin doses 

60 TRACE RA, 2019 3002 5y Rheumatoid arthritis 61 74 Atorvastatin (40) Placebo 

61 Moroi et al, 2020 622 5y None 65 46 Atorvastatin (10), Pitavastatin (2) Statin types 

62 Thongtang et al, 2020 150 3m Diabetes 59 72 Atorvastatin (40), Simvastatin (20) Statin types 

ID: identification; y: year; m: month; mg/d: milligram per day. 

# STOMP and J-PREDICT trials did not use hyperlipidaemia or dyslipidaemia as a criterion of patient enrolment.  

* A mixture of different statin types and dosages was used in the trial, which was equivalent to atorvastatin 7.6 mg/d and 13.1 mg/d in the standard and intensive arms.  
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3.3.1.3 Risk of bias and quality of evidence 

In the six aspects of risk of bias, most of the included studies had a low or unclear risk, 

as shown in Figure 3.2. The specific assessment of each study is presented in Appendix 

4. Seventeen studies were judged with an overall high risk of bias across the six aspects, 

mainly due to a high risk of bias in the blinding of participants and researchers or the 

blinding of outcome assessment. Most of these studies were comparisons between 

different statin regimens or reported clinically-confirmed outcomes. In contrast, among 

the 21 studies that compared statins with non-statin controls for self-perceived muscle 

symptoms, which might be more susceptible to the bias in blinding, only one small study 

with usual care control presented an unclear risk of bias in blinding,259 while the other 

studies were all placebo-controlled trials with a low risk of bias in blinding. 

 

Figure 3.2 Risk of bias across all included studies 
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For the comparisons between statins and non-statin controls in the pair-wise meta-

analysis, the overall quality of evidence for muscle symptoms, liver dysfunction, and the 

three major cardiovascular events (secondary outcomes) was rated as high. While the 

quality of evidence was moderate for clinically-confirmed muscle disorders due to the 

imprecision in the effect estimate and for renal insufficiency, diabetes, and eye conditions 

all due to the inconsistency in the outcome measurement. The specific assessment for 

each outcome is reported in Table 3.2.  

For the comparisons that were found with significant differences in the network meta-

analysis, the quality of evidence for the comparisons between individual statin drugs and 

non-statin controls was moderate or high, mainly based on direct evidence. While for the 

comparisons between different statin drugs, the quality of evidence was low, due to the 

lack of direct evidence and low quality of indirect evidence. The GRADE assessment of 

these comparisons is reported in Appendix 5. 
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Table 3.2 GRADE assessment of the quality of evidence for each outcome in the pair-wise meta-analyses 

Outcome Risk of bias Inconsistency Indirectness Imprecision Publication Bias Overall Certainty of Evidence 

Primary (Safety) Outcomes 

Muscle Symptoms Not serious  Not serious  Not serious  Not serious  None  ⨁⨁⨁⨁   High  

Muscle Disorders Not serious  Not serious  Not serious  Serious † None  ⨁⨁⨁◯  Moderate 

Liver Dysfunction Not serious  Not serious  Not serious  Not serious  None  ⨁⨁⨁⨁   High  

Renal Insufficiency Not serious  Serious # Not serious  Not serious  None  ⨁⨁⨁◯  Moderate 

Type 2 Diabetes Not serious  Serious ∆ Not serious  Not serious  None  ⨁⨁⨁◯  Moderate 

Eye Conditions Not serious  Serious § Not serious  Not serious  None  ⨁⨁⨁◯  Moderate 

Secondary (Efficacy) Outcomes 

Myocardial Infarction Not serious  Not serious  Not serious  Not serious  None ‡ ⨁⨁⨁⨁   High 

Stroke Not serious  Not serious  Not serious  Not serious  None  ⨁⨁⨁⨁   High  

Death from CVD Not serious  Not serious  Not serious  Not serious  None  ⨁⨁⨁⨁   High 

CVD: cardiovascular disease 

† The analysis was underpowered to detect the between-group difference, given the very low incidences in both groups.  

# Four studies reported the presence of proteinuria while the other four studies reported non-specific renal insufficiency.  

∆ One study was conducted in patients with impaired glucose tolerance, which resulted in statistical heterogeneity among the included studies.  

§ One study reported cataracts, one reported diminished visual acuity, one reported eye inflammation, two reported non-specific eye and adnexa disorders, and the other one 

reported composition of different eye conditions. 

‡ Publication bias was detected by examining the asymmetry of the funnel plot for the pair-wise meta-analysis of myocardial infarction, but the pooled results did not change 

after excluding the small studies that caused the detected bias.  
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3.3.2 Overall safety of statins 

Thirty-eight studies that compared statins with non-statin controls were included in the 

pair-wise meta-analyses. The number of studies and participants involved in the analysis 

of each outcome varied greatly (Table 3.3). No substantial statistical heterogeneity was 

found among the studies for each outcome (p > 0.05 from the Q test and I2 < 50%), except 

for diabetes (p = 0.04 from the Q test and I2 = 50% [95% CI: 0% – 77%]). The results 

from the random-effects model were therefore presented as the primary analysis for 

diabetes while the results from the fixed-effects model were used as the primary analysis 

for other outcomes.  
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Table 3.3 Included studies and the heterogeneity assessment for each outcome in the pair-wise meta-analyses 

Outcome 
No. of 

Studies 

Total No. of 

Participants 

Control Group  Treatment Group  Heterogeneity 

No. of 

Events 

No. of 

Participants 

No. of 

Events 

No. of 

Participants 

Q Test  

(p value) 
I2 (95% CI) 

Primary (Safety) Outcomes 

Muscle Symptoms 21 65304 2785 29278  3459 36026  0.45 1% (0% – 47%) 

Muscle Disorders 25 85740 55 38994  70 46746  0.99 0% (0% – 0%) 

Liver Dysfunction 21 54803 217 23498  406 31305  0.84 0% (0% – 23%) 

Renal Insufficiency 8 32001 520 15143  597 16858  0.89 0% (0% – 23%) 

Type 2 Diabetes 9 58629 1161 29311  1190 29318  0.04 50% (0% – 77%) 

Eye Conditions 6 25328 234 10046  321 15282  0.85 0% (0% – 36%) 

Secondary (Efficacy) Outcomes 

Myocardial Infarction 22 95148 1316 45055  996 50093  0.07 33% (0% – 60%) 

Stroke 17 78473 786 39133  634 39340  0.22 20% (0% – 55%) 

Death from CVD 22 95959 979 44954  836 51005  0.12 27% (0% – 57%) 

CVD: cardiovascular disease; CI: confidence interval 
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3.3.2.1 Associations of statins with adverse events 

The forest plots of the pair-wise meta-analysis of the primary (safety) outcomes are 

presented in Figure 3.3. No significant publication bias was detected for any of the 

primary outcomes (Appendix 6). 

Statins were associated with a slightly increased risk of muscle symptoms (21 studies, 

OR = 1.06 [95% CI: 1.01 – 1.13]). As shown in the leave-one-out influence analyses 

(Appendix 7), this association was largely determined by the double-blind placebo-

controlled trial HOPE-3, while the study with usual-care control and a high risk of bias 

in blinding had little influence on the pooled result.91, 259 The association of statins with 

muscle disorders was not found significant in the included studies (25 studies, OR = 0.88 

[95% CI: 0.62 – 1.24]), showing considerable uncertainty in the pooled estimate based 

on a small number of events observed in these studies.  

Statins were also associated with an increased risk of liver dysfunction (21 studies, OR 

= 1.33 [95% CI: 1.12 – 1.58]), renal insufficiency (8 studies, OR = 1.14 [95% CI: 1.01 – 

1.28]), and eye conditions (6 studies, OR = 1.23 [95% CI: 1.04 – 1.47]). Specifically, 

liver dysfunction was defined as raised liver enzymes in all the involved studies. In the 

influence analyses (Appendix 7), the association with renal insufficiency was primarily 

determined by the JUPITER trial,79 which examined non-specified renal disorders, and 

the association with eye conditions was determined by the HOPE-3 trial,91 which 

specifically examined cataract surgery. The association of statins with diabetes was not 

found significant in the included studies (9 studies, OR = 1.01 [95% CI: 0.88 – 1.16]), 

with moderate uncertainty in the pooled estimate. 
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A. Muscle Symptoms 

 

B. Muscle Disorders 
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C. Liver Dysfunction 

 

D. Renal Insufficiency 

 

E. Type 2 Diabetes 
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F. Eye Conditions 

 

Figure 3.3 Forest plots of pair-wise meta-analyses of each primary outcome 

The red squares denote the OR estimates of each primary (safety) outcome in individual studies, with their 

sizes corresponding to the weights of the individual estimates contributed to the pooled estimates. The 

horizontal lines through the squares denote the 95% CIs of the individual OR estimates, some of which 

with arrows at the ends indicating the lower or upper limits of the 95% CIs beyond the range of the presented 

axis (0.1 – 10). The diamonds denote the pooled OR estimates across the individual studies for each 

outcome, with the vertical dashed lines through the diamonds indicating the point estimates and the widths 

of the diamonds indicating the 95% CIs of the estimates. The vertical solid lines denote OR = 1, indicating 

a null effect. To the left of this vertical line, ‘favours statins’ means a lower risk in the statin group (OR<1); 

to the right of the line, ‘favours control’ means a higher risk in the statin group (OR>1). OR: odds ratio; CI: 

confidence interval. 

In the sensitivity analyses (Table 3.4), the pooled results from an alternative meta-

analysis model (fixed-effects model for diabetes and random-effects model for the other 

outcomes) were similar to the primary analyses presented above. No substantial changes 

were seen after excluding the studies with some CVD patients. 

Table 3.4 Sensitivity analyses for pair-wise meta-analyses of the primary outcomes 

Outcome Primary Model Alternative Model No CVD Patients 

Muscle Symptoms 1.06 (1.01 – 1.13) 1.06 (1.00 – 1.13) 1.08 (1.01 – 1.16) 

Muscle Disorders 0.88 (0.62 – 1.24) 0.88 (0.62 – 1.24) 0.83 (0.55 – 1.24) 

Liver Dysfunction 1.33 (1.12 – 1.58) 1.31 (1.09 – 1.56) 1.26 (1.02 – 1.57) 

Renal Insufficiency 1.14 (1.01 – 1.28) 1.14 (1.01 – 1.28) 1.13 (1.00 – 1.28) 

Type 2 Diabetes 1.01 (0.88 – 1.16) 1.03 (0.94 – 1.12) 1.02 (0.87 – 1.20) 

Eye Conditions 1.23 (1.04 – 1.47) 1.23 (1.03 – 1.47) 1.23 (1.03 – 1.48) 

CVD: cardiovascular disease 
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3.3.2.2 Comparison between the beneficial and adverse effects of statins 

The forest plots of the pair-wise meta-analyses of the secondary (efficacy) outcomes 

are presented in Figure 3.4. Statins were found to reduce the risks of myocardial 

infarction (22 studies, OR = 0.72 [95% CI: 0.66 – 0.78]), stroke (17 studies, OR = 0.80 

[95% CI: 0.72 – 0.89]), and death from CVD (22 studies, OR = 0.83 [95% CI: 0.76 – 

0.91]). The influence analysis (Appendix 7) showed that the pooled results did not rely 

on any single study.  

Publication bias was detected only in the analysis of myocardial infarction (Appendix 

6) and the results from the sensitivity analysis (Appendix 8) by excluding small studies 

were similar to the main analysis. No substantial differences were seen in the sensitivity 

analysis (Appendix 8) by the alternative meta-analysis model (random-effects model) or 

by excluding the studies with CVD patients. 
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A. Myocardial Infarction 

 

 

B. Stroke 
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C. Death from CVD 

 

Figure 3.4 Forest plots of pair-wise meta-analyses of the secondary outcomes 

The green squares denote the OR estimates of each secondary (efficacy) outcome in individual studies, with 

their sizes corresponding to the weights of the individual estimates contributed to the pooled estimates. The 

horizontal lines through the squares denote the 95% CIs of the individual OR estimates, some of which 

with arrows at the ends indicating the lower or upper limits of the 95% CIs beyond the range of the presented 

axis (0.1 – 10). The diamonds denote the pooled OR estimates across the individual studies for each 

outcome, with the vertical dashed lines through the diamonds indicating the point estimates and the widths 

of the diamonds indicating the 95% CIs of the estimates. The vertical solid lines denote OR = 1, indicating 

a null effect. To the left of this vertical line, ‘favours statins’ means a lower risk in the statin group (OR<1); 

to the right of the line, ‘favours control’ means a higher risk in the statin group (OR>1). OR: odds ratio; CI: 

confidence interval; CVD: cardiovascular disease. 

Based on the pooled effects of statins on each safety and efficacy outcome reported 

above and the overall baseline incidences of these outcomes across all the control groups, 

the calculated ARDs (Table 3.5) indicated that statins could cause an excess of 15 (95% 

CI: 1 – 29) muscle symptoms, 8 (95% CI: 3 – 14) liver dysfunctions, 12 (95% CI: 1 – 24) 

renal insufficiencies, and 14 (95% CI: 2 – 29) eye conditions per 10,000 person-years. As 

a comparison, statins would prevent 19 (95% CI: 15 – 23) myocardial infarctions, 9 (95% 

CI: 5 – 12) strokes, and 8 (95% CI: 4 – 12) deaths from CVD per 10,000 person-years. 
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Table 3.5 Comparison between the beneficial and the adverse effects of statins 

Outcome 
Average Follow-up 

(year) 

Baseline Incidence in Control Group 

(per 10,000 persons)  
Statin Treatment Effect 

Cumulative Incidence* Annual Incidence# OR (95% CI) ARD∆ (95% CI) 

Primary (Safety) Outcomes 

Muscle Symptoms 4.3 951 232  1.06 (1.01 – 1.13) 15 (1 – 29) 

Muscle Disorders 4.2 14 3  0.88 (0.62 – 1.24) 0 (-1 – 1) 

Liver Dysfunction 3.8 92 24  1.33 (1.12 – 1.58) 8 (3 – 14) 

Renal Insufficiency 4.0 343 87  1.14 (1.01 – 1.28) 12 (1 – 24) 

Type 2 Diabetes 4.9 396 82  1.01 (0.88 – 1.16) 1 (-10 – 13) 

Eye Conditions 3.8 233 62  1.23 (1.04 – 1.47) 14 (2 – 29) 

Secondary (Efficacy) Outcomes 

Myocardial Infarction 4.4 292 67  0.72 (0.66 – 0.78) -19 (-23 – -15) 

Stroke 4.7 201 43  0.80 (0.72 – 0.89) -9 (-12 – -5) 

Death from CVD 4.4 218 50  0.83 (0.76 – 0.91) -8 (-12 – -4) 

OR: odds ratio; ARD: absolute risk difference; CI: confidence interval; CVD: cardiovascular disease 

* Cumulative incidence was the overall event rate per 10,000 persons over the average years of follow-up. 

# Annual incidence was the event rate per 10,000 person-years (also called incidence rate), calculated from the cumulative incidence as described in the methods. 

∆ ARD was presented as the number of events increased or reduced per 10,000 person-years, calculated based on the annual incidence and the OR.   
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3.3.3 Differences in the adverse effects between statin drug types 

A total of 58 studies were included in the comparisons among individual statin drugs 

and non-statin controls, forming the networks of treatment comparisons for each safety 

outcome illustrated in Appendix 9. No significant heterogeneity among the studies or 

inconsistency across different designs of treatment comparison for each outcome was 

detected, both with p >0.05 from the generalised Q tests (Appendix 10).     

Comparing individual statin types to non-statin controls (Figure 3.5), atorvastatin (17 

studies, OR = 1.41 [95% CI: 1.08 – 1.85]) and lovastatin (5 studies, OR = 1.81 [95% CI: 

1.23 – 2.66]) were both associated with an increased risk of liver dysfunction. 

Rosuvastatin was associated with an increased risk of muscle symptoms (13 studies, OR 

= 1.09 [95% CI: 1.01 – 1.16]), renal insufficiency (11 studies, OR = 1.13 [95% CI: 1.00 

– 1.28]), diabetes (4 studies, OR = 1.14 [95% CI: 1.00 – 1.30]), and eye conditions (2 

studies, OR = 1.26 [95% CI: 1.04 – 1.52]).  

In the comparisons between different statin types (Table 3.6), lovastatin showed a 

higher risk of liver dysfunction than fluvastatin and pravastatin, and atorvastatin and 

rosuvastatin both showed a higher risk of diabetes than pitavastatin. No other significant 

differences were found between statin drug types. Most of the comparative effects were 

estimated with wide CIs, based on few data on certain statins and outcomes (Figure 3.5). 

In the sensitivity analyses, the results from the random-effects model (Appendix 11) 

were similar to those from the fixed-effects model presented above. No significant 

inconsistency between direct and indirect evidence for each treatment comparison was 

detected for any of the outcomes, as shown in the node-splitting analyses (Appendix 12).      
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Figure 3.5 Associations of individual statins with the adverse events from network 

meta-analyses 

The red dots denote the pooled estimates of the ORs comparing individual statins with the control for 

each outcome, with their sizes corresponding to the number of participants allocated to individual statins. 

The horizontal lines through the dots denote the 95% CIs of the pooled OR estimates, one of which with 

an arrow at the left end indicating the lower limit of the 95% CI beyond the range of the presented axis 

(0.1 – 10). The vertical grey line denotes OR = 1, indicating a null effect. OR: odds ratio; CI: confidence 

interval. 



68 

 

Table 3.6 Comparative effects on the adverse events between different statin types 

from network meta-analyses 

Muscle Symptoms 

Atorvastatin 
1.07 

(0.84, 1.37) 

0.99 

(0.76, 1.28) 

1.52 

(0.94, 2.44) 

1.07 

(0.83, 1.39) 

0.98 

(0.82, 1.17) 

1.66 

(0.81, 3.39) 

0.93 

(0.73, 1.19) 
Fluvastatin 

0.92 

(0.71, 1.20) 

1.41 

(0.86, 2.32) 

1.00 

(0.76, 1.31) 

0.91 

(0.76, 1.10) 

1.55 

(0.74, 3.24) 

1.01 

(0.78, 1.31) 

1.09 

(0.84, 1.41) 
Lovastatin 

1.53 

(0.92, 2.54) 

1.08 

(0.82, 1.44) 

0.99 

(0.80, 1.22) 

1.68 

(0.79, 3.54) 

0.66 

(0.41, 1.06) 

0.71 

(0.43, 1.16) 

0.65 

(0.39, 1.08) 
Pitavastatin 

0.71 

(0.45, 1.11) 

0.64 

(0.40, 1.03) 

1.09 

(0.51, 2.33) 

0.93 

(0.72, 1.21) 

1.00 

(0.77, 1.31) 

0.92 

(0.69, 1.23) 

1.41 

(0.90, 2.22) 
Pravastatin 

0.91 

(0.73, 1.13) 

1.55 

(0.74, 3.22) 

1.02 

(0.86, 1.22) 

1.10 

(0.91, 1.32) 

1.01 

(0.82, 1.25) 

1.55 

(0.97, 2.48) 

1.10 

(0.88, 1.36) 
Rosuvastatin 

1.70 

(0.82, 3.50) 

0.60 

(0.30, 1.23) 

0.65 

(0.31, 1.36) 

0.60 

(0.28, 1.26) 

0.91 

(0.43, 1.95) 

0.65 

(0.31, 1.35) 

0.59 

(0.29, 1.21) 
Simvastatin 

Muscle Disorders 

Atorvastatin 
0.59 

(0.12, 2.96) 

0.92 

(0.37, 2.30) 

0.71 

(0.11, 4.60) 

0.77 

(0.27, 2.24) 

0.83 

(0.36, 1.89) 

0.85 

(0.24, 2.99) 

1.68 

(0.34, 8.38) 
Fluvastatin 

1.55 

(0.35, 6.80) 

1.19 

(0.11, 12.93) 

1.30 

(0.24, 6.95) 

1.39 

(0.30, 6.44) 

1.42 

(0.23, 8.94) 

1.09 

(0.43, 2.72) 

0.65 

(0.15, 2.84) 
Lovastatin 

0.77 

(0.10, 5.63) 

0.84 

(0.30, 2.36) 

0.90 

(0.41, 1.98) 

0.92 

(0.26, 3.30) 

1.42 

(0.22, 9.23) 

0.84 

(0.08, 9.17) 

1.30 

(0.18, 9.54) 
Pitavastatin 

1.10 

(0.16, 7.46) 

1.17 

(0.16, 8.42) 

1.20 

(0.13, 10.66) 

1.29 

(0.45, 3.74) 

0.77 

(0.14, 4.09) 

1.19 

(0.42, 3.33) 

0.91 

(0.13, 6.20) 
Pravastatin 

1.07 

(0.37, 3.06) 

1.09 

(0.27, 4.41) 

1.21 

(0.53, 2.77) 

0.72 

(0.16, 3.34) 

1.11 

(0.51, 2.46) 

0.86 

(0.12, 6.16) 

0.94 

(0.33, 2.70) 
Rosuvastatin 

1.02 

(0.30, 3.51) 

1.18 

(0.33, 4.18) 

0.70 

(0.11, 4.42) 

1.09 

(0.30, 3.90) 

0.83 

(0.09, 7.42) 

0.92 

(0.23, 3.70) 

0.98 

(0.28, 3.34) 
Simvastatin 

Liver Dysfunction 

Atorvastatin 
2.00 

(0.91, 4.42) 

0.78 

(0.49, 1.24) 

1.36 

(0.67, 2.75) 

1.41 

(0.93, 2.15) 

1.02 

(0.59, 1.75) 

1.09 

(0.44, 2.72) 

0.50 

(0.23, 1.10) 
Fluvastatin 

0.39 

(0.17, 0.90) 

0.68 

(0.24, 1.90) 

0.71 

(0.31, 1.60) 

0.51 

(0.21, 1.24) 

0.54 

(0.17, 1.76) 

1.28 

(0.80, 2.04) 
2.57 

(1.11, 5.93) 
Lovastatin 

1.74 

(0.78, 3.90) 
1.81 

(1.08, 3.03) 

1.30 

(0.70, 2.43) 

1.40 

(0.52, 3.73) 

0.74 

(0.36, 1.49) 

1.48 

(0.53, 4.13) 

0.57 

(0.26, 1.29) 
Pitavastatin 

1.04 

(0.51, 2.12) 

0.75 

(0.32, 1.76) 

0.80 

(0.26, 2.45) 

0.71 

(0.47, 1.08) 

1.42 

(0.62, 3.22) 

0.55 

(0.33, 0.92) 

0.96 

(0.47, 1.96) 
Pravastatin 

0.72 

(0.40, 1.31) 

0.77 

(0.30, 2.01) 

0.98 

(0.57, 1.69) 

1.97 

(0.81, 4.81) 

0.77 

(0.41, 1.43) 

1.34 

(0.57, 3.15) 

1.39 

(0.76, 2.53) 
Rosuvastatin 

1.07 

(0.39, 2.98) 

0.92 

(0.37, 2.29) 

1.84 

(0.57, 5.94) 

0.72 

(0.27, 1.91) 

1.24 

(0.41, 3.79) 

1.30 

(0.50, 3.38) 

0.93 

(0.34, 2.58) 
Simvastatin 
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Renal Insufficiency 

Atorvastatin 
2.29 

(0.19, 28.04) 

0.61 

(0.18, 2.02) 

1.09 

(0.66, 1.78) 

1.05 

(0.31, 3.58) 
  

0.44 

(0.04, 5.34) 
Pitavastatin 

0.26 

(0.02, 3.80) 

0.47 

(0.04, 5.69) 

0.46 

(0.04, 5.83) 
  

1.65 

(0.50, 5.50) 

3.79 

(0.26, 54.47) 
Pravastatin 

1.80 

(0.55, 5.88) 

1.73 

(0.47, 6.42) 
  

0.92 

(0.56, 1.51) 

2.11 

(0.18, 25.28) 

0.56 

(0.17, 1.82) 
Rosuvastatin 

0.97 

(0.29, 3.21) 
  

0.95 

(0.28, 3.25) 

2.18 

(0.17, 27.82) 

0.58 

(0.16, 2.14) 

1.04 

(0.31, 3.44) 
Simvastatin   

Type 2 Diabetes 

Atorvastatin 
1.16 

(0.77, 1.73) 
1.49 

(1.08, 2.05) 

1.17 

(0.87, 1.57) 

0.99 

(0.76, 1.30) 
  

0.86 

(0.58, 1.29) 
Lovastatin 

1.28 

(0.86, 1.91) 

1.01 

(0.70, 1.47) 

0.86 

(0.60, 1.22) 
  

0.67 

(0.49, 0.92) 

0.78 

(0.52, 1.16) 
Pitavastatin 

0.79 

(0.59, 1.05) 

0.67 

(0.51, 0.87) 
  

0.85 

(0.64, 1.15) 

0.99 

(0.68, 1.44) 

1.27 

(0.95, 1.70) 
Pravastatin 

0.85 

(0.68, 1.06) 
  

1.01 

(0.77, 1.31) 

1.17 

(0.82, 1.66) 
1.50 

(1.16, 1.94) 

1.18 

(0.95, 1.47) 
Rosuvastatin   

Eye Conditions 

Atorvastatin 
1.30 

(0.34, 4.92) 

1.79 

(0.50, 6.48) 

1.27 

(0.41, 3.95) 
   

0.77 

(0.20, 2.92) 
Lovastatin 

1.38 

(0.53, 3.60) 

0.98 

(0.46, 2.06) 
   

0.56 

(0.15, 2.02) 

0.72 

(0.28, 1.89) 
Pravastatin 

0.71 

(0.37, 1.37) 
   

0.79 

(0.25, 2.46) 

1.02 

(0.49, 2.16) 

1.41 

(0.73, 2.73) 
Rosuvastatin    

Each cell is the odds ratio (95% confidence interval) of the treatment in the row compared to the treatment 

in the column for the risk of the outcome. Significant results are highlighted in red.  
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3.3.4 Dose-response relationships in the adverse effects of statins 

All 62 studies were included in the dose-response meta-analyses. Only the effect of 

atorvastatin on liver dysfunction showed a significant Emax dose-response relationship, 

with the estimated maximum effect (ORmax) being 2.03 (95% CrI: 1.03 – 12.64) and the 

dose to produce half of this maximum effect (ED50) being 3.84mg (95% CrI: 0.08 – 

237.33mg). For other statins or other adverse effects, no significant Emax dose-response 

relationships (ORmax was non-significant) were identified (Table 3.7), for which the ED50 

were meaningless and could not be estimated precisely as the dose-response relationships 

were not established. 
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Table 3.7 Maximum effects of each statin on the adverse events from Emax model-based meta-analyses 

 Muscle Symptoms Muscle Disorders Liver Dysfunction Renal Insufficiency Type 2 Diabetes Eye Conditions 

Atorvastatin 1.35 (0.92 – 4.46) 0.89 (0.47 – 1.67) 2.03 (1.03 – 12.64) 1.35 (0.61 – 12.83) 1.18 (0.37 – 4.39) 1.32 (0.36 – 6.10) 

Fluvastatin 1.10 (0.61 – 5.12) 1.12 (0.49 – 2.79) 1.02 (0.34 – 33.99) No data No data No data 

Lovastatin 1.25 (0.79 – 5.00) 0.85 (0.46 – 1.46) 3.29 (0.95 – 40.24) No data 0.98 (0.14 – 5.63) 1.09 (0.38 – 2.83) 

Pitavastatin 0.85 (0.43 – 2.01) 0.94 (0.27 – 2.62) 1.50 (0.41 – 100.85) 0.94 (0.27 – 4.70) 0.74 (0.19 – 3.34) No data 

Pravastatin 1.18 (0.79 – 4.84) 1.02 (0.58 – 1.76) 1.13 (0.59 – 14.72) 1.33 (0.60 – 4.57) 0.95 (0.25 – 3.77) 0.91 (0.26 – 3.33) 

Rosuvastatin 1.26 (0.97 – 2.82) 0.92 (0.45 – 1.63) 1.61 (0.75 – 16.82) 1.39 (0.84 – 11.03) 1.16 (0.22 – 4.33) 1.36 (0.56 – 4.22) 

Simvastatin 0.83 (0.44 – 2.58) 0.94 (0.44 – 2.06) 1.59 (0.60 – 21.95) 1.17 (0.48 – 5.20) No data No data 

Each cell presents the maximum odds ratio (ORmax) with 95% credible interval (CrI) derived from the Emax model, which indicates the maximum effect of each statin on the 

adverse event compared with non-statin controls (i.e. the dose of the statin being 0). 
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The Emax models were derived from the dose-specific effects of individual statin drugs 

on each adverse event, of which the data were scarce and the estimates presented wide 

95% CrIs, as seen in the dose-response curves. An example of the dose-response curves 

for the effects of each statin on liver dysfunction, where the only significant dose-

response relationship was found on atorvastatin, is shown in Figure 3.6. The curves for 

the effects on other adverse events are presented in Appendix 13.  

 

Figure 3.6 Dose-response curves for the effects of each statin on liver dysfunction 

from Emax model-based meta-analyses 

The black dots denote the estimates of the dose-specific effects of each statin on liver dysfunction, in the 

log form of the odds comparing different doses to dose 0. The vertical lines through the dots denote the 95% 

credible intervals (CrIs) of the estimates. The red curves are the dose-response curves predicted by the Emax 

models of each statin fitted to their dose-specific effects. The pink areas around the curves cover the 95% 

CrIs of the predicted responses from the Emax models across the dose range. mg/d: milligram per day.          
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3.4 Discussion 

3.4.1 Summary of key findings 

This systematic review included 62 randomised controlled trials in a total of 120,456 

patients of primary prevention of CVD. Statin treatment was found to be associated with 

a slightly increased risk of muscle symptoms, but not found to be associated with muscle 

disorders. Statins were also associated with higher risks of liver dysfunction, renal 

insufficiency, and eye conditions, but were not associated with diabetes. The absolute 

increase in the risk of these associated adverse events was small and did not outweigh the 

reduction in the risk of major cardiovascular events by statin treatment. 

Analyses by drug type showed that atorvastatin and lovastatin were both associated 

with liver dysfunction and rosuvastatin was associated with muscle symptoms, renal 

insufficiency, diabetes, and eye conditions. Other statins were not found to be 

individually associated with any adverse events. Few significant differences were found 

between statin drug types, with limited data for certain statins. A potential ascending 

dose-response relationship was identified in the effect of atorvastatin on liver dysfunction, 

but the pharmacological parameters of the relationship were uncertain. No dose-response 

relationships for other statins and other adverse effects were identified, based on scarce 

data of specific doses for each statin.  

3.4.2 Comparison with previous studies 

3.4.2.1 Associations of statins with adverse events 

Muscle-related adverse events 

Most previous reviews of statin treatment in patients of primary prevention did not find 

an association of statins with myalgia, myopathy, or rhabdomyolysis, which defined these 
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specific conditions inconsistently and omitted some landmark trials due to the constrained 

selection criteria or being outdated.44, 181, 183 One review found an association of statins 

with a broadly defined muscle-related outcome that included a wide range of muscle 

conditions with different severities and incidences, which made the clinical interpretation 

of the association not explicit.182 In the current review, the analyses of muscle-related 

adverse events were based on a more comprehensive inclusion of statin trials, including 

those omitted in previous reviews. More importantly, the muscle-related adverse events 

were classified as muscle symptoms and muscle disorders based on their clinical 

significance and the two defined outcomes were examined separately. The findings, 

therefore, provided better clarification and revealed that a small increase in the risk of 

muscle symptoms may be attributable to statins in primary prevention, while the 

association between statins and muscle disorders was not specified in these patients. 

It is worth noting that the attribution of muscle symptoms to statin treatment was 

originally identified in observational studies and has been controversial.67 A main 

argument is that the higher incidence of muscle symptoms observed among statin users 

in clinical practice has been biased by the ‘nocebo effect’.72 This is because, unlike more 

serious muscle disorders and other adverse events, muscle symptoms are a self-perceived 

subjective outcome, which is more likely to be reported by patients when they are aware 

of the potential adverse effect. The current review of blind, randomised, placebo-

controlled trials showed a smaller proportion of muscle symptoms attributable to statins 

than that found in observational studies, supporting the view that most muscle symptoms 

reported by statin users are not caused by statins.12, 71 A recently published individual 

participant data (IPD) meta-analysis by the Cholesterol Treatment Trialists’ (CTT) 

Collaboration also found that the risk of muscle pain or weakness increased with statin 
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treatment by a similarly small proportion, based on large-scale, double-blind, randomised 

trials in both primary and secondary prevention patients.267    

Concerning more serious muscle disorders, although the association was not found in 

primary prevention patients in this review, previous reviews that included trials for 

secondary prevention detected an association between statins and myopathy or 

rhabdomyolysis based on a larger number of participants.15, 181, 268 However, the 

magnitude of statins’ effect on muscle disorders remains uncertain, given the small 

numbers of observed events and the limited sample sizes in clinical trials that have led to 

underpowered estimation. This association was better established in observational studies 

based on data from millions of patients in clinical practice, where the analyses had more 

statistical power to examine a small increase in the risk of a rare outcome.25 Some of these 

studies, including one study with a validated design in comparison with randomised trials, 

suggested that the relative effect of statins on more serious muscle disorders could be 

considerable, although the absolute risk increase was small.269, 270                

Other adverse events 

The findings in this review supported the association of statins with a higher risk of 

liver dysfunction found in previous reviews for both primary and secondary prevention.182, 

186 As reported in the included clinical trials in this review, the associated liver 

dysfunction was mainly referred to raised liver enzymes of over 3ULN, while liver 

injuries or other serious liver outcomes were rarely reported.  

The associations between statins and higher risks of renal insufficiency and eye 

conditions found in this review were also reported in previous reviews for primary 

prevention.181, 182 The definitions and measurements of renal and eye-related adverse 

events in the included trials were highly inconsistent. The influence analyses in this 
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review further indicated that the associations may be limited to non-specified renal 

disorders and surgery-required cataracts. In contrast, previous reviews that included trials 

in secondary prevention patients showed inverse or non-significant associations of statins 

with renal function decline and cataracts.90, 190 Overall, the current trial evidence on 

specific renal or eye-related adverse events of statins is too limited to draw any firm 

conclusions.  

This review and previous reviews in primary prevention did not find an association 

between statins and diabetes.90, 181 However, reviews that included trials in secondary 

prevention patients showed a significantly increased risk of diabetes with statin treatment 

and this effect increased with a higher dose of statins.81, 185 This may be owing to different 

patient characteristics in primary and secondary prevention, which has led to an overall 

higher incidence of diabetes in secondary prevention patients and consequently a larger 

risk difference between the treatment and the control groups to be detected in these 

patients. It may be also because the trials in secondary prevention patients have examined 

statin regimens of higher doses that potentially have a greater effect on diabetes if the 

dose-responsiveness exists.          

3.4.2.2 Comparison between benefits and harms of statins for primary prevention 

In this review, the absolute increases in the risks of the associated adverse events did 

not exceed the reductions in the risks of major cardiovascular events with statin treatment, 

based on the incidences of these outcomes in the included trials. However, the incidences 

of adverse events were generally lower than those reported in observational studies in the 

population from clinical practice.25, 270 Such lower incidences may be owing to some 

limitations of the included trials discussed below, such as the generally younger and 

healthier participants or the limited sample size and length of follow-up. These lower 
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incidences may therefore result in the smaller absolute increases in the risks of the adverse 

events estimated from the trial data. Nevertheless, the risk increases of most adverse 

events in observational studies were still small.25 When taking into account the estimates 

from both clinical trials and observational studies, a previous benefit-risk assessment by 

modelling suggested that the benefits of statins for primary prevention outweigh their 

potential harms in most patients eligible for treatment.271  

3.4.2.3 Differences in the adverse effects among statin drug types 

The network meta-analysis in this review found individual associations of atorvastatin 

and lovastatin with liver dysfunction, which were also reported in a previous network 

meta-analysis based on trials in both primary and secondary prevention patients.182, 186 

These associations may be attributed to the fact that atorvastatin and lovastatin were 

primarily metabolised in the liver and,272 compared to other statins, there were more data 

on their liver effects in the included trials. Rosuvastatin was found individually associated 

with muscle symptoms, renal insufficiency, diabetes, and eye conditions, of which only 

the association with renal insufficiency was also seen in the previous network meta-

analysis of primary prevention trials.182 These significant associations may be because 

the potency of rosuvastatin is stronger than other statins,10 the doses of rosuvastatin 

examined in the included trials were higher, or the data on rosuvastatin were more 

sufficient to establish the associations. However, this did not mean that the associations 

with these adverse events were limited to rosuvastatin, as the data on other statins, 

especially fluvastatin, pitavastatin, and simvastatin, were overall insufficient to examine 

the individual associations.  

Similarly, owing to the insufficient data on several statins, most of the estimated 

comparative effects between different statin drugs were imprecise. Such uncertainty was 
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also seen in the between-statin comparisons in previous network meta-analyses that 

included trials for both primary and secondary prevention.182, 184      

3.4.2.4 Dose-response relationships of the adverse effects of statins 

The only dose-response relationship identified in this review was in the effect of 

atorvastatin on liver dysfunction, indicating that the risk of liver dysfunction may increase 

with increasing doses of atorvastatin. This relationship concurred with the finding from a 

previous review, which showed that a higher dose of statins was associated with a higher 

risk of liver dysfunction, compared to a lower dose.186 This dose-response relationship 

may also support the individual association of atorvastatin with liver dysfunction found 

in the network meta-analysis in this review. Based on the established relationship, the 

estimated ED50 for this effect was only slightly higher than the ED50 for atorvastatin’s 

effect on lowering LDL-C estimated in previous studies.49 This may result in a narrow 

therapeutic window for effective and safe dosing of atorvastatin, which would be much 

lower than the currently licenced doses of atorvastatin. However, the estimate of the ED50 

in this review was imprecise, leaving considerable uncertainty about the pharmacological 

attributes of the dose-response relationship, and therefore could not be used to determine 

the specific therapeutic dose range of atorvastatin.  

For other statins and adverse effects, no dose-response relationships were identified in 

this review, partially due to the scarce data on each statin of specific doses. Previous trials 

and reviews that included patients of secondary prevention showed a higher risk of 

myopathy and diabetes associated with a higher dose of statins through subgroup 

comparison between different dose levels, suggesting these adverse effects may be also 

dose-responsive.185, 268 But the specific dose-response relationships for these effects and 

other potential adverse effects of statins have not been examined before.        
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3.4.3 Strengths and limitations 

3.4.3.1 Strengths 

This review was the largest systematic review of clinical trials of statin treatment in 

patients without a history of CVD to date. Compared to previous reviews of statin trials 

in primary prevention patients,44, 181, 183, 271 this review included more complete and up-

to-date trials and focused on examining the safety outcomes, which could help address 

the ongoing safety concerns and controversies over the use of statins for primary 

prevention.             

By classifying the muscle-related adverse events as muscle symptoms and muscle 

disorders based on their clinical significance, this review better reconciled the 

inconsistent definitions of specific muscle conditions in statin trials and considered the 

clinical variety of these muscle-related outcomes. Therefore the findings clarified the 

risks of muscle symptoms and muscle disorders separately, which could be more helpful 

for addressing patients’ concerns and misperceptions about potential muscle-related 

adverse effects of statins in clinical practice.              

To my knowledge, this review was the first to examine the pharmacological dose-

response relationships of the potential adverse effects of statins using data from clinical 

trials. Compared to the linear model that has been used to examine the dose-response 

relationship of statins’ lipid-lowering effect,10 the Emax model used in this review could 

better reflect the fundamental pharmacodynamics of statins and the model parameters 

were more clinically interpretable.54      

3.4.3.2 Limitations 

 Limitations inherited from the included trials 
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This review may have underestimated the risk of adverse events due to the designs of 

the included trials. The participant selection criteria in some of the trials excluded 

individuals who were more likely to suffer from adverse events. For example, the CARDS 

and METEOR trials both excluded patients with previous high serum creatinine.227, 243 

Some trials were designed with a run-in period, during which individuals with poor 

compliance to treatment, often due to adverse events, were excluded. For example, the 

ALLHAT-LLT trial excluded individuals who were found to be intolerant to statins.218 

These could result in lower incidences of adverse events compared to the incidences 

observed in clinical practice, particularly in the statin treatment group, and may bias the 

estimation of the treatment effects. The study duration of some trials was no more than 6 

months, which may also lead to under-observed incidences of adverse events, especially 

those serious late-onset cases.  

Potential bias may exist as a result of the trial conduction. Some of the trials presented 

a high risk of bias due to unclear methods of blinding. This may be mitigated by the fact 

that most of the adverse events in this review were defined by clinical tests or diagnoses. 

For the most subjective outcome, muscle symptoms, its association with statins was 

examined mainly based on the trials with a low risk of bias from blinding. However, since 

the included trials were primarily designed for examining treatment efficacy rather than 

safety, the reported adverse events in most of the trials were not pre-specified, which may 

be subject to incomplete or selective reporting.  

The risks of the adverse events estimated in this review may not be explicit for the 

patients of CVD primary prevention. Some of the trials enrolled a small number of 

patients with established CVD, although these patients accounted for only 6% of the total 

participants in this review and the inclusion of these trials had little impact on the pooled 

results. The average age of the participants in many of the included trials was below 60 
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years, which may be younger than the population taking statins in clinical practice. As 

discussed above, individuals vulnerable to adverse events were excluded from some of 

the trials and these individuals could be eligible patients for statin treatment in clinical 

practice. Therefore, the participants included in this review may not be fully 

representative of the population eligible for statin treatment for primary prevention.     

 Limitations in the data analyses 

The choice of the meta-analysis model presented as the primary analysis in this review 

was determined by the statistical examination of the heterogeneity among the included 

studies, and most of the outcomes ended up being primarily analysed by the fixed-effects 

model. Although using statistical tests or measurements of heterogeneity to decide on the 

data synthesis strategy has been widely used in previous systematic reviews,105, 197 the 

statistical tests and measurements of heterogeneity have limitations and may not 

necessarily reflect the actual heterogeneity.106, 273 Others have advocated the importance 

of taking into account clinical and methodological heterogeneity among individual 

studies and suggested that the random-effects model is based on a more realistic 

assumption.107 In this review, the clinical and methodological heterogeneity among the 

included studies was seen in their different participant characteristics, examined statin 

regimens, and trial designs and conduction. This indicates that the random-effects model 

may be more appropriate to pool these studies as the primary analysis for all outcomes, 

although the heterogeneity was not manifest in the statistical examinations and the results 

from both models turned out similar. It may be also a better practice to pre-specify the 

meta-analysis model based on the clinical assumption of heterogeneity, instead of 

determining the model based on the statistical examination, which is essentially a post 

hoc decision and may be biased by subjective choice.107 However, in this study, the 

primary analysis model was determined still by objective criteria, although it was after 
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pooling the data, and this did not bias the conclusion because the results from both models 

were almost the same.           

The estimation and calculation in the meta-analyses contained uncertainty and may be 

subject to potential bias. Given the low incidences of adverse events and the limited 

sample sizes of the included trials even though combined, most of the meta-analyses 

lacked sufficient statistical power to detect the small difference in the incidence between 

the treatment and the control groups. This resulted in low precision of the estimates of 

some adverse effects and left uncertainty about their associations with statins, especially 

for muscle disorders that were the rarest outcome. Continuity correction was applied to 

many studies that had zero outcome events in at least one group, which may have 

introduced bias when the sample sizes of the treatment and the control groups were 

unequal, leading to overestimation of the adverse effects (biasing the estimates away from 

1 when the true OR >1) and underestimation of the beneficial effects (biasing the 

estimates towards 1 when the true OR <1).274 In the absence of time-to-event data, the 

incidences of the outcomes in this review were calculated from the observed event rates 

and the average study duration across all involved trials, which may be inaccurate and 

lead to uncertainty about the comparison of the absolute risk difference between the 

efficacy and safety outcomes.         

Uncertainty of estimation was even more prominent in the network meta-analyses and 

the dose-response meta-analyses, due to the scarce data on specific drug types and doses. 

The few significant differences between drug types found in the network meta-analyses 

may be subject to a false discovery rate caused by the multiple tests performed within the 

network of treatment comparisons.275 Given the insufficient data, the Emax model in the 

dose-response meta-analyses was simplified by assuming a common Hill coefficient (the 
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steepness of the dose-response curve) of 1, which may not properly reflect the sensitivity 

of the dose-responsiveness of the effects.276   

3.4.4 Clinical implications 

3.4.4.1 Advising on concerns about adverse events 

In this review, the risk of muscle symptoms was found to be slightly increased with 

statin treatment by only 6%, suggesting that most of the muscle symptoms that have been 

commonly reported during statin treatment are unlikely to be caused by statins. This 

should help alleviate some concerns from statin users who have experienced muscle 

symptoms. In clinical practice, doctors may want to investigate other possible causes of 

patients’ muscle symptoms and carefully differentiate from the small proportion of statin-

induced symptoms, following some existing clinical guidance.52, 67 This could help 

manage patients’ intolerance to statins and avoid inappropriate treatment withdrawals.    

For the more serious muscle disorders, the association with statins was inconclusive in 

patients of primary prevention based on the current trial data, but the observed incidences 

with or without statins were both very low in this review. This suggests that concerns 

about muscle disorders should not deter the initiation of statin treatment in eligible 

patients in most cases. For some patients who may misperceive serious muscle disorders 

as being common with statin treatment, perhaps due to the confusion with muscle 

symptoms and the misleading media coverage, it may be helpful for doctors to clarify 

such misperception with the current evidence to alleviate some concerns. Especially for 

patients who have experienced muscle symptoms, it is important to inform patients that 

the risk of developing more serious muscle disorders is very low for most people before 

making any decisions.      
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The increased risk of liver dysfunction with statins shown in this review supports the 

current clinical recommendation for performing tests of liver function before the initiation 

of statin treatment.22 However, serious liver injuries were not reported in the included 

trials, indicating that the mild liver dysfunction defined by raised liver enzymes does not 

necessarily cause damage to the liver. This supports the current recommendation that 

statins are generally safe to be used in patients with non-critical liver diseases.12, 22 

Unlike in secondary prevention patients, statins were not found to increase the risk of 

diabetes in primary prevention patients in this review, which may be owing to the 

different patient characteristics or the lower doses of statins used in primary prevention. 

The effects of statins on renal function and eye conditions remain unclear based on the 

current inconsistent evidence, but serious outcomes were rarely reported in clinical trials. 

As such, the worries about diabetes, renal insufficiency, or eye conditions probably 

should not hinder the use of statin in most patients for primary prevention. 

3.4.4.2 Informing the trade-off between benefits and harms of treatment                     

Given the absolute risk increases of the adverse events and the risk reduction of the 

major cardiovascular events with statin treatment estimated in this review, the potential 

harms of statins overall do not outweigh their benefits in patients of primary prevention. 

As discussed above, the incidences of these adverse events are generally low and there is 

remaining uncertainty about their associations with statins due to the low statistical power 

of the analyses and the heterogeneity in the evidence. Compared to the major 

cardiovascular events, most of the reported adverse events are milder conditions with 

better prognoses and less disease burden.  

Although patients’ tolerance to these adverse events could vary by individual and 

adjusting statin treatment may be necessary depending on patients’ experience, it is 
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important to inform patients about the current evidence, as presented in this review and 

other studies, for patients to better consider the trade-off between benefits and harms 

before making any decisions. In particular, for patients who hesitate to take up statins for 

primary prevention due to concerns about statin safety, it could be helpful to reassure 

them with the presented evidence that the benefit-harm balance of statins for primary 

prevention is overall favourable for initiating the treatment, in order to avoid missing the 

opportunity to reduce the risk of cardiovascular events. 

3.4.4.3 Considerations for tailoring statin regimens 

As shown in this review, currently there is no evidence to support tailoring statin 

regimens by drug type or dose to reduce the risk of adverse events when initiating statin 

treatment for primary prevention. Cautions may be taken for prescribing atorvastatin at a 

higher dose when considering the risk of liver dysfunction. Overall, the absence of 

established explicit dose-response relationships for most of the adverse effects may 

alleviate some concerns about the current recommendations for the use of moderate to 

high-intensity statin regimens in primary prevention that have aimed at the treatment 

target.5, 177 The choice of which statin regimen to initiate for primary prevention may 

follow the clinical guidelines that take into account the goal of treatment.5, 7 Other existing 

guidance may help consider switching statin drugs or lowering the dose when patients 

have experienced adverse events,51, 67 but the effectiveness of such practices requires 

further understanding.                       



86 

 

3.4.5 Future research 

3.4.5.1 Observational studies of the associations between statins and serious 

adverse events 

Given the limitations of the evidence from clinical trials discussed above, observational 

studies could provide supplementary evidence to help better understand the associations 

between statins and adverse events. As the incidences of most adverse events of statins 

are low, observational studies could be designed with a large sample size and a long-term 

follow-up by leveraging data from routine healthcare records, in order to have sufficient 

statistical power to examine any small differences in the risks between statin users and 

non-users and therefore more precisely estimate the effects of statins on the adverse 

events.277 This would be particularly useful for examining the serious but rare adverse 

events, such as serious muscle disorders, liver injury, or renal failure, which lacked 

sufficient data in clinical trials as seen in this review.278 These serious outcomes that are 

usually diagnosed with objective clinical tests and examinations are also less likely to be 

biased by the potential ‘nocebo effects’ in observational studies. Compared to the highly 

selective participants in clinical trials, participants in observational studies are generally 

more representative of the target treatment population in clinical practice.279 These 

participants usually involve a wider range of patient groups with different characteristics, 

which provides an opportunity to explore potential variations of the adverse effects of 

statins by patient groups that may be useful for better-targeting statin treatment.277 

3.4.5.2 Meta-analysis of individual participant data focusing on safety outcomes 

Another approach to a finer examination of the adverse effects of statins and their 

potential variations by patient characteristics is the IPD meta-analysis of clinical trials.280 

More comprehensive and detailed data on safety outcomes may be sought from the 
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original records of the trials, which may partially address some bias due to selective 

reporting in publications and clarify unclear definitions of the adverse events in statin 

trials. With individual-level data, this approach also enables assessing the adverse effects 

in patients with certain characteristics.281 The above-mentioned CTT Collaboration, as 

the biggest research group for IPD meta-analysis of statin trials, has been focusing on 

analysing the efficacy outcomes and only very recently examined the data on muscle 

symptoms.267, 268 It is probably worth further efforts to examine the data on other adverse 

events based on the established collaboration.       

3.4.5.3 Exploring the variation of adverse effects by statin regimens  

The significant lack of trial data for drug comparison or dose-response relationship of 

statins’ adverse effects presented in this review poses the need for further evidence to 

understand the safety profiles of different statin regimens. One possible approach may be 

observational studies using rich data from prescribing records in clinical practice to 

compare different statin drugs.270 Previous studies have also used the data from healthcare 

records to examine the dose-response relationship of statins’ lipid-lowering effect, which 

may be also applied to examining the adverse effects.282 However, prescription data from 

routine practice may not be standardised or directly analysable, which may require 

advanced data management and data mining techniques. Such analyses may be also 

subject to confounding in observational data and caution is needed when interpreting the 

results.279 The consequences of switching statin drugs or adjusting statin doses to reduce 

the risk of adverse events and manage treatment intolerance when patients have 

experienced suspected symptoms also need to be further studied. This may be explored 

by pragmatic trials, such as n-of-1 trials, conducted in clinical settings to understand the 

effectiveness of such practices and identify the best strategy.283        
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3.5 Conclusion 

Based on current evidence from randomised controlled trials, statins were associated 

with small increases in the risk of self-perceived muscle symptoms, minor liver 

dysfunction, mild renal insufficiency, and eye conditions in patients without previous 

cardiovascular events, but their associations with muscle disorders or diabetes were not 

confirmed in these patients. The risk increases of the associated adverse events did not 

outweigh the risk reductions of major cardiovascular events associated with statin 

treatment, suggesting that the benefit-to-harm balance of statins for primary prevention 

of CVD is overall favourable for treatment. There was little evidence that these adverse 

effects varied by statin drug type or dose, and therefore tailoring statin regimens to 

address safety concerns when initiating statins for primary prevention is not currently 

supported. 
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Chapter 4 Predicting Personalised Risk of Serious 

Muscle Disorders in Patients Eligible for Statin 

Treatment: Derivation of the StatinMD Model 

4.1 Introduction 

4.1.1 Importance of personalising the risk of serious muscle disorders 

for statin treatment decision-making 

Knowing an individual’s baseline risk of treatment outcomes could help personalise 

clinical treatment decisions and support the implementation of stratified treatment 

strategies, which are two potential approaches towards better use of statins.56, 63 Currently, 

initiation of statin treatment is determined by an individual’s baseline risk of 

cardiovascular disease (CVD), with little consideration for the risk of potential adverse 

events.5-7 Given the widespread concerns about statin safety, providing information about 

the personalised risk of adverse events, in conjunction with the CVD risk, could help 

patients and doctors better consider the trade-off between benefits and harms of treatment 

and avoid inappropriate treatment decisions.30 In the meantime, stratifying statin 

treatment not only by the risk of CVD but also by the risk of adverse events could help 

better target statin treatment at the population with the most to gain and the minimum risk 

to suffer from the potential harm of treatment.63                  

As introduced in Chapter 1, muscle-related problems are the most commonly reported 

adverse event with statins and have become a major cause of poor adherence to statin 

treatment.20, 66 These muscle-related adverse events could have various clinical 

manifestations from mild muscle symptoms with normal or slightly increased blood 
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creatine kinase (CK) to serious muscle disorders with significantly increased CK of over 

10 times the upper limit of normal (ULN).20, 67 As shown in the systematic review in 

Chapter 3 and a recent large meta-analysis of individual participant data, most of the 

muscle symptoms are not caused by statins.267 In contrast, for muscle disorders, although 

the trial evidence in patients of primary prevention was not sufficient, as presented in 

Chapter 3, their associations with statins in the general population including both primary 

and secondary prevention patients is clearer based on evidence from other clinical trials 

and large observational studies.12, 25, 284 These serious conditions usually require clinical 

actions or hospitalisation and in the worst cases may end up in death, which makes them 

a major concern for patients and doctors in statin treatment decision-making.70, 284 Some 

studies have suggested that the relative effect of statins on muscle disorders could be 

large,12, 25 in which circumstance an individual’s baseline risk of muscle disorders 

becomes crucial in determining the absolute risk increase by treatment. Therefore, serious 

muscle disorders are considered the priority adverse event for risk personalisation in this 

thesis to assist statin treatment decision-making.               

4.1.2 Previous research and unfulfilled needs 

Unlike for the risk of CVD, there are very few tools available for predicting the 

personalised risk of potential adverse events of statins. A previous study developed a 

series of prediction models (the QStatin models) for four potential adverse events of 

statins, including myopathic events, liver dysfunction, acute renal failure, and 

cataracts.285 In the model for myopathic events, the defined outcome included milder 

muscle conditions with raised CK of over 4 times the ULN, which may not be necessarily 

the serious muscle disorders of concern and could be more common in the population, 

leading to a higher predicted risk. The population where this model was derived was not 

considered for eligibility for statin treatment, which may limit the applicability of this 
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model to the individuals who are considered for statin treatment in clinical practice. This 

model only predicted the 5-year risk of the outcome while the CVD risk is commonly 

predicted for 10 years,59, 60 which makes it difficult to directly compare the benefits to 

harms of statin treatment for an individual.  

Another study created a risk score for myopathy with CK of over 10 times the ULN 

based on patients who received simvastatin in three clinical trials.286 Since this risk score 

was derived from current statin users and considered the use of simvastatin only, it may 

not apply to assessing the baseline risk of myopathy for an individual who is under 

consideration for the initiation of statin treatment (potential new user) or the use of other 

commonly prescribed statins in clinical practice, such as atorvastatin. This risk score 

could be used to predict a short-term risk of myopathy in 6 months and a longer-term risk 

in 2 years only, which is also not directly comparable to the 10-year risk of CVD.    

More importantly, these two models did not take into account the competing risk in 

their prediction. As explained in Chapter 2, ignoring the competing risk could lead to an 

overestimation of the outcome risk.151 When predicting the adverse events of statins, the 

competing risk could exist because of deaths from causes other than the adverse events, 

which have happened before the onset of the adverse events. This competing risk could 

be high in the population eligible for statin treatment, who are relatively old and more 

likely to be multi-morbid.59 As such, the risk of adverse events may be largely 

overestimated if the competing risk is ignored. Overestimation of the risk of the adverse 

events may further exaggerate the widespread concerns about statin safety and lead to 

inappropriate treatment hesitation or withdrawal, which needs to be avoided given the 

generally low uptake of and poor adherence to statins.30, 35, 66                    
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4.1.3 Objectives of this chapter 

The objective of this chapter was to derive a prognostic model (the StatinMD model) 

to predict the risk of serious muscle disorders in 10 years (primarily), as well as in 1 and 

5 years, based on personal characteristics and medical history in the population 

potentially eligible for statin treatment. The model development aimed to improve the 

prediction accuracy by taking into account the competing risk in the risk prediction. The 

expected use of the StatinMD model was to better inform personalised clinical decision-

making on statin treatment and support the implementation of potential stratified statin 

treatment strategies.     

4.2 Methods 

4.2.1 Data source 

The development of the prediction model in this thesis was based on electronic 

healthcare records (EHR) from the Clinical Practice Research Datalink (CPRD), an 

ongoing collection of primary care data from a network of general practitioners (GP) 

across the UK, with linkage to other national health-related databases. These data have 

been demonstrated to be representative of the UK population.287 The model derivation in 

this chapter specifically used the primary care data from the CPRD GOLD database, 

which is contributed by the GPs who use the Version EHR system. The primary care data 

contain information on patients’ demographics, clinical diagnoses, laboratory tests, and 

treatment prescriptions. These data are linked by individual patient identification to the 

hospital episode statistics (HES) data from the National Health Service (NHS), the death 

registration data from the Office of National Statistics (ONS), and the index of multiple 

deprivation (IMD) data from the UK government administration database.  



93 

 

All the CPRD data used in this thesis are anonymised with encrypted patient 

identification and the CPRD holds ethics approval from the Health Research Authority to 

support research using these data.  

4.2.2 Study population and cohort design 

An open cohort was designed in individuals who were registered to a CPRD “up-to-

standard” GP in England since 1st January 1998 (the earliest date of the required data 

linkage and therefore the start date of this study) and were trackable in the linked 

databases. Statin treatment is currently recommended for individuals with a 10-year CVD 

risk over 10%, 7.5%, and 5% in the UK, the US, and the European clinical guidelines 

respectively, based on different risk prediction models.5-7 Statins could also be used in 

lower-risk patients with a high level of cholesterol and further lowering of the CVD risk 

threshold has been proposed for the coming UK guideline.6, 39 Therefore, in order to 

consider potentially wider statin users in clinical practice, this study included males over 

50 years old and females over 60, who were broadly corresponding to the population with 

10-year CVD risk over 5% based on the QRISK2 model that was commonly used in the 

UK during the study period.59 Participants entered the cohort on the start date of this study 

or the date when they turned the eligible age if it was later.  

Follow-up of the participants started from their index date, defined as 12 months after 

they entered the cohort, to allow baseline measurement of medication predictors 

described below. Participants exited the cohort on the date of death, being transferred out 

of their GP surgery, the GP’s latest upload of data, the end of the intended 10-year follow-

up, or 31st December 2018 (the latest date of the available data at the time of designing 

this study and therefore the end date of this study), whichever occurred first. Individuals 
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who exited the cohort before or on their index date were excluded due to the lack of 

follow-up data. The cohort design is illustrated in Figure 4.1. 

4.2.3 Outcome and competing event 

The outcome to be predicted was hospitalisation or death with a diagnosis of serious 

muscle disorders. These diagnoses were identified according to a list (Appendix 14) of 

the International Classification of Diseases (ICD) codes for serious muscle disorders that 

was created by searching the ICD code dictionary and consulting with clinicians. The first 

event of the outcome that occurred after the index date (the start of follow-up) was 

ascertained from the HES inpatient data and the ONS death registration data using the 

ICD code list. Follow-up of the participants who experienced the outcome ended on the 

date of their first outcome event.    

The competing event to the outcome was defined as death from other causes (without 

a diagnosis of muscle disorders). These deaths were ascertained from either the ONS 

death registration or the CPRD GOLD primary care records. Follow-up of the participants 

who experienced the competing event ended on the date of their death. If a participant’s 

death was recorded in both the ONS and the GOLD data with different dates, the ONS 

record was used.   

For other participants without the outcome or the competing event, follow-up was 

censored when they exited the cohort on the earliest date of the situations defined above: 

being transferred out of the GP, the latest data upload, the end of the 10-year follow-up, 

or the end of this study. 
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Figure 4.2 Design of the study cohort 
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4.2.4 Candidate predictors     

4.2.4.1 Identification of candidate predictors        

As a known risk factor for muscle disorders and for the purpose of assisting treatment 

decision-making in prospective and current statin users, the use of statins was included as one 

predictor in the model. Other candidate predictors in the model, including demographics, health 

status, comorbidities, and concomitant medications that have been reported as risk factors for 

muscle disorders, were identified and assessed based on the evidence of their associations with 

muscle disorders from the literature, their clinical relevance and importance evaluated by 

clinicians, and the data quality of the relevant recording in the CPRD databases.  

 Literature review 

Systematic reviews, narrative reviews, and clinical guidelines published by the end of 2020 

that reported one or more risk factors of muscle disorders were sought by searching the 

MEDLINE/PubMed database. The titles, abstracts, and full texts of the retrieved literature were 

screened to select those that provided a statistical measurement, a plausible biological 

mechanism, or a clinical empirical explanation of the potential association between a risk factor 

and muscle disorders. The potential risk factors were identified from the selected literature and 

the relevant information about the associations was extracted. For each identified risk factor, 

the overall strength of the evidence supporting their associations with muscle disorders was 

graded as strong, moderate, or weak, based on the assessment of the adequacy of the evidence 

and the likelihood of the association described in the evidence. The literature searching strategy, 

selection process, identified risk factors from each included review, criteria for evidence 

assessment, and the assessment results are provided in Appendix 15 – 19.  
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 Clinical evaluation 

The risk factors identified in the literature were further evaluated by two GPs for their clinical 

relevance and importance in primary care, the setting in which this prediction model would be 

used. The evaluation was conducted using a structured assessment form and the discrepancies 

between the GPs were resolved through discussion. Additional risk factors suggested by the 

GPs, which were not identified in the literature but believed to be clinically relevant to muscle 

disorders, were also considered as candidate predictors. 

For comorbidities, their prevalence in the population was also taken into account, to exclude 

rare conditions of which few events may be observed and the data is likely to be insufficient 

for statistical modelling. The prevalence data were sought from the literature and disease 

registries. For medications, two groups were distinguished by their different ways of 

associating with muscle disorders, either through interaction with statins or through 

independent myotoxicity, based on the literature.288, 289 Potential statin-interactive drugs were 

sought from the British National Formulary (BNF) clinical guidance and the myotoxic drugs 

were identified from the literature. A short list of drugs with a high likelihood of interaction 

with statins and a list of those with strong or moderate strength of the evidence supporting their 

association with muscle disorders were further selected, based on the BNF guidance, the 

relevant literature, and the opinions from the pharmacists. The clinical usage of each drug was 

assessed according to the prescription data from the OpenSafely database 

(https://www.opensafely.org/), to exclude drugs that were barely used in primary care. The 

specific criteria for clinical evaluation and the results are provided in Appendix 20 – 21.  

 Data quality assessment 

For each risk factor identified in the literature review, the quality of the relevant data in the 

CPRD databases was assessed in terms of availability of the relevant measurement, proportion 
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of missing data, and accuracy of data recording. The data quality was regarded as unacceptable 

if 1) the desired measurement was unavailable in the CPRD databases, 2) a large proportion of 

patients did not have the measurement, 3) the presence of the risk factor was not well captured 

in primary care, or 4) the records of the measurement were generally not accurate or reliable. 

This was determined based on the description in the CPRD data specifics handbook, reports of 

data quality from previous studies using CPRD data, exploration of a sample CPRD dataset, 

opinions from the CPRD data scientists, and clinical experience of recording primary care data 

from the GPs. The assessment results are provided in Appendix 22. 

 Assessment of overall eligibility as candidate predictors 

The overall assessment of the eligibility of each risk factor to be included in the model was 

based on the results from the literature review, clinical evaluation, and data quality assessment 

above. The eligible risk factors were those with strong or moderate strength of the evidence 

supporting their associations with muscle disorders or those with high or moderate clinical 

importance in primary care. Twenty-four candidate predictors were selected, including four 

demographics, four indicators for general health status, thirteen comorbidities, two groups of 

concomitant medications, and statin treatment. The statin-interactive medication included 14 

drugs and the myotoxic medication included 15 drugs. The full criteria for the overall selection 

and the results are provided in Appendix 23 – 24. 

4.2.4.2 Definition and ascertainment of predictor variables    

The definition of the model variables for the candidate predictors and the categorisation of 

those multinomial variables were based on previous studies, clinical recommendations, and 

considerations for the statistical modelling, as described in Table 4.1.  

Measurements of the non-medication predictors for an individual were ascertained from the 

CPRD GOLD primary care records, the linked HES inpatient records (supplementary data for 



99 

 

ethnicity only), and the IMD records (for deprivation level) before the start of the follow-up 

(the index date) for the individual. For ethnicity, alcohol consumption level, smoking status, 

and BMI level, the value was determined by the latest record before the index date and no 

record was regarded as missing data. For comorbidities, the presence was determined by the 

presence of any relevant records before the index date and no record was regarded as the 

absence of the comorbidities. The frailty index (FI) was calculated for each individual based 

on the presence of 36 deficits (comorbidities) as defined in the eFI model. Lists of medical 

codes that were used in the CPRD GOLD database for the relevant measurements of these 

predictors were compiled by searching the CPRD GOLD medical code dictionary and adopting 

previously published CPRD code lists from the CALIBER platform (now in the HDR UK 

Phenotype Library https://phenotypes.healthdatagateway.org/) and the CPRD Cambridge 

group (https://www.phpc.cam.ac.uk/pcu/research/research-groups/crmh/cprd_cam/codelists/). 

The lists were further reviewed by a GP.        

The use of statins and the two groups of concomitant medications was determined by recent 

prescriptions ascertained from the CPRD GOLD primary care records within the 12 months 

before the index date. No record of the relevant prescriptions during the 12 months was 

regarded as no use of the medications. Code lists for these mediations were created by searching 

the CPRD GOLD product code dictionary and based on the BNF chapters 

(https://bnf.nice.org.uk/). These lists were further reviewed by a pharmacist.    

For the use of statins, the specific drug was determined by the latest prescription in the 12 

months. Five statin drugs are currently in clinical use in the UK, including atorvastatin, 

fluvastatin, pravastatin, rosuvastatin, and simvastatin. Due to a very small proportion of the 

cohort population prescribed fluvastatin, the number of outcome events observed in fluvastatin 

users was insufficient for estimating the predictor parameter for the use of fluvastatin. In 

consultation with pharmacists, a post hoc categorisation of statin drugs was applied to the 
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model derivation, combining fluvastatin with pravastatin. This was based on their similar 

pharmacokinetic properties (both are not significantly metabolised by CYP450 3A enzymes 

and therefore potentially have a lower risk of drug interactions than other statins) and clinical 

administration (both are short-acting statins given at bedtime).48, 53  
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Table 4.1 Definitions of candidate predictor variables 

Predictor Description Definition 

Demographics   

Age Age on the date of cohort entry Years between the date of cohort entry and the year of birth 

Gender 

Two categories: 

Male 

Female 

As coded in CPRD GOLD data 

Ethnicity 

Four categories: 

White 

Black 

South Asian 

Mixed & Other 

As defined in the 2001 UK census290 

Deprivation 

Five categories: 

Level 1 (the least deprived) 

Level 2 

Level 3 

Level 4 

Level 5 (the most deprived) 

As coded in the IMD data and defined by the population quintiles of 

patient-level IMD value 

Health Status Indicators   

Alcohol Consumption 

Three categories: 

Non-drinker 

General drinker 

High-risk drinker 

 

Non-drinker: CPRD-coded non-drinker and ex-drinker 

General drinker: CPRD-coded trivial drinker, light drinker and other non-

specified drinkers, or with a recorded weekly drinking unit ≤ 14 

High-risk drinker: CPRD-coded moderate drinker and heavy drinker, or 

with a recorded weekly drinking unit > 14 (as defined in the NHS 

recommendation291), or with alcoholism-related diagnoses 
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Smoking Status 

Three categories: 

Non-smoker 

Ex-smoker 

Current smoker 

As coded in the CPRD GOLD data 

Body Mass Index (BMI) Level 

Five categories: 

Normal 

Underweight 

Overweight 

Obese 

Morbidly obese 

Normal: with a recorded BMI of 18.5 – 25 or CPRD-coded normal BMI 

level 

Underweight: with a recorded BMI < 18.5 or CPRD-coded underweight 

conditions 

Overweight: with a recorded BMI of 25 – 30 or CPRD-coded overweight 

conditions 

Obese: with a recorded BMI of 30 – 40 or CPRD-coded obese conditions 

Morbidly obese: with a recorded BMI > 40 or CPRD-coded morbidly obese 

conditions 

(BMI levels were defined as in the NHS recommendation292) 

Frailty Index (FI) 
A score of 0 – 1 describing the 

severity of frailty 
Calculated based on 36 deficits as defined in the eFI model293 

Comorbidities   

Cardiovascular Disease (CVD) 
Presence or absence of a history of 

CVD 

Presence: a diagnosis of coronary heart diseases, peripheral vascular 

diseases, heart failure, stroke, or transient ischaemic attack, or a history of 

cardiac surgery before the index date 

Absence: no record of the diagnoses defined above 

Hypertension 
Presence or absence of a history of 

hypertension 

Presence: a diagnosis of primary or secondary hypertension before the 

index date 

Absence: no record of the diagnoses defined above 

Diabetes 
Presence or absence of a history of 

diabetes 

Presence: a diagnosis of type 1, type 2, or secondary diabetes before the 

index date 

Absence: no record of the diagnoses defined above 



103 

 

Mild Liver Disease 
Presence or absence of a history of 

mild liver disease 

Presence: a diagnosis of mild alcoholic liver diseases, non-alcoholic fatty 

liver diseases, or viral hepatitis before the index date 

Absence: no record of the diagnoses defined above 

Kidney Disease 
Presence or absence of a history of 

kidney disease 

Presence: a diagnosis of chronic kidney diseases or acute kidney injury, or 

a history of dialysis before the index date 

Absence: no record of the diagnoses defined above 

Rheumatic Arthritis 
Presence or absence of a history of 

rheumatic arthritis 

Presence: a diagnosis of rheumatic arthritis or related complications before 

the index date 

Absence: no record of the diagnoses defined above 

Previous Muscle Problems 
Presence or absence of a history of 

muscle problems 

Presence: a diagnosis of myalgia, myositis, myopathy, or rhabdomyolysis 

before the index date 

Absence: no record of the diagnoses defined above 

Degenerative Joint Disorder 
Presence or absence of a history of 

degenerative joint disorder 

Presence: a diagnosis of osteoarthritis or spondylosis before the index date 

Absence: no record of the diagnoses defined above 

Chronic Obstructive Pulmonary 

Disease (COPD) 

Presence or absence of a history of 

COPD 

Presence: a diagnosis of COPD or COPD-related complications before the 

index date 

Absence: no record of the diagnoses defined above 

Hyperuricaemia 
Presence or absence of a history of 

hyperuricaemia 

Presence: a diagnosis of hyperuricaemia, uric acid-related calculus, uric 

acid-related nephropathy, or gout, or a test result of serum uric acid > 

420umol/L294 before the index date 

Absence: no record of the diagnoses defined above 

Hypothyroidism 
Presence or absence of a history of 

hypothyroidism 

Presence: a diagnosis of symptomatic or subclinical hypothyroidism, or a 

test result of serum thyroid stimulating hormone > 10mU/L295 before the 

index date 

Absence: no record of the diagnoses defined above 
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Vitamin D Deficiency 
Presence or absence of a history of 

vitamin D deficiency 

Presence: a diagnosis of vitamin D deficiency or related complications, or a 

test result of serum total vitamin D/25-hydroxy vitamin D < 25nmol/L296 

before the index date 

Absence: no record of the diagnoses defined above 

Vitamin B12 Deficiency 
Presence or absence of a history of 

vitamin B12 deficiency 

Presence: a diagnosis of vitamin B12 deficiency or related complications, or 

a test result of serum vitamin B12 < 200ng/L297 before the index date 

Absence: no record of the diagnoses defined above 

Medications   

Statins 

Five categories: 

No statins 

Atorvastatin 

Rosuvastatin 

Simvastatin 

Fluvastatin/Pravastatin 

No statins: no record of prescription of any statins within the 12 months 

before the index date  

Other statin groups: defined by the latest prescription of statins within the 

12 months before the index date 

Statin-interactive Drugs 
Presence or absence of the use of 

statin-interactive drugs 

Presence: prescription of any of the selected statin-interactive drugs (see 

Appendix 24) 

Absence: no record of prescription of the drugs defined above 

Myotoxic Drugs 
Presence of absence of the use of 

myotoxic drugs 

Presence: prescription of any of the selected myotoxic drugs (see Appendix 

24) 

Absence: no record of prescription of the drugs defined above 
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4.2.5 Sample size calculation 

The minimum sample size required for the model derivation was calculated following 

the steps and the criteria recommended for developing a multivariable prediction model 

with a time-to-event outcome.298 The parameters required for the sample size calculation 

were chosen based on the information from the previous similar models and other 

studies.270, 285  

The number of predictor coefficients in the model was expected to be 40. According to 

the definition and categorisation of the predictor variables above, a total of 38 coefficients 

for these variables need to be estimated, including one coefficient for each continuous or 

dichotomous variable and one coefficient for each category of each multinomial variable 

(except the reference category). An allowance of 2 more coefficients was considered for 

potential transformation terms of the two continuous variables. Given the statistics of the 

QStatin model performance,285 the adjusted Cox-Snell 𝑅2 statistic (𝑅𝐶𝑆
2 ) of the model to 

be derived was expected to be around 0.0004 and the maximum apparent 𝑅𝐶𝑆
2  was 

expected to be 0.0109. Based on a previous observational study in two million primary 

care patients in the UK, the incidence rate of muscle disorders in this study was estimated 

to be 1 per 10,000 person-years, with an expected average follow-up of 7 years.270 

Based on this information, the minimum sample size was calculated to be around 

900,000 individuals. This sample size ensured a small optimism in the estimation of 

predictor effects, defined by a global shrinkage factor (𝑆) of the model bigger than 0.9 

and a small absolute difference (less than 0.0005) between the model’s apparent and 

adjusted Nagelkerke’s 𝑅2  statistic (𝑅𝑁
2 ). Both of these would reduce the potential 

overfitting of the model that are generally caused by an insufficient sample size. The 

minimum sample size also fulfilled the criterion for precise prediction of the overall risk 
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of the outcome, with an expected absolute margin of error less than 0.0001. This sample 

size would yield at least 630 events of the outcome, based on the expected incidence rate 

and the average follow-up. As such, the number of events per predictor coefficient (EPP) 

in the model would be 15.7, which was larger than the commonly suggested 10 EPP as a 

simple rule of thumb.299  

The actual sample size of the study cohort was much larger than this required sample 

size, with more observed events of the outcome.                    

4.2.6 Statistical analysis 

4.2.6.1 Descriptive analysis 

 Baseline characteristics and follow-up 

The distribution of each candidate predictor in the cohort before the start of follow-up 

was reported to outline the baseline characteristics of the study population. The mean and 

the standard deviation (SD) were used to describe the continuous predictor variables. The 

frequency and the corresponding percentage were used for the categorical variables. The 

median and the interquartile range (IQR) were used to summarise the observed follow-up 

time across all individuals in the cohort.    

 Outcome incidence 

The crude incidence of the outcome (serious muscle disorders), without considering 

the censorship, was reported as the proportion of the total outcome events observed in the 

cohort population throughout the 10-year follow-up. The average incidence rate over the 

10 years was reported as the number of events per 10,000 person-years.  

With consideration of the censorship, the cumulative incidence of the outcome for a 

time period of interest was calculated using the Aalen-Johansen estimator.300 Compared 
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to the classic Kaplan-Meier estimator for a single cause of failure in survival analysis,301 

the Aalen-Johansen estimator can be used when multiple causes of failure exist, such as 

a competing event, and avoid overestimation of the outcome incidence. This estimation 

was conducted in R using the package ‘survival’. The estimated cumulative incidences of 

the outcome, with their 95% confidence intervals (CI), for 1, 5, and 10 years were reported 

and the cumulative incidence curve over 10 years was plotted based on the estimates.            

 Competing risk 

The crude incidence, incidence rate, and cumulative incidence for 1, 5, and 10 years of 

the competing event were calculated and reported through the same approaches for the 

outcome, as described above. To investigate the impact of the competing risk, the 

cumulative incidence of the outcome was re-estimated using the Kaplan-Meier method, 

assuming no competing events. The re-estimated incidences and the 10-year cumulative 

incidence curve were compared to those by the Aalen-Johansen method.     

4.2.6.2 Model derivation 

4.2.6.2.1 The Fine-Gray model and the model parameters to be estimated 

As introduced in Chapter 2, the Fine-Gray model was chosen to derive the prognostic 

prediction model in this thesis, in order to reduce overestimation and directly estimate the 

outcome incidence in the presence of competing risk.154 The Fine-Gray model regressed 

the subdistribution hazard (𝑠ℎ(𝑡)), an instantaneous rate of the outcome occurrence at a 

specific time point (𝑡) with the presence of competing events, on a set of predictors (𝑥𝑖), 

constructed as: 

𝑠ℎ(𝑡) = 𝑠ℎ0(𝑡) exp(𝛽1𝑥1 + 𝛽2𝑥2 +⋯+ 𝛽𝑖𝑥𝑖)  (Equation 4.1) 
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The model parameters to be estimated were the baseline subdistribution hazard (𝑠ℎ0(𝑡)) 

and the coefficients (𝛽𝑖) of the predictor variables. The baseline subdistribution hazard is 

the subdistribution hazard of the outcome when all the predictor variables are set to their 

baseline values which are usually zero or the mean values in the population.147 The 

coefficient of each predictor variable determines how the predictor contributes to the 

variation of the subdistribution hazard of the outcome.132 Its exponential form is the 

subdistribution hazards ratio (SHR) that indicates the change of the subdistribution hazard 

when the value of the predictor variable is changed by 1 unit. The linear function that 

combines all predictor variables and their coefficients (∑ 𝛽𝑖𝑥𝑖𝑖=1 ) is called the linear 

predictor or the prognostic index.129  

This modelled subdistribution hazard integrated over time is the cumulative 

subdistribution hazard (𝑆𝐻(𝑡) ) of the outcome, which can be transformed into the 

cumulative incidence function (𝐶𝐼𝐹(𝑡) ) that gives the desired absolute risk of the 

outcome over a time period (𝑡).156 Upon the transformation, an individual’s predicted risk 

of the outcome can be expressed by the following equation, incorporating the individual’s 

prognostic index (PI):  

𝐶𝐼𝐹(𝑡) = 1 − (1 − 𝐶𝐼𝐹0(𝑡))
exp⁡(𝑃𝐼)

  (Equation 4.2) 

The baseline cumulative incidence function (𝐶𝐼𝐹0(𝑡) ) is the baseline risk of the 

outcome when an individual has all the predictors equivalent to the baseline values (zero 

or the mean values) in the population.  

4.2.6.2.2 Model diagnosis and specification 

To more efficiently check whether the prerequisite assumptions for the Fine-Gray 

model are fulfilled with the data and specify any necessary transformation of the model 

variables, the model was first fitted with the complete-case data in the cohort participants 
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who had no missing data in any predictors, given the smaller sample size compared to the 

full cohort and no need for imputing missing data. To assist the model convergence and 

interpretation, the frailty index was scaled up ten times from the range of 0-1 to the range 

of 0-10 before fitting the model.     

 Diagnosis of model assumption: proportionality of subdistribution hazards 

The Fine-Gray model assumes proportional subdistribution hazards, which enables the 

coefficients of the predictor variables to be constant over time.302 This assumption was 

examined using the Schoenfeld residuals plot.303 The Schoenfeld residual is the difference 

between the observed value of a predictor on an individual and the individual’s expected 

value of the predictor from the model, calculated at the time point when the individual 

experiences the outcome event. The Schoenfeld residuals for each predictor were plotted 

against the time and a smoothing line was fitted to the plot to inspect the pattern. A 

roughly horizontal line centred at 0 indicates that the proportionality of subdistribution 

hazards is established. 

To obtain the Schoenfeld residuals, the model was fitted to the complete-case data 

using R with the package ‘cmprsk’ that can calculate and report the residuals from the 

fitted competing risk model. The complete-case sample covered the whole period of 

follow-up in the cohort and was believed to be sufficient for identifying any significant 

violation of the proportionality assumption.                 

 Diagnosis of model assumption: linearity of continuous variables 

Another essential assumption in the Fine-Gray model is the linearity of the relationship 

between each continuous predictor variable and the logarithm (log) of the subdistribution 

hazard of the outcome, which allows the prognostic index in the model to be a simple 

linear function of all predictor variables and linked to the subdistribution hazard of the 
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outcome through an exponential function. This linear relationship can be inspected 

graphically by plotting the log SHRs, which denote the magnitudes of the change in the 

log subdistribution hazard, against the values or magnitudes of a predictor variable.304 A 

roughly straight line suggests that the assumption of linearity is held. 

In order to obtain the log SHRs for each continuous variable across the range of their 

values in a practical manner, the continuous variables in this study (age and frailty index) 

were categorised by the twenty percentiles of their values and included in the model as 

categorised variables. The model was fitted to the complete-case data using the package 

‘fastcmprsk’, which does not provide the residuals as the ‘cmprsk’ does but accelerates 

the intensive computing for the competing risk model in a large dataset.305 The log SHRs 

for each variable from the model were then plotted in the order of the twenty categories 

and a smoothing line was laid on each plot.  

 Model specification: transformation of continuous variables  

When a non-linear association between a continuous variable and the log 

subdistribution hazard of the outcome hazard was observed, the factional polynomial (FP) 

function was used to transform the continuous variable to rebuild a linear relationship 

with the outcome.306 The FP function allows for multiple power transformation terms, 

where the power in each transformation is chosen from a set of suggested numbers 

(power = {−2,−1,−0.5, 0, 0.5, 1, 2, 3}, where 0 denotes the log transformation). The FP 

function that fits the data best was determined by comparing the models with the more 

complex second-degree FP functions (includes two transformation terms of the variable) 

to those with the simpler first-degree FP functions (includes only one transformation 

term), through a closed test procedure with a significance level of 𝛼 ≤ 0.05.307  



111 

 

Due to the lack of an efficient R package to implement the FP function selection 

procedure for a competing risk model, the selection of the optimal FP function in this 

study was performed using the ‘mfp’ package based on the Cox model that shares similar 

model assumptions and statistical fundaments as the Fine-Gray model. This process was 

also based on the complete-case data. The transformed terms of the continuous variable 

using the selected FP function, instead of the original form of the variable, were used in 

the following model estimation.   

4.2.6.2.3 Model estimation and finalisation 

Upon the fulfilment of the prerequisite assumptions and with the specified 

transformation, the model was fitted to the data of the whole cohort to estimate the model 

parameters. The missing data in the whole cohort were imputed using multiple 

imputation,167 as introduced in Chapter 2. According to the estimates, the candidate 

predictors were further reviewed to finalise the inclusion of the predictors in the model. 

The specific steps are described below: 

 Imputation of missing data  

In this study, the values of the variable ‘deprivation level’ were missing in less than 1% 

of the cohort population and, for practical purposes, these missing data were simply 

imputed by replacing the missing values with the most common level of deprivation in 

the cohort. Four other variables (ethnicity, alcohol consumption, smoking status, and BMI 

level) presented larger proportions of missing data and the multivariate imputation by 

chained equations (MICE) was used to impute the missing data.174  

As explained in Chapter 2, the multiple imputation of the four variables was based on 

the assumption of missing at random (MAR), which assumes that the potential differences 

between their missing values and observed values could be explained by other variables 
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observed in this study.167 For ethnicity, a previous study showed that individuals with 

more frequent medical encounters were more likely to have their ethnicity recorded and 

the frequency of medical encounters may be influenced by an individual’s health status, 

such as frailty index and comorbidities that were also recorded in this study.308 Alcohol 

consumption, smoking status, and BMI level also have been shown to be more commonly 

recorded in individuals with a higher degree of multi-morbidity.163 For example, alcohol 

consumption may be better recorded in individuals with liver diseases, smoking status 

may be better recorded in individuals with COPD, and BMI level may be better recorded 

in individuals with diabetes or CVD. Therefore it is reasonable to assume that the four 

variables were missing at random, conditional on other variables in this study, and the 

missing values could be imputed based on the observed data in the cohort.                   

A multinomial logistic regression model was used to impute the unordered categorical 

variable (ethnicity) and an ordered logistic regression model was used for each of the 

other three variables (alcohol consumption, smoking status, BMI level). Each imputation 

model included all the candidate predictors measured in this study, two variables 

indicating the occurrence of the outcome and the competing event, as well as two 

variables of the cumulative hazards of the outcome and the competing event estimated by 

the Nelson-Aalen estimator, in order to reduce the potential bias from imputation.171  

Ten imputations were conducted, which has been suggested to be a sufficient number 

of imputations needed in most cases.167 The imputations were performed in R using the 

‘mice’ package that implements the MICE approach to impute multiple variables at one 

time.309 To inspect the appropriateness and robustness of the imputation results, 

histograms were plotted to compare the distribution of the observed data and the imputed 

data from each imputation. 
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 Model fitting in each imputed dataset  

The model with all the candidate predictors was fitted in each of the ten imputed 

datasets using the R package ‘fastcmprsk’. The estimate and the standard error (SE) of 

the coefficient of each predictor as well as the corresponding SHR with 95% CI from the 

fitted model were reported. The standard error of the coefficient estimate was obtained 

using the bootstrapping technique with 100 times resampling, assisted by parallel 

computing with multiple cores.  

Before fitting the model, the transformed variables of age were centred on their mean 

value in the cohort population to derive a more meaningful baseline incidence of the 

outcome from the model, which represented the outcome risk when an individual is at the 

age corresponding to the average level in the population instead of a senseless age of zero. 

When fitting the model in each dataset, the baseline cumulative subdistribution hazards 

(𝑆𝐻0(𝑡)) of the outcome in 1, 5, and 10 years were estimated by the Breslow method, 

which were further transformed into the baseline cumulative incidence functions of the 

outcome by the following equation: 

𝐶𝐼𝐹0(𝑡) = 1 − exp⁡(−𝑆𝐻0(𝑡))  (Equation 4.3)         

 Combination of estimates across imputed datasets 

The estimates of each predictor coefficient from the ten imputed datasets were 

combined into a final estimate using the Rubin’s rules.167 The pooled estimate was the 

mean of the ten estimates from the imputed datasets and the total variance for the pooled 

estimate took into account both the variance within each imputed dataset and the variance 

between the datasets. The corresponding SHR with 95% CI for each predictor was also 

reported based on the pooled coefficient. The estimates of the baseline cumulative 
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incidence were also combined using the Rubin’s rules, after a complementary log-log 

transformation.170  

 Final model: selection of final predictors  

As highlighted in Chapter 2, the inclusion of the predictors in a clinical prediction 

model should consider clinical relevance and purpose rather than solely rely on statistical 

significance, to avoid eliminating clinically meaningful predictors.134, 135 In line with this 

principle, this study did not employ any statistical selection algorithm when fitting the 

model and, instead, the candidate predictors were further reviewed after the model was 

fitted. Candidate predictors with non-significant coefficients (significance level 𝛼 = 0.05) 

were regarded as having insufficient predicting capability for the outcome and excluded 

from the final model. However, those predictors that were considered clinically important 

and relevant in treatment decision-making could remain in the final model regardless of 

the statistical significance of their coefficients. 

With the selected final predictors, the model was re-fitted in each imputed dataset and 

the estimates of the model parameters were combined across the datasets, through the 

same process described above.  

4.3 Results 

4.3.1 Population characteristics 

A total of 1,785,207 individuals were included in the cohort, with a median follow-up 

of 6.6 years (IQR: 2.8 – 10). The mean age of all participants was 64 (SD: 11.5) and 

785,238 (44%) of them were women. The majority (95%) of the participants with 

recorded ethnicity were identified as white. A large proportion (61%) of the participants 

with recorded alcohol consumption were general or high-risk drinkers, while only 18% 
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of those with recorded smoking status were current smokers. For the participants with 

recorded BMI, 62% were above the normal level, including 22% with obesity or morbid 

obesity. The most common comorbidities were hypertension (26%), degenerative joint 

disorders (19%), and cardiovascular disease (15%). A considerable proportion (20%) of 

the participants were prescribed at least one of the defined myotoxic drugs (other than 

statins). A total of 14% of the participants were recently prescribed statins, with 

simvastatin (8%) as the most commonly prescribed followed by atorvastatin (4%).  

Excluding the participants with missing data, the complete-case subcohort included 

914,457 participants, whose baseline characteristics were similar to the whole cohort. The 

detailed baseline characteristics of the cohort participants are presented in Table 4.2. 

Table 4.2 Baseline characteristics of the cohort participants 

Baseline Characteristics The Whole Cohort Complete-Case Subcohort 

Total number of patients 1,785,207 914,457 

Years of follow-up (median and IQR) 6.6 (2.8 – 10.0) 7.2 (3.1-10.0) 

Demographics 
 

 

Age (mean and SD) 64.0 (11.5) 63.6 (10.4) 

Gender 
 

 

Male 999,969 (56.0%) 488,112 (53.4%) 

Female 785,238 (44.0%) 426,345 (46.6%) 

Ethnicity 
 

 

White 1,193,371 (66.9%) 860,304 (94.1%) 

Black 18,238 (1.0%) 14,913 (1.6%) 

South Asian 22,619 (1.3%) 18,244 (2.0%) 

Mixed and other 27,186 (1.5%) 20,996 (2.3%) 

Missing 523,793 (29.3%) / 

Deprivation 
 

 

Level 1 (least deprived) 423,260 (23.7%) 206,265 (22.6%) 
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Level 2 409,934 (23.0%) 208,051 (22.8%) 

Level 3 383,727 (21.5%) 194,187 (21.2%) 

Level 4 314,029 (17.6%) 167,245 (18.3%) 

Level 5 (most deprived) 252,628 (14.2%) 138,709 (15.2%) 

Missing 1,629 (0.1%) / 

Health Status Indicators 
 

 

Alcohol consumption 
 

 

Non/Ex-drinker 279,213 (15.6%) 197,319 (21.6%) 

General drinker 973,783 (54.6%) 644,619 (70.5%) 

High-risk drinker 119,158 (6.7%) 72,519 (7.9%) 

Missing 413,053 (23.1%) / 

Smoking 
 

 

Non-smoker 850,660 (47.7%) 499,560 (54.6%) 

Ex-smoker 359,202 (20.1%) 231,468 (25.3%) 

Current smoker 320,494 (18.0%) 183,429 (20.1%) 

Missing 254,851 (14.3%) / 

BMI level 
 

 

Normal 495,609 (27.8%) 319,871 (35.0%) 

Underweight 23,949 (1.3%) 15,344 (1.7%) 

Overweight 542,577 (30.4%) 363,409 (39.7%) 

Obese 279,006 (15.6%) 196,242 (21.5%) 

Morbidly obese 26,274 (1.5%) 19,591 (2.1%) 

Missing 417,792 (23.4%)  

Frailty index (mean and SD) 0.062 (0.064) 0.072 (0.067) 

Comorbidities 
 

 

CVD 267,710 (15.0%) 150,764 (16.5%) 

Hypertension 470,050 (26.3%) 292,097 (31.9%) 

Diabetes 136,048 (7.6%) 99,731 (10.9%) 

Mild liver diseases 4,308 (0.2%) 2,924 (0.3%) 

Kidney diseases 67,540 (3.8%) 45,519 (5.0%) 



117 

 

Rheumatic arthritis 22,325 (1.3%) 12,990 (1.4%) 

Previous muscle problems 85,581 (4.8%) 52,926 (5.8%) 

Degenerative joint disorders 343,640 (19.3%) 206,491 (22.6%) 

COPD 62,410 (3.5%) 36,189 (4.0%) 

Hyperuricaemia 74,502 (4.2%) 46,330 (5.1%) 

Hypothyroidism 87,452 (4.9%) 54,075 (5.9%) 

Vitamin D deficiency 7,739 (0.4%) 5,999 (0.7%) 

Vitamin B12 deficiency 26,224 (1.5%) 17,474 (1.9%) 

Concomitant Medications 
 

 

Statin-interactive drugs 156,335 (8.8%) 95,576 (10.5%) 

Myotoxic drugs 362,595 (20.3%) 221,062 (24.2%) 

Statin Treatment 
 

 

No statins 1,537,894 (86.2%) 742,017 (81.1%) 

Atorvastatin 74,350 (4.2%) 52,091 (5.7%) 

Fluvastatin 3,518 (0.2%) 2,292 (0.3%) 

Pravastatin 13,564 (0.8%) 9,372 (1.0%) 

Rosuvastatin 6,555 (0.4%) 4,889 (0.5%) 

Simvastatin 149,326 (8.4%) 103,796 (11.4%) 

IQR: interquartile range; SD: standard deviation; BMI: body mass index; CVD: cardiovascular disease; 

COPD: chronic obstructive pulmonary disease. 

4.3.2 Outcome incidence and competing risk 

A total of 5,723 cases of defined serious muscle disorders were observed in the cohort 

over the 10-year follow-up, with a crude incidence of 0.3% and an incidence rate of 5 per 

10,000 person-years. A total of 431,320 competing events (deaths from causes other than 

muscle disorders) occurred during the follow-up, with a crude incidence of 24.2% and an 

incidence rate of 391 per 10,000 person-years. The estimated cumulative incidences of 

serious muscle disorders and the competing events for 1, 5, and 10 years in the cohort are 

reported in Table 4.3.  
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Table 4.3 Cumulative incidences of the outcome and the competing event 

Cumulative Incidence 

(95% CI) 

Muscle Disorder 

Competing Event 
Unadjusted 

Adjusted By 

Competing Risk 

1-year 0.040% 

(0.037% - 0.044%) 

0.040% 

(0.037% - 0.042%) 

3.49% 

(3.47% - 3.52%) 

5-year 0.22% 

(0.21% - 0.22%) 

0.20% 

(0.19% - 0.20%) 

16.73% 

(16.67% - 16.79%) 

10-year 0.56% 

(0.54% - 0.58%) 

0.45% 

(0.44% - 0.47%) 

33.28% 

(33.20% - 33.37%) 

CI: confidence interval 

After adjusting for the competing risk, the estimated 10-year cumulative incidence of 

serious muscle disorders reduced from 0.56% (95% CI: 0.54% - 0.58%) to 0.45% (95% 

CI: 0.44% - 0.47%), as illustrated in Figure 4.2. The 1-year and 5-year incidences also 

reduced after the adjustment by competing risk. 

 

Figure 4.2 Cumulative incidence curves of serious muscle disorders in the StatinMD 

model derivation cohort with and without adjustment by the competing risk   
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4.3.3 Derivation of the StatinMD model 

The model assumption of the proportional subdistribution hazards was fulfilled for all 

the candidate predictors, as shown in the Schoenfeld residuals plots (Appendix 25) where 

a horizontal line centred at around 0 appeared in each plot. The continuous variable frailty 

index was found to be linearly associated with the subdistribution hazards of the outcome, 

while age presented a non-linear relationship with the outcome, as shown in the log SHR 

plots (Appendix 26). A second-degree FP function was therefore selected to transform 

age into two terms in the model: 

⁡𝐴𝑔𝑒𝐹𝑃1 = (
𝑎𝑔𝑒

100
)
−2

 

𝐴𝑔𝑒𝐹𝑃2 = (
𝑎𝑔𝑒

100
)
−2

× ln (
𝑎𝑔𝑒

100
) 

 

As shown in Appendix 27, the imputed data for model estimation showed a similar 

distribution as the observed data and consistency across the ten imputed datasets. Based 

on the imputed data, estimates of the coefficients of all the candidate predictors in the 

initial model are reported in Appendix 28. The candidate predictors COPD (SHR: 0.90, 

95% CI: 0.79 – 1.02) and hyperuricaemia (SHR: 1.07, 95% CI: 0.96 – 1.20) were both 

found with non-significant coefficients and excluded from the final model. Although 

ethnicity was also found to have little predictive capability, it was considered an essential 

patient characteristic in clinical practice and remained in the final model. 

Estimates of the coefficients of the included predictors in the final StatinMD model 

from each imputed dataset are provided in Appendix 29 and the pooled estimates across 

all imputed datasets are presented in Table 4.4. All the statin treatments were predictive 
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for an increased risk of serious muscle disorders, compared to no statin treatment 

(atorvastatin: SHR = 1.77 [95% CI: 1.58 – 1.97], rosuvastatin: SHR = 2.04 [95% CI: 1.58 

– 2.63], simvastatin: SHR = 1.58 [95% CI: 1.45 – 1.71], fluvastatin/pravastatin: SHR = 

1.38 [95% CI: 1.14 – 1.68]). Other strong predictors for an increased risk of serious 

muscle disorders were previous muscle problems (SHR = 6.24 [95% CI: 5.87 – 6.64]), 

vitamin D deficiency (SHR = 2.65 [95% CI: 2.12 – 3.30]), and the use of myotoxic drugs 

(SHR = 2.04 [95% CI: 1.93 – 2.71]). 
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Table 4.4 Predictor coefficients in the StatinMD model 

Predictor Coefficient (SE) SHR (95% CI) 

Demographics   

Age   

Age FP1 3.790 (0.173) 44.24 (31.52-62.09) 

Age FP2 3.253 (0.177) 25.87 (18.27-36.63) 

Gender   

Male Reference level Reference level 

Female 0.588 (0.034) 1.80 (1.69-1.92) 

Ethnicity   

White Reference level Reference level 

Black 0.033 (0.159) 1.03 (0.76-1.41) 

South Asian -0.039 (0.124) 0.96 (0.76-1.23) 

Mixed and other 0.155 (0.109) 1.17 (0.94-1.45) 

Deprivation   

Level 1 (Least deprived) Reference level Reference level 

Level 2 0.103 (0.043) 1.11 (1.02-1.21) 

Level 3 0.137 (0.042) 1.15 (1.06-1.25) 

Level 4 0.176 (0.040) 1.19 (1.10-1.29) 

Level 5 (Most deprived) 0.159 (0.045) 1.17 (1.07-1.28) 

Health Status Indicators   

Alcohol consumption   

Non-drinker/Ex-drinker Reference level Reference level 

General drinker -0.171 (0.032) 0.84 (0.79-0.90) 

High-risk drinker -0.424 (0.075) 0.65 (0.56-0.76) 

Smoking   

Non-smoker Reference level Reference level 

Ex-smoker 0.283 (0.033) 1.33 (1.24-1.41) 

Current smoker 0.195 (0.040) 1.22 (1.12-1.31) 
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BMI level   

Normal Reference level Reference level 

Underweight 0.090 (0.103) 1.09 (0.89-1.34) 

Overweight 0.139 (0.033) 1.15 (1.08-1.23) 

Obese 0.396 (0.043) 1.49 (1.37-1.62) 

Morbidly obese 0.489 (0.068) 1.63 (1.43-1.86) 

Frailty index 0.361 (0.026) 1.43 (1.36-1.51) 

Comorbidities   

CVD -0.383 (0.043) 0.68 (0.63-0.74) 

Hypertension -0.122 (0.033) 0.88 (0.83-0.94) 

Diabetes -0.214 (0.047) 0.81 (0.74-0.89) 

Mild liver diseases 0.688 (0.181) 1.99 (1.39-2.84) 

Kidney diseases 0.302 (0.051) 1.35 (1.22-1.49) 

Rheumatic arthritis 0.455 (0.068) 1.58 (1.38-1.80) 

Previous muscle problems 1.832 (0.032) 6.24 (5.87-6.64) 

Degenerative joint disorders 0.314 (0.032) 1.37 (1.29-1.46) 

Hypothyroidism 0.257 (0.045) 1.29 (1.18-1.41) 

Vitamin D deficiency 0.974 (0.113) 2.65 (2.12-3.30) 

Vitamin B12 deficiency 0.506 (0.072) 1.66 (1.44-1.91) 

Concomitant Medications   

Statin-interactive drugs 0.216 (0.037) 1.24 (1.15-1.33) 

Myotoxic drugs 0.714 (0.030) 2.04 (1.93-2.17) 

Statin Treatment   

No statins Reference level Reference level 

Atorvastatin 0.569 (0.056) 1.77 (1.58-1.97) 

Rosuvastatin 0.713 (0.129) 2.04 (1.58-2.63) 

Simvastatin 0.454 (0.042) 1.58 (1.45-1.71) 

Fluvastatin/Pravastatin 0.326 (0.099) 1.38 (1.14-1.68) 

SE: standard error; SHR: subdistribution hazard ratio; CI: confidence interval;  

FP: fractional polynomial function; BMI: body mass index; CVD: cardiovascular disease.  
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With these estimated predictor coefficients, an individual’s prognostic index (PI) for 

serious muscle disorders can be expressed as: 

𝑃𝐼 = ((
𝑎𝑔𝑒

100
)
−2

− 2.672) × 3.790 + (((
𝑎𝑔𝑒

100
)
−2

× ln (
𝑎𝑔𝑒

100
)) − (−1.386)) × 3.253 +

{
0⁡𝑖𝑓⁡𝑚𝑎𝑙𝑒

0.588⁡𝑖𝑓⁡𝑓𝑒𝑚𝑎𝑙𝑒
+ {

0⁡𝑖𝑓⁡𝑤ℎ𝑖𝑡𝑒⁡𝑒𝑡ℎ𝑛𝑖𝑐𝑖𝑡𝑦
0.033⁡𝑖𝑓⁡𝑏𝑙𝑎𝑐𝑘⁡𝑒𝑡ℎ𝑛𝑖𝑐𝑖𝑡𝑦

−0.039⁡𝑖𝑓⁡𝑠𝑜𝑢𝑡ℎ⁡𝑎𝑠𝑖𝑎𝑛⁡𝑒𝑡ℎ𝑛𝑖𝑐𝑖𝑡𝑦
0.155⁡𝑖𝑓⁡𝑚𝑖𝑥𝑒𝑑⁡𝑜𝑟⁡𝑜𝑡ℎ𝑒𝑟⁡𝑒𝑡ℎ𝑛𝑖𝑐𝑖𝑡𝑦

+

{
 
 

 
 

0⁡𝑖𝑓⁡𝑑𝑒𝑝𝑟𝑖𝑣𝑎𝑡𝑖𝑜𝑛⁡𝑙𝑒𝑣𝑒𝑙⁡1
0.103⁡𝑖𝑓⁡𝑑𝑒𝑝𝑟𝑖𝑣𝑎𝑡𝑖𝑜𝑛⁡𝑙𝑒𝑣𝑒𝑙⁡2
0.137⁡𝑖𝑓⁡𝑑𝑒𝑝𝑟𝑖𝑣𝑎𝑡𝑖𝑜𝑛⁡𝑙𝑒𝑣𝑒𝑙⁡3
0.176⁡𝑖𝑓⁡𝑑𝑒𝑝𝑟𝑖𝑣𝑎𝑡𝑖𝑜𝑛⁡𝑙𝑒𝑣𝑒𝑙⁡4
0.159⁡𝑖𝑓⁡𝑑𝑒𝑝𝑟𝑖𝑣𝑎𝑡𝑖𝑜𝑛⁡𝑙𝑒𝑣𝑒𝑙⁡5

+ {

0⁡𝑖𝑓⁡𝑛𝑜𝑛 − 𝑑𝑟𝑖𝑛𝑘𝑒𝑟
−0.171⁡𝑖𝑓⁡𝑔𝑒𝑛𝑒𝑟𝑎𝑙⁡𝑑𝑟𝑖𝑛𝑘𝑒𝑟

−0.424⁡𝑖𝑓⁡ℎ𝑖𝑔ℎ − 𝑟𝑖𝑠𝑘⁡𝑑𝑟𝑖𝑛𝑘𝑒𝑟
+

{

0⁡𝑖𝑓⁡𝑛𝑜𝑛 − 𝑠𝑚𝑜𝑘𝑒𝑟
0.283⁡𝑖𝑓⁡𝑒𝑥 − 𝑠𝑚𝑜𝑘𝑒𝑟

0.195⁡𝑖𝑓⁡𝑐𝑢𝑟𝑟𝑒𝑛𝑡⁡𝑠𝑚𝑜𝑘𝑒𝑟
+

{
 
 

 
 

0⁡𝑖𝑓⁡𝑛𝑜𝑟𝑚𝑎𝑙⁡𝐵𝑀𝐼
0.090⁡𝑖𝑓⁡𝑢𝑛𝑑𝑒𝑟𝑤𝑒𝑖𝑔ℎ𝑡⁡𝐵𝑀𝐼
0.139⁡𝑖𝑓⁡𝑜𝑣𝑒𝑟𝑤𝑒𝑖𝑔ℎ𝑡⁡𝐵𝑀𝐼
0.396⁡𝑖𝑓⁡𝑜𝑏𝑒𝑠𝑒⁡𝐵𝑀𝐼

0.489⁡𝑖𝑓⁡𝑚𝑜𝑟𝑏𝑖𝑑𝑙𝑦⁡𝑜𝑏𝑒𝑠𝑒⁡𝐵𝑀𝐼

+  

(𝐹𝐼 × 10 × 0.361) + (−0.383⁡𝑖𝑓⁡𝑐𝑎𝑟𝑑𝑖𝑜𝑣𝑎𝑠𝑐𝑢𝑙𝑎𝑟⁡𝑑𝑖𝑠𝑒𝑎𝑠𝑒𝑠) +

(−0.122⁡𝑖𝑓⁡ℎ𝑦𝑝𝑒𝑟𝑡𝑒𝑛𝑠𝑖𝑜𝑛) + (−0.214⁡𝑖𝑓⁡𝑑𝑖𝑎𝑏𝑒𝑡𝑒𝑠) +

(0.688⁡𝑖𝑓⁡𝑚𝑖𝑙𝑑⁡𝑙𝑖𝑣𝑒𝑟⁡𝑑𝑖𝑠𝑒𝑎𝑠𝑒𝑠) + (0.302⁡𝑖𝑓⁡𝑘𝑖𝑑𝑛𝑒𝑦⁡𝑑𝑖𝑠𝑒𝑎𝑠𝑒𝑠) +

(0.455⁡𝑖𝑓⁡𝑟ℎ𝑒𝑢𝑚𝑎𝑡𝑖𝑐⁡𝑎𝑟𝑡ℎ𝑟𝑖𝑡𝑖𝑠) + (1.832⁡𝑖𝑓⁡𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠⁡𝑚𝑢𝑠𝑐𝑙𝑒⁡𝑝𝑟𝑜𝑏𝑙𝑒𝑚𝑠) +

(0.314⁡𝑖𝑓⁡𝑑𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑣𝑒⁡𝑗𝑜𝑖𝑛𝑡⁡𝑑𝑖𝑠𝑜𝑟𝑑𝑒𝑟𝑠) + (0.257⁡𝑖𝑓⁡ℎ𝑦𝑝𝑜𝑡ℎ𝑦𝑟𝑜𝑖𝑑𝑖𝑠𝑚) +

(0.974⁡𝑖𝑓⁡𝑣𝑖𝑡𝑎𝑚𝑖𝑛⁡𝐷⁡𝑑𝑒𝑐𝑖𝑓𝑖𝑒𝑛𝑐𝑦) + (0.506⁡𝑖𝑓⁡𝑣𝑖𝑡𝑎𝑚𝑖𝑛⁡𝐵12⁡𝑑𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦) +

(0.216⁡𝑖𝑓⁡𝑠𝑡𝑎𝑡𝑖𝑛 − 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑣𝑒⁡𝑑𝑟𝑢𝑔𝑠) + (0.714⁡𝑖𝑓⁡𝑚𝑦𝑜𝑡𝑜𝑥𝑖𝑐⁡𝑑𝑟𝑢𝑔𝑠) +

{
 
 

 
 

0⁡𝑖𝑓⁡𝑛𝑜⁡𝑠𝑡𝑎𝑡𝑖𝑛𝑠
0.569⁡𝑖𝑓⁡𝑎𝑡𝑜𝑟𝑣𝑎𝑠𝑡𝑎𝑡𝑖𝑛
0.713⁡𝑖𝑓⁡𝑟𝑜𝑠𝑢𝑣𝑎𝑠𝑡𝑎𝑡𝑖𝑛
0.454⁡𝑖𝑓⁡𝑠𝑖𝑚𝑣𝑎𝑠𝑡𝑎𝑡𝑖𝑛

0.326⁡𝑖𝑓⁡𝑓𝑙𝑢𝑣𝑎𝑠𝑡𝑎𝑡𝑖𝑛⁡𝑜𝑟⁡𝑝𝑟𝑎𝑣𝑎𝑠𝑡𝑎𝑡𝑖𝑛

   (Equation 4.4)   
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Based on the personalised prognostic index and the estimated baseline cumulative 

incidence (𝐶𝐼𝐹0) in the population, an individual’s risk of serious muscle disorders in 1, 

5, and 10 years can be calculated by the following equations: 

1 − 𝑌𝑒𝑎𝑟⁡𝑅𝑖𝑠𝑘 = 1 − (1 − 𝐶𝐼𝐹0(1))
exp⁡(𝑃𝐼)

  (Equation 4.5a) 

5 − 𝑌𝑒𝑎𝑟⁡𝑅𝑖𝑠𝑘 = 1 − (1 − 𝐶𝐼𝐹0(5))
exp⁡(𝑃𝐼)

  (Equation 4.5b) 

10 − 𝑌𝑒𝑎𝑟⁡𝑅𝑖𝑠𝑘 = 1 − (1 − 𝐶𝐼𝐹0(10))
exp⁡(𝑃𝐼)

  (Equation 4.5c) 

 

With these estimates and equations, a web-based risk calculator (Figure 4.3) was 

created to implement the derived StatinMD model, which allows personal data input and 

reports the predicted risk of serious muscle disorders. For intellectual property protection, 

the risk calculator with the full algorithms (including the 𝐶𝐼𝐹0 values) for the StatinMD 

model is freely available from the Oxford University Innovation platform 

(https://process.innovation.ox.ac.uk/software/) for academic and research use on request. 
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Figure 4.3 A web-based risk calculator based on the StatinMD model (beta version)   
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4.4 Discussion 

4.4.1 Summary of key findings 

Based on around 1.8 million individuals in primary care in the UK, who were 

potentially eligible for statin treatment, a prognostic prediction model (StatinMD) was 

derived to predict the personalised risk of serious muscle disorders, taking into account 

the competing risk of death from other causes. The model incorporated 22 predictors, 

including essential demographics, indicators for general health status, comorbidities, and 

medications, which were routinely recorded in clinical practice. Statin treatments were 

found to be predictive of an increased risk of serious muscle disorders in this model. Other 

strong predictors contributing to an increased risk included previous muscle problems, 

vitamin D deficiency, and the use of myotoxic drugs. This model provided the 

personalised prognostic index and the population baseline incidences of serious muscle 

disorders, which can be used to calculate an individual’s absolute risk in 1, 5, and 10 years 

when deciding on statin treatment.            

4.4.2 Comparison with previous studies 

4.4.2.1 Definition and ascertainment of muscle-related outcomes 

The previous QStatin model predicted myopathic events that included clinically 

diagnosed myopathy and rhabdomyolysis as well as raised CK of over 4ULN.285 However, 

clinical diagnosis of myopathy or more serious muscle disorders is generally considered 

with at least moderate CK elevation of over 10ULN.284 Minor CK elevation could be 

caused by many reasons, such as intensive physical activity, which are much more 

common than diagnosed myopathy and rhabdomyolysis but less likely to be attributable 

to statins.12, 67 With the inclusion of these milder conditions, the predicted risk from the 
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QStatin model is probably higher than the actual risk of those muscle disorders of concern, 

which may exaggerate patients’ worries about statin safety and result in inappropriate 

treatment rejection or withdrawal.      

The other previous prediction model for myopathy with simvastatin defined the 

outcome as unexplained muscle pain or weakness with raised CK of over 10ULN.286 

Although this is a general indication for underlying muscle disorders, it does not 

necessarily lead to clinical diagnosis of myopathy or other serious muscle conditions. The 

diagnostic criteria of myopathy usually include other clinical examinations and tests, such 

as standardised muscle strength examination, metabolic tests, and confirmation by 

electromyography.20 More serious conditions, such as rhabdomyolysis, often present a 

much higher CK level of over 40ULN and their diagnosis requires further examinations 

and tests including urinary myoglobin test and muscle biopsy.20, 67 Only relying on the 

criteria of moderate CK elevation, most of the ascertained outcome events for developing 

the simvastatin model may not be the clinically important myopathy and other serious 

muscle disorders.           

For the StatinMD model in this study, the outcome was defined by clinical diagnoses 

of serious muscle disorders limited to myopathy, myositis, and rhabdomyolysis, which 

were associated with hospitalisation or death. Although the clinical diagnoses in practice 

may be made based on various examinations or tests and using inconsistent criteria, this 

definition probably better limited the outcome events to those with clinically-confirmed 

severity, compared to solely relying on CK elevation.                      

4.4.2.2 Inclusion and definition of predictors 

The selection of the predictors for both the QStatin model and the simvastatin model 

relied on the statistical significance of the predictor coefficients, which is likely to be 
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subject to the testing methods and the sample size and has resulted in the elimination of 

some clinically important predictors.132, 136 Specifically, the QStatin model excluded 

common health risk factors, such as drinking and smoking, and the simvastatin model 

excluded all comorbidities except diabetes.285, 286  

In contrast, the predictor selection in the current StatinMD model was determined 

based on the statistical predictive ability as well as the clinical importance of the 

predictors, which has led to the inclusion of both the strong predictors for the outcome 

and the predictors of clinical concerns. As a result, the predictors in the StatinMD model 

have covered most of the predictors in the previous models and included additional 

predictors that were previously omitted but clinically relevant to muscle disorders, such 

as a history of muscle problems, degenerative joint disorders, and vitamin D deficiency. 

The simvastatin model did not include the use of statins as a predictor, since this model 

was derived based on current statin users only.286 As such, the simvastatin model may not 

be appropriate to be used in individuals who are eligible for but not currently on statin 

treatment. The QStatin model included statin use as a predictor but, by definition, the 

statin users included only new users without previous use of statins and the non-users 

were those who never used statins.285 However, in clinical practice, statin users would 

include a large number of patients who have been taking statins for a long time and the 

current non-users would include those who previously took but stopped taking statins. 

The risk of muscle disorders for these patients may be different from the new users and 

the never-users, given the history of statin treatment or other different patient 

characteristics. This may therefore limit the applicability of the QStatin model to statin 

users who are deciding on continuation of statin treatment or current non-users who are 

considering the re-uptake of statins in clinical practice.  
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For the StatinMD model in the current study, statin users were defined as all individuals 

with current statin use in the recent 12 months, regardless of previous use, and current 

non-users also included those with previous uses of statins. Such a definition makes the 

StatinMD model more widely applicable to individuals considered for initiation, 

continuation, or re-uptake of statin treatment, for all of whom the predicted risk of muscle 

disorders may be needed. In addition, the current StatinMD model took into account the 

specific drug types of statins, which may provide greater precision in the prediction, while 

the QStatin model did not.   

4.4.3 Strengths and limitations 

4.4.3.1 Strengths 

 Improving prediction accuracy by addressing competing risk 

A major strength of the StatinMD model in this study is improving the prediction 

accuracy by addressing the competing risk. As explained in Chapter 2, the presence of 

competing risk, if not addressed properly, is likely to result in overestimation of the 

outcome risk, because individuals who have experienced competing events and are no 

longer at risk of the outcome are treated as they could still develop the outcome.151 This 

overestimation could be large when the competing risk in the population is high. In the 

population eligible for statin treatment in this study, who were generally older and with 

multiple comorbidities, the competing risk of death from causes other than muscle 

disorders was high (33% in 10 years) and showed an impact on the estimate of muscle 

disorder risk.  

In the context of statin treatment decision-making, given the widespread concern about 

statin safety that has in part led to poor adherence to and low uptake of statins in the 

eligible population,30, 35 overestimating the risk of a potential adverse event is particularly 
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unwanted. However, neither of the previous models for muscle-related adverse events has 

taken into account the competing risk.285, 286, 310 In the current study, by using the Fine-

Gray approach to adjust the competing risk in the model derivation, the StatinMD model 

should reduce potential overestimation of the risk of muscle disorders. This may help 

avoid inappropriate statin treatment withdrawal or hesitation in individuals at low risk of 

muscle disorders and, on the other hand, justify the necessary discontinuation of statins 

when an individual’s risk is high.             

 Potential strengths in the study design and modelling process 

As discussed above, by using the clinical diagnoses in hospitalisation or death records 

to define the outcome, this StatinMD model better targets the risk of serious muscle 

disorders that are more of concern in statin treatment decision-making than those milder 

conditions. Compared to the previous models, the selection of the predictors in this model 

not only relied on the statistical significance but also considered the clinical importance 

of the predictors, which helped avoid eliminating predictors that are of clinical concern 

for statin treatment. The definition of statin use should make this model widely applicable 

to all individuals who would potentially need the prediction of muscle disorders to assist 

clinical decision-making for initiation, continuation, or re-uptake of statins.  

In addition, while the previous models predicted either a short-term risk in 6 months or 

2 years (the simvastatin model) or a longer-term risk in 5 years (the QStatin model),285, 

286 the current StatinMD model was designed to predict the risk of muscle disorders in 1, 

5, and 10 years. This gives a risk directly comparable to the CVD risk that is commonly 

predicted for 10 years and also provides the flexibility to take into account both short-

term and long-term risks depending on personal considerations in statin treatment 

decision-making.  
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4.4.3.2 Limitations 

 Limitations in the study designs 

The target population for predicting the risk of serious muscle disorders in this study 

was the individuals eligible for statin treatment for prevention of CVD. This eligibility 

should be determined by an individual’s 10-year CVD risk predicted by existing tools, 

according to the clinical guidelines.5, 6 However, the predicted CVD risk is poorly 

recorded in the CPRD primary care data, missing in more than 90% of the population as 

found in the initial data inspection. To construct the study cohort practically, this study 

used age as a proxy of the predicted CVD risk to determine the eligibility of study 

participants. The study cohort included men over 50 years old and women over 60 years 

old, who roughly represent the population with a predicted 10-year CVD risk above 5% 

based on the QRISK2 model that was commonly used in the UK during the study period.59 

However, using the cut-off age instead of the CVD risk to determine study participants 

will have missed some younger individuals who have a CVD risk above 5% due to the 

presence of other risk factors for CVD. Although such individuals may make up only a 

small proportion of the target population, as most of the risk factors for CVD are probably 

more common in older individuals, this design may diminish the representativeness of 

the study cohort for the target population and impact the validity of the derived StatinMD 

model in these younger individuals. 

The desired outcome for prediction was serious muscle disorders that resulted in 

hospitalisation or death. However, the outcome in this study was defined by a hospital 

admission or death record with a diagnosis of serious muscle disorders. The 

hospitalisation or death may not be necessarily caused by the diagnosed muscle disorders 

and it is difficult to confirm the direct cause based on the EHR data.311 Moreover, this 
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study considered all associated diagnoses for hospital admission and all recorded causes 

for death, instead of relying on the record of ‘primary diagnosis’ or ‘primary cause’. 

Although this was to increase the sensitivity to avoid missing any occurrences of 

clinically-confirmed muscle disorders that are generally rare in the population, it may 

lead to a lower specificity to identify the serious cases. Consequently, the predicted risk 

from the StatinMD model may be higher than the risk of serious muscle disorders that 

could actually cause hospitalisation or death.  

As predictors for the outcome, the use of the medications was determined by a recent 

prescription within a 12-month baseline exposure period after the eligible participants 

entered the cohort. This design treated the individuals with previous use of the 

medications before the baseline exposure period as the same as those who never used the 

medications. The risk of serious muscle disorders for these two groups of individuals may 

be different, particularly if the previous users were on the medications for a long time and 

just recently stopped.312 However, if the study cohort was designed without a baseline 

exposure period, the use of the medications may be defined by a prescription years ago, 

which may have little predictive ability for the outcome. More importantly, this defined 

period enabled measuring all baseline characteristics for the individuals without data 

before they entered the cohort (i.e. they reached the eligible age before the start date of 

this study). 

 Difficulties and compromises in the modelling and computation 

When deriving the StatinMD model, the predictor BMI was included as a categorical 

variable instead of a continuous variable, in order to make use of the data from the records 

of categorised BMI levels defined by the CPRD medical codes as a supplement to the 

records of BMI values that contained considerable missing data. Due to the low incidence 
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of the outcome, several categorical variables (ethnicity, alcohol consumption level, statin 

drug type) were re-categorised by combining some of the originally defined groups, for 

example, fluvastatin and pravastatin were combined into one group, in order to have a 

sufficient number of outcome events in each category to facilitate model convergence. 

Such categorisation of a continuous variable or combination of categories may both lead 

to loss of information in the data and reduce the statistical power of model estimation,313 

although this may be only by a small degree given the huge sample size in this study. 

Due to the intensive and time-consuming computation for the competing risk model, 

the model assumptions were checked in the complete-case data only, which benefited 

from the smaller sample size than the whole cohort and improved the analysis efficiency. 

Although the sample size of the complete-case data was believed to be sufficient to detect 

any violations of the model assumptions in the study data, there may be potential 

differences between the complete-case sample and the whole cohort. It would have been 

more reassuring to confirm the fulfilment of the model assumptions with the full-cohort 

data if there was a more efficient computation algorithm to do so.  

Similarly, there is currently no efficient algorithm in R to perform the selection of FP 

function for the competing risk model, due to the complexity of the model and the 

intensive computation in the selection procedure. Therefore, in this study, the optimal FP 

function to transform age had to be selected using the available R package ‘mfp’ that 

implements the Cox model for a time-to-event outcome. Although the Cox model and the 

competing risk model share similar model assumptions and statistical fundaments,156 the 

selected FP function based on the Cox model may not still be optimal for the competing 

risk model. In addition, the FP function was selected also based on the complete-case data 

only, which may be subject to the potential differences between the complete-case sample 

and the whole cohort. 
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Another compromise to the intensive computation was that only 10 imputations were 

able to be performed to impute the missing data, given the huge sample size. Although 

this was a reasonable number of imputations for a balance between statistical power and 

efficiency, more imputations may further improve the imputation results given the 

considerable proportion of missing data in this study.314 Moreover, the imputation models 

for the four imputed variables included the same set of explanatory variables that 

consisted of all candidate predictors for the StatinMD model, the prediction outcome, the 

competing event, and their hazards. However, no auxiliary variables were particularly 

sought for each imputed variable to further explain the missingness, due to the practical 

purpose of imputing multiple variables at once and the complexity of this imputation 

procedure. Although the constructed imputation models performed well, as indicated in 

the comparison between the imputed data and the observed data, the missingness of the 

four imputed variables may not be fully explained by the explanatory variables in the 

imputation models and the imputation results may be improved by including auxiliary 

variables.315      

 Pitfalls with the use of electronic healthcare records 

The StatinMD model was derived using the EHR data that were collected in routine 

clinical practice. As a common drawback of using routine healthcare records,311 there 

were missing data in four predictor variables (ethnicity, alcohol consumption, smoking 

status, BMI level), with a considerable missing proportion ranging from 14% to 30%. 

These missing data were imputed using the multiple imputation approach, for which some 

technical compromises had to be made due to the intensive computation and the huge 

sample size, as discussed above. In addition, even if the computation capacity allowed 

more imputations and the inclusion of auxiliary variables, a more fundamental pitfall is 

that the assumption of missing at random for performing multiple imputation may not be 
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always true.162 For example, ethnicity may be more likely to be recorded if an individual 

is from a minority group, which may result in missing not at random in the data. However, 

there is currently no way to distinguish between missing at random and missing not at 

random.162 Although the missing-at-random assumption has been widely accepted in 

epidemiological studies using healthcare records and this assumption for the four imputed 

variables in this study is probably reasonable as justified in the methods session, it should 

be acknowledged that the fulfilment of this assumption is not confirmed and there may 

be potential bias introduced due to the data imputation.316 

Another pitfall of using EHR data is the potential misclassification of the presence of 

outcomes or exposures because it is impossible to distinguish between a missing record 

and the actual absence of a condition.162, 317 In this study, given potential missed outcome 

events that were not captured in the hospitalisation or death records, the overall incidence 

of the outcome observed in the study cohort may be lower than the actual incidence in the 

population and consequently the personalised risk predicted from the derived model may 

be underestimated. Moreover, such misclassification may be subject to potential 

recording bias.311 For example, in this study, muscle disorders may be more likely to be 

recorded in statin users since clinicians are aware of this potential adverse event and 

therefore more outcome events may be missed in statin non-users. This may result in 

biased estimates of the coefficients for some baseline characteristics, like the use of statins, 

probably leading to a larger underestimation of the personalised outcome risk in 

individuals without the presence of the characteristics than those with the characteristics. 

In this study, this concern may be alleviated to some degree because the outcome events 

were serious conditions that were unlikely to be ignored in the hospitalisation and death 

recording.   
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Similarly, the presence of the comorbidities at baseline may be also misclassified and 

under-recorded in the study cohort, especially those non-serious but common conditions 

in the population, such as degenerative joint disorders and vitamin D deficiency.311 In 

addition, unlike the ICD diagnosis codes used to identify the outcome from the 

hospitalisation and death records, the CPRD medical codes used to identify the baseline 

comorbidities from the primary care records are less structured or explicit, making it 

difficult to compile a complete code list for each comorbidity. The potential 

incompleteness of the codes may result in further under-capture of the comorbidities. In 

contrast, the baseline use of the medications is less likely to be under-recorded, as most 

of the baseline medications in this study are only available through a GP’s prescription 

and the codes for identifying these medications were based on the BNF chapter and more 

definite. However, misclassification bias may still exist the other way around, because a 

prescription of a medication does not necessarily mean the actual uptake of the medication 

but it is difficult to confirm the medication uptake based on the EHR data. Nevertheless, 

the prevalence of the comorbidities and the utility of the medications in the study cohort 

were similar to those observed in national surveys and other population-based studies in 

the UK,270, 318, 319 which suggests that the potential misclassification of the baseline 

characteristics may not be concerning.  

4.4.4 Clinical implications 

4.4.4.1 Supporting personalised clinical decision-making on statin treatment          

The personalised risk of serious muscle disorders predicted by the StatinMD model 

derived in this study, in conjunction with the personalised CVD risk predicted from other 

tools such as the commonly used QRISK2 model in the UK, could help doctors and 
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patients better understand the balance between potential benefits and harms of statin 

treatment, in order to make well-informed patient-centred clinical decisions.  

This personalised assessment of the benefit-harm balance is through the calculation of 

the absolute risk reduction of CVD and the risk increase of serious muscle disorders by 

statin treatment, using the predicted personalised baseline risks without statins and the 

relative effects of statins on CVD and muscle disorders. The relative effects could be 

obtained from previous reliable research evidence, ideally from randomised controlled 

trials or large observational studies if trial evidence is unavailable. In the calculation 

examples below, the effect of statins on CVD (RR = 0.79, 95% CI: 0.77-0.81) is from a 

meta-analysis of individual patient data from 21 randomised controlled trials.268 Since the 

trial evidence on adverse effects is less generalizable (due to the exclusion of vulnerable 

individuals) and the effect of statins on muscle disorders hasn’t been estimated precisely 

with trial data (due to the very low incidence of muscle disorders and the limited sample 

size of clinical trials),12, 279 the estimate of this effect (OR = 2.63, 95% CI: 1.50-4.61) is 

from a meta-analysis of 6 large observational studies in a total of nearly 3 million 

participants.25 The post-treatment risks of CVD and serious muscle disorders can be 

subsequently estimated by applying the relative effects to the predicted baseline risks. For 

current statin users, the ‘post-treatment’ risks are the risks when continuing statin 

treatment.  

According to this personalised assessment, different decisions on statin treatment may 

be made for individuals based on the comparison between potential benefits and harms. 

For individuals whose risk of serious muscle disorders is low and the potential risk 

reduction of CVD by statin treatment outweighs the risk increase of serious muscle 

disorders, statin treatment should be initiated or continued. It would be particularly 

helpful to use the prediction from the StatinMD model to inform statin users who have 
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experienced muscle symptoms or prospective users who have concerns about muscle-

related adverse events that their risk of developing serious muscle disorders is low, in 

order to avoid inappropriate treatment withdrawal and improve statin uptake. 

The comparison between benefits and harms should be more carefully considered for 

individuals with a higher risk of serious muscle disorders. For these individuals, if their 

CVD risk is high and could have a considerable reduction by statins, it may be still 

appropriate to initiate or continue statin treatment but cautions are warranted. Other 

clinical characteristics of the individuals may need to be taken into account to help make 

the decision, such as the cholesterol level, and clinical monitoring of CK level or muscle 

functions could be considered while taking statins. However, for individuals whose risk 

of serious muscle disorders with statins is expected to be very high, it may not be 

appropriate to initiate or continue statin treatment. In this circumstance, other lipid-

lowering medications or non-pharmaceutical interventions could be considered for CVD 

prevention.    

Nevertheless, the final treatment decision needs to be made through transparent 

communication and discussion between doctors and patients.320 The personalised risk 

information provided by the StatinMD model could assist such communication and 

discussion. Patients’ understanding of the risk information and personal preferences in 

the trade-off between benefits and harms are also important and need to be taken into 

account in the discussion, in order to achieve personalised clinical decision-making for 

statin treatment.321         

Examples are given below to demonstrate the personalised assessment of the benefit-

harm balance and decision-making for statin treatment in different clinical scenarios. 
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Example 1: 

For a 55-year-old White man at a median deprivation level (level 3), who is a 

(moderate) current smoker, with a BMI of 27kg/m2, a frailty index of 0 (with no any of 

the defined deficits), without any other health indicators, comorbidities, or medications 

included in the QRisk2 model or the StatinMD model, the 10-year baseline CVD risk 

predicted by the QRisk2 is 11%, which would be reduced to 8.7% by taking statins, and 

the 10-year baseline risk of serious muscle disorders predicted by the StatinMD model is 

0.27%, which would be increased to 0.71% by statins. In this case, the risk of serious 

muscle disorders with statins is negligible and statin treatment should be initiated to help 

reduce the CVD risk.  

 Example 2: 

For a 55-year-old White man at a median deprivation level (level 3), who is a 

(moderate) current smoker, with a BMI of 27kg/m2, a frailty index of 0.08 (with 3 of the 

36 deficits, such as dizziness, skin ulcer, and sleep disturbance), a history of previous 

muscle problems, degenerative joint disorders, vitamin D deficiency, and currently taking 

Omeprazole (one of the myotoxic drug included in the current model) to treat heartburn, 

the 10-year baseline CVD risk from the QRisk2 model is also 11%, which would be 

reduced to 8.7% by statins, but the 10-year baseline risk of serious muscle disorders from 

the StatinMD model is 15.5%, which would be increased to 40.8% by statins. In this case, 

the initiation of statin treatment should be cautious and the individual’s other clinical 

characteristics, such as the cholesterol level, may be taken into account to make the 

decision. If decides to initiate statin treatment, clinical monitoring of the CK level or 

muscle functions may be considered. Otherwise, alternative medications or lifestyle 
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interventions could be considered for CVD prevention, depending on the discussion with 

the individual. 

 Example 3: 

For a 60-year-old White man at a median deprivation level (level 3), with a BMI of 

27kg/m2, a frailty index of 0.06 (the average in the study population), a cholesterol/HDL 

ratio of 5, a family history of heart attack, a personal history of atrial fibrillation, and 

currently taking atorvastatin, the present 10-year CVD risk from the QRisk2 model is 

25%, which would be reduced to 19% if statin treatment is continued, and the 10-year 

risk of serious muscle disorders from the StatinMD model is 0.24%, which would be 

increased to 0.63% with continuing statin treatment. In this case, the individual should 

be reassured that he is unlikely to develop serious muscle disorders with statins and 

should be encouraged to continue statin treatment for CVD prevention.  

4.4.4.2 Potential stratified statin treatment strategies 

With the prediction from the StatinMD model, clinical recommendations on statin 

treatment in the population could be stratified not only by the risk of CVD but also by the 

risk of serious muscle disorders. According to current clinical guidelines, decisions on 

statin treatment should be first based on an individual’s CVD risk and the recommended 

risk threshold for statin treatment. Individuals considered eligible for statin treatment 

could be further stratified into two groups with a high or low risk of serious muscle 

disorders, using the prediction from the StatinMD model. 

Based on the risk stratification, different statin treatment recommendations may be 

implemented in different risk groups of serious muscle disorders, which is the stratified 

statin treatment strategy. For individuals in the low-risk group, whose benefit from the 

risk reduction of CVD overweights the potential harm from the risk increase of serious 
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muscle disorders, statin treatment should be generally recommended for CVD prevention. 

For individuals in the high-risk group, cautions for statin treatment may need to be taken 

and some clinical actions to address concerns about serious muscle disorders may be 

considered. Such clinical actions may include performing a test of CK before initiating 

statin treatment, monitoring CK and muscle functions during the treatment, a decision not 

to initiate statin treatment, or withdrawing statins when necessary. As discussed above, a 

decision on such clinical actions should depend on a full personalised assessment of the 

benefit-to-harm balance, as well as patients’ preferences and doctors’ clinical opinions. 

As such, by targeting these clinical actions at the high-risk individuals identified by the 

StatinMD model, the appropriateness, efficiency, and cost-effectiveness of these clinical 

actions may be improved. 

A sensible risk threshold to stratify individuals of low and high risk of serious muscle 

disorders will need to be determined based on many aspects, including the prediction 

performance of the StatinMD model and the potential clinical utility of the model with 

different risk thresholds, which are examined and discussed in the next chapter. 

Nevertheless, the potential stratified statin treatment recommendations that take into 

account the widespread public concerns about statin safety could better embody the 

principle of developing clinical guidelines, which is to ensure patients’ needs and 

priorities are reflected.322, 323                   

4.4.5 Future research 

4.4.5.1 Validation of the StatinMD model 

As explained in Chapter 2, even if a model has been derived following proper methods 

and processes, it is not guaranteed that the model would work well for the purpose of 

prediction. Therefore, before the derived model can be used in clinical practice, it is 



142 

 

necessary to validate the model, which includes an assessment of its prediction 

performance and potential clinical utility.137 Model performance is how well the model 

can distinguish individuals who will and will not develop the outcome and how accurate 

the predicted risk would be.140 It is important to validate the model in an external 

population different from the population where the model has been derived, as eventually 

the model will be used to predict the risk for unseen patients in clinical practice.144 The 

validation of the StatinMD model is reported in the next chapter. 

4.4.5.2 Application of the StatinMD model 

In order to apply the StatinMD model to clinical decision-making, a practical prediction 

tool needs to be created based on the model algorithm. This could be a web-based risk 

calculator, as shown in Figure 4.3 above. Other examples of such prediction tools are the 

QRISK3 calculator for CVD risk and the PREDICT calculator for breast cancer risk.324, 

325 However, there are many issues to be taken into account when developing a prediction 

tool, including a user-friendly design of the risk calculator, the most effective presentation 

of the risk information, the workload of using the prediction tool in clinical decision-

making, and the regulatory issue of such a potential medical device.326-328 Further research 

is therefore warranted for applying the StatinMD model to clinical practice properly.        

4.4.5.3 Development of prediction models for other potential adverse events 

This thesis has prioritised serious muscle disorders for risk prediction, as they have 

caused major concern in the public that impacts clinical decisions on statin treatment. 

However, other potential adverse events may be also concerning for patients and 

clinicians when making a treatment decision. Predicting the risks of other adverse events 

could help make a more comprehensive comparison between the benefits and harms of 

statin treatment, leading to better-informed decision-making. In particular, similar to 
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muscle-related adverse events, liver-related adverse events of statins also involve 

common but mild liver dysfunction and rare but severe liver injury.22 In this case, it would 

be useful to identify individuals at high risk of severe liver injury from those with mild 

dysfunction, in order to decide further clinical actions on the right patients.    

4.5 Conclusion 

A prognostic prediction model StatinMD has been successfully derived to predict the 

risk of serious muscle disorders in 1, 5, and 10 years for individuals potentially eligible 

for statin treatment, based on personal characteristics and medical history. This model has 

several advantages over previous similar models, including taking into account the 

competing risk. This model could help assist well-informed, personalised decision-

making regarding statin treatment in clinical practice, reassuring eligible patients with a 

low risk of serious muscle disorders or determining clinical actions for patients with a 

high risk. The prediction from the model could be used to develop potential stratified 

statin treatment strategies that better address patients’ concerns and needs in clinical 

recommendations and accelerate clinical decision-making.              
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Chapter 5 Predicting Personalised Risk of Serious 

Muscle Disorders in Patients Eligible for Statin 

Treatment: Validation of the StatinMD Model 

5.1 Introduction 

5.1.1 Importance of model validation 

A prediction model may not work well for the purpose that it has been designed for, 

due to the limitations of the model derivation process or the heterogeneity of the 

populations and clinical settings that it is applied to.137, 140 For the StatinMD model 

derived in the preceding chapter, it may cause unnecessary concerns and inappropriate 

treatment withdrawals if the risk of serious muscle disorders is overestimated, or it may 

leave high-risk individuals to the potential harms of serious muscle disorders if the risk 

is underestimated. Therefore, it is crucial to validate the StatinMD model before it can be 

used in clinical practice to provide reliable risk information to support statin treatment 

decision-making.      

As introduced in Chapter 2, model validation is the process of assessing the prediction 

performance of a model and the validation strategies include internal and external 

validation.140 Internal validation is to assess the model performance using a part or all of 

the data that have been used for model derivation.141 When using all the derivation data 

for internal validation, it is also called apparent validation. Internal validation could be 

used to inspect the robustness of the model derivation process and demonstrate the 

reproducibility of the derived model.142 However, the model performance measured in 

internal validation is likely to be over-optimistic, as the model has been fitted to the same 
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data.141 In contrast, external validation is to assess the model performance using data that 

are not involved in model derivation, which can avoid over-optimism in measuring the 

model performance.144 More importantly, since the external validation data are usually 

from a different population, geographic location, or clinical setting, it could demonstrate 

the generalisability of the model.142 This is important for a clinical prediction model, like 

the StatinMD model, which will eventually be applied to unseen individuals from the 

general population in clinical practice.              

5.1.2 Key aspects of model validation 

In model validation, the prediction performance of a model is commonly assessed on 

two essential aspects: discrimination and calibration, as recommended in the TRIPOD 

(Transparent Reporting of a multivariable prediction model for Individual Prognosis Or 

Diagnosis) guidance.143 For clinical prediction models, it is also recommended to evaluate 

the potential clinical utility for the purpose of prediction.  

Discrimination, also known as ‘prognostic separation’ for a prognostic model, is the 

ability of a model to distinguish between individuals who will and will not develop the 

outcome of interest.329, 330 If a model has good discriminative ability, individuals with a 

higher predicted risk from the model should have a higher observed incidence of the 

outcome than those with a lower predicted risk.331 Poor discrimination can be a major 

failure of a prognostic model that is designed for identifying high-risk individuals who 

need clinical actions.140 It may be caused by some issues in the model derivation process, 

such as important predictors being omitted from the model.132     

Calibration reflects the agreement between the predicted risk and the observed risk.140, 

330 A model with satisfactory calibration should be able to predict the outcome risk 

accurately for most individuals in the target population.137 The presence of miscalibration, 
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either underestimation or overestimation of the outcome risk, may lead to inappropriate 

clinical decisions based on the model. Significant miscalibration may suggest under-

fitting or over-fitting of the model to the derivation data or underlying differences 

between the populations for model derivation and validation.137 

Clinical utility of a model is broadly referred to as the clinical consequence of using 

the model to make a decision, usually to classify individuals by the predicted risk from 

the model for certain clinical actions, such as prescribing medications or performing 

clinical examinations.330, 332 The clinical consequence of using the model could be 

compared to other available tools or common practices for the same decision-making to 

demonstrate the advantages of the model.333 One can also measure the classification 

accuracy of the model with specific risk thresholds to understand if the model would work 

well for the purpose of risk classification.330, 334 Clinical utility of a model depends on not 

only the model prediction performance but also the clinical settings (e.g. the overall 

outcome incidence in the population, the risk threshold for classification), but it should 

be part of the validation of a clinical prediction model to help support its clinical use.           

5.1.3 Objectives of this chapter 

This chapter aimed to validate the StatinMD model to support the clinical use of this 

model for personalised decision-making on statin treatment and the implementation of 

potential stratified statin treatment strategies in the population. The prediction 

performance of the model was first assessed through internal (apparent) validation based 

on the model derivation cohort to inspect the robustness of the model derivation process. 

The model performance was further assessed through external validation based on 

another cohort to evaluate the generalisability of the model. 
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5.2 Methods 

5.2.1 Data source and cohort design 

The internal (apparent) validation used the same data from the model derivation cohort, 

which included electronic healthcare records from the GOLD primary care database and 

the linked databases (hospital inpatient records, death registration, deprivation data) in 

the Clinical Practice Research Datalink (CPRD) in the UK,287 as described in Chapter 4. 

The external validation used data from the Aurum primary care database in the CPRD, 

which includes a population different from that in the GOLD database.335 The key 

difference is that the patients in the Aurum database are registered with general 

practitioners (GP) who use the EMIS clinical system, while the patients in the GOLD 

database are registered with those using the Vision system. Similar to the GOLD database, 

the primary care data in the Aurum database are also linked to hospital inpatient records, 

death registration, and deprivation data. All data were anonymised and the use complied 

with the ethics approval obtained by the CPRD.  

The external validation cohort was constructed from the Aurum population using the 

same design as the model derivation cohort, as shown in Chapter 4 (Figure 4.1). Briefly, 

the cohort included a population potentially eligible for statin treatment, who were 

measured for a set of personal characteristics (predictors) at the baseline and followed up 

for 10 years to observe the occurrence of serious muscle disorders. 

In terms of the consideration for sample size, it has been suggested that external 

validation of a prognostic model requires a minimum of 100 outcome events and ideally 

200 (or more) events.336 The constructed external cohort in this study included many more 

outcome events than this requirement.       
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5.2.2 Model variables 

For the internal validation cohort, the variables for the outcome and the predictors in 

the StatinMD model were created in the model derivation process. As described in 

Chapter 4, the outcome variables were defined by the first occurrence of serious muscle 

disorders, the occurrence of the competing events (deaths from causes other than muscle 

disorders), or the occasions of censoring, which were identified from the hospitalisation 

records or the death registration. The variables for the 22 predictors, including age, gender, 

ethnicity, deprivation level, alcohol consumption, smoking status, body mass index (BMI) 

level, frailty index, the presence of 11 comorbidities, and the use of 3 groups of 

medications, were measured using the data from the primary care records and the 

deprivation data. 

For the external validation cohort, all these variables were extracted from the Aurum 

database and the linked databases based on the same definitions as for the model 

derivation cohort. The International Classification of Diseases (ICD) codes to identify the 

outcome events were the same as those used for the derivation cohort. The medical and 

product code lists to extract the predictor variables from the Aurum database were created 

by mapping to the code lists for the GOLD database used in the model derivation and 

searching the Aurum code dictionaries for complementary codes.                    

5.2.3 Statistical analysis 

5.2.3.1 Comparison of derivation and external validation cohorts 

In model validation studies that involve external validation, it is recommended to assess 

the relatedness between the samples for model derivation and external validation, to help 

interpret external validation results and understand the difference between the internal 

and external performance of the model.145 A common approach to assessing the sample 
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relatedness is to compare their case mix, which is the distribution of a specific 

characteristic in the sample, including the baseline characteristics and the outcome, or the 

overall distribution of all the characteristics of relevance.145        

5.2.3.1.1 Comparison of specific case mix  

 Baseline characteristics 

The baseline characteristics of the external validation cohort, which were the predictor 

variables in the StatinMD model, were described by the mean and standard deviation (SD) 

for continuous variables and by the frequency and percentage for categorical variables. 

These characteristics were compared to that of the model derivation cohort reported in 

Chapter 4.  

 Outcome and competing event    

The crude incidence of the outcome in the external validation cohort was calculated as 

the proportion (percentage) of the individuals who experienced the outcome throughout 

the 10-year follow-up. The average incidence rate was reported as the number of outcome 

events per 10,000 person-years. The cumulative incidences of the outcome for 1, 5, and 

10 years were calculated by the Aalen-Johan estimator,300 with adjustment by the 

competing risk, and the cumulative incidence curve was plotted over 10 years. The 

occurrence of the competing event was measured in the same way. These measurements 

were compared to those in the derivation cohort.           

5.2.3.1.2 Comparison of overall case mix 

The overall case mix in the derivation and external validation cohorts was compared 

by the distribution of their participants’ prognostic index that incorporates all the baseline 

characteristics (predictors).145 Each individual’s prognostic index in both cohorts was 
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calculated with the individual’s values of the predictor variables in the StatinMD model, 

using the derived model formula (Equation 4.3) in Chapter 4. The distribution of the 

calculated prognostic index in each cohort was summarised by mean and SD and 

compared to each other using a density plot.337           

5.2.3.2 Model validation 

The internal (apparent) and external validations were conducted following the same 

process and methods described below to assess the model performance in the two cohorts.     

5.2.3.2.1 Model prediction 

The risks of the outcome in 1, 5, and 10 years for each individual in the derivation and 

external validation cohorts were predicted with the individual’s prognostic index 

calculated above, using the StatinMD model formula (Equation 4.5) that incorporates 

the baseline cumulative incidence functions of the outcome for the three time periods. 

These predicted individuals’ risks were used for the following assessment of the model 

performance.    

5.2.3.2.2 Assessment of model discrimination 

The discrimination of the model was assessed by the c-index and the D statistic.  

 c-index 

The c-index, also called the concordance index, measures the overall concordance 

between the predicted and the observed outcome occurrence.338 It takes a value between 

0.5 and 1, which is the probability that given a randomly selected pair of individuals, one 

with the outcome and the other without, the model will predict a higher risk for the one 

with the outcome.339 A c-index closer to 1 indicates a better discriminative ability of the 

model, while a c-index of 0.5 indicates that the model is incapable of distinguishing 
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between individuals who will and will not develop the outcome.340 The c-index of the 

StatinMD model was calculated using the function ‘cindex’ from the R package ‘pec’.  

 D statistic 

The D statistic, also called the prognostic separation index, has been developed to 

particularly assess the discriminative ability of a prognostic model with a time-to-event 

outcome.329 It can be regarded as an equivalent of the relative risk of the outcome (e.g. 

subdistribution hazard ratio for the Fine-Gray model) between two equal-sized risk 

groups divided by the median of individuals’ prognostic index calculated from the 

prognostic model in a population.341 A larger estimate of the D statistic indicates a better 

prognostic separation based on the prediction from the model.329 Since there was no 

available function in R for calculating the D statistic of a competing risk model at the 

time of this study, I developed an R function ‘royston.cpr’ to calculate the D statistic of 

the StatinMD model, based on the relevant methodology papers and the existing function 

‘royston’ from the R package ‘survival’.          

5.2.3.2.3 Assessment of model calibration 

The calibration of the model was assessed by the ratio of the overall expected and 

observed outcome risk (E/O), the calibration slope, and the calibration plot (curve).  

 E/O ratio 

The E/O ratio reflects the agreement between the predicted and the observed outcome 

risk on average in the population.139 A ratio bigger than 1 indicates an overall 

overestimation of the risk by the model, while a ratio smaller than 1 indicates an overall 

underestimation.342 In this study, the E/O ratio was calculated with the mean of the 

predicted outcome risk from the StatinMD model across all individuals and the observed 
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cumulative incidence of the outcome in the cohort calculated by the Aalen-Johan 

estimator that took into account the competing risk.300  

 Calibration slope 

Calibration slope is the coefficient of the prognostic index obtained by fitting a Fine-

Gray model to the cohort data with the prognostic index from the StatinMD model as the 

only predictor for the outcome.343 Calibration slope should be interpreted in conjunction 

with the overall calibration indicated by the E/O ratio. When overall good calibration is 

indicated by an E/O ratio close to 1, a calibration slope around 1 means the good 

calibration is consistent across the population, otherwise, it indicates there may be some 

subgroups with poorer calibration.344 A calibration slope away from 1 also suggests there 

may be a need to re-calibrate the prognostic index (the predictor coefficients).338      

 Calibration plot             

Calibration plot is a scatter plot presenting the observed outcome risk against the 

predicted risk, with a calibration curve fitted to the plotted data points, which is usually a 

curve smoothed by the local polynomial regression (LOESS) model.342, 345 The position 

of the curve against the diagonal of the plot indicates the calibration of the prediction 

model. The diagonal represents the complete agreement between the observed and the 

predicted risks (i.e. perfect calibration), while the area under the diagonal represents an 

overestimation of the outcome risk by the model and the area above represents an 

underestimation.342 

As a common approach, the calibration plot in this study was first drawn based on ten 

risk groups defined by the deciles of the individuals’ prognostic index in the cohort.144 

The observed incidence of the outcome in each risk group was calculated by the Aalen-

Johan estimator,300 and the predicted risk in each group was the mean of the individuals’ 
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predicted risks from the StatinMD model. The ten data points were plotted, with a fitted 

LOESS curve, to illustrate the calibration of the StatinMD model at the group level.   

To further understand the model calibration across the full range of possible predicted 

risks in the population, a calibration plot was drawn with the individuals’ pseudo 

observations of the outcome occurrence and the individuals’ predicted risks from the 

StatinMD model in the cohort. An individual’s pseudo observation can be viewed as the 

contribution of the individual to the estimate of the outcome incidence in the population, 

obtained by comparing the estimates with and without the individual.346, 347 This enables 

having a pseudo value of the outcome risk for individuals who are not observed with the 

outcome event during the study period (i.e. being censored).347 These pseudo values were 

calculated using the Jackknife resampling method, in conjunction with the Aalen-Johan 

estimator.300, 348 A LOESS curve was also fitted to these individual data points to show 

the model calibration at the individual level.           

5.2.3.2.4 Assessment of the goodness-of-fit 

In addition to discrimination and calibration, it is also common to assess the goodness-

of-fit of a model to understand how well the included predictors explain the variation of 

the outcome.349 In this study, the goodness-of-fit of the StatinMD model was assessed by 

the Royston and Sauerbrei’s 𝑅𝐷
2  statistic based on the model’s D statistic, which takes a 

value between 0 and 1 measuring the proportion of the prognostic separation explained 

by the predictors in the model.329, 338 A 𝑅𝐷
2  statistic closer to 1 indicates that the predictors 

better explain the prognostic separation in the cohort. Although the goodness-of-fit does 

not necessarily reflect the prediction performance of a model, it may justify the 

appropriateness of the inclusion of the explanatory predictors. The 𝑅𝐷
2  statistic of the 
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StatinMD model was calculated also using the self-developed R function ‘royston.cpr’ 

described above. 

5.2.3.2.5 Assessment of clinical utility 

As discussed in Chapter 4, the StatinMD model could be used to classify individuals at 

low or high risk of serious muscle disorders, to implement a stratified statin treatment 

strategy that involves addressing the concern about serious muscle disorders in high-risk 

individuals who are considered for statin treatment. The potential clinical utility of this 

stratified strategy with the StatinMD model was explored through decision curve analysis, 

measuring classification accuracy, and inspecting risk distribution in the population.330 

Since the eventual clinical use of the stratified strategy with the StatinMD model would 

be in unknown individuals who are not involved in the model derivation, the clinical 

utility was therefore assessed in the external validation cohort only. 

 Decision curve analysis 

In clinical practice, when making a decision on statin treatment, some doctors may be 

cautious about potential adverse events and tend to take clinical actions (e.g. test of blood 

creatine kinase, examination of muscle strength) to address the concern about serious 

muscle disorders in all individuals, which is a strategy of ‘intervention for all’. While 

others may be bolder to prescribe statins for individuals eligible for treatment, regardless 

of the concern about serious muscle disorders, which is a strategy of ‘intervention for 

none’. Compared to these one-size-fits-all strategies, the potential clinical benefit of the 

stratified strategy using the StatinMD model to determine these ‘interventions’ (clinical 

actions) was assessed by the decision curve analysis.333  

The decision curve analysis calculates the net benefit of a decision-making strategy, 

which is the proportion of the targeted cases in the population that are correctly identified 
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and receive a relevant intervention (true positives), offset by the non-cases that are 

misclassified to receive the intervention (false positives).333, 350 For an ‘intervention for 

none’ strategy, the numbers of true positives and false positives are both zero and 

therefore there is no net benefit. For an ‘intervention for all’ strategy, the net benefit varies 

by the offset ratio that depends on the clinical perspective about the trade-off between the 

benefit from treating a true case and the harm from treating a false case, and the maximum 

net benefit equals to the observed prevalence of the targeted cases when the offset ratio 

is zero. For a stratified strategy with a classification model, the net benefit also varies by 

the offset ratio, which is believed to correspond to the clinical preference for the risk 

threshold used for the classification. For example, if the clinical perspective is that the 

benefit from treating one true case is so important that it could be achieved at the cost of 

the harm from treating 9 false cases, the offset ratio is 1:9 and the risk threshold is 10% 

to classify low and high individuals for different decisions on the intervention. As such, 

the calculated net benefit of a strategy can be plotted against the varying risk threshold 

(equivalently the offset ratio used in the calculation), which forms the decision curve for 

the strategy.  

In this study, the decision curve for the stratified strategy with the StatinMD model was 

drawn based on the net benefits calculated from the individuals’ predicted risk from the 

StatinMD model and the observed cases of serious muscle disorders in the cohort, in 

comparison to the curves for the ‘intervention for all’ and ‘intervention for none’ 

strategies described above, to demonstrate the potential advantage of the stratified 

strategy. The ‘intervention’ (clinical actions) for addressing concerns about serious 

muscle disorders may be more often considered in current statin users and such 

‘intervention’ may include withdrawal of statin treatment. In these individuals, a common 

strategy to determine the ‘intervention’ could be based on patients’ experience of 
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suspected muscle problems. However, experiencing muscle problems, particularly those 

common mild muscle symptoms, does not indicate serious muscle disorders and the 

‘intervention’ may be unnecessary. To further understand the clinical benefits of the 

stratified strategy with the StatinMD model in this decision-making scenario, the decision 

curve of the stratified strategy in the current statin users in the cohort was compared to 

the decision curve of the strategy based on patients’ experience of muscle problems. To 

better interpret the potential advantage of the stratified strategy with the StatinMD model 

over other strategies, the net benefit was also transformed to the number of avoided 

interventions, which emphasises the relative number of false positives reduced, compared 

to the ‘intervention for all’ strategy.351 This is particularly useful in the decision-making 

scenario in current statin users, where the stratified strategy with the StatinMD model 

may help avoid some unnecessary statin withdrawals in individuals with experience of 

muscle symptoms but at low risk of serious muscle disorders. 

 Classification accuracy 

The accuracy of using the StatinMD model to classify individuals at low or high risk 

of serious muscle disorders with specific risk thresholds was measured by a set of relevant 

statistics, including sensitivity, specificity, positive predictive value (PPV), negative 

predictive value (NPV), positive likelihood ratio (LR+), and negative likelihood ratio 

(LR-).334, 352, 353 The specific risk thresholds for assessment were chosen within the range 

where the stratified treatment strategy with the StatinMD model had a positive net benefit, 

as shown in the decision curve analysis described above.    

Among the measurements, sensitivity and specificity are useful for comparing the 

overall accuracy of different classification tests or the accuracy of a classification test 

with different risk thresholds at a population level, but in terms of the accuracy of a 
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classification result for an individual, they are informative only when the value is very 

high.352 A positive result from a classification test with a very high specificity could 

confidently rule in a true case, and a negative result from a test with a very high sensitivity 

could rule out a non-case. PPV and NPV are more intuitive for understanding the accuracy 

of a test result for an individual, as they indicate the probability of an individual being a 

true case given a positive result or being a non-case given a negative result.334 However, 

their values could be significantly influenced by the outcome incidence in the population 

as they essentially reflect the post-test probability of the outcome and PPV could be low 

when the cases are overall rare in the population, such as serious muscle disorders in this 

study. LR+ and LR- are more robust when the outcome incidence is extreme as they 

indicate the odds rather than the probability of a true case given a positive or negative test 

result.354 It has been suggested that a test with an LR+ >10 is generally good at ruling in 

outcome cases and a test with an LR- <0.1 is good at ruling out non-cases, but LR+ may 

need to be much larger for ruling in the cases of a rare outcome.353  

All of these statistics are linked and need to be interpreted together. For the StatinMD 

model, the main purpose of using it for classification is to identify (rule in) high-risk 

individuals who will develop serious muscle disorders and the outcome is rare. In this 

case, high specificity and large LR+ would be expected to satisfy the purpose of 

classification. 

The accuracy statistics were estimated using the inverse probability of censoring 

weighting approach by the ‘timeROC’ package in R. 

 Overall utility of the risk stratification in the population 

To understand the overall utility of the risk stratification with the StatinMD model in 

the population, the distribution of individuals’ predicted 10-year risk of serious muscle 
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disorders and CVD in the population eligible for statin treatment according to the current 

clinical guideline in the UK (i.e. with 10-year CVD risk over 10%) was inspected in a 

scatter plot. Individuals’ CVD risk was predicted from the QRISK2 model that was 

commonly implemented in the UK during the study period, as recorded in the CPRD 

primary care data, and those individuals without a record of the CVD risk in the cohort 

were excluded from this inspection. The proportion of the individuals who would be 

classified as high-risk for serious muscle disorders by the StatinMD model with potential 

risk thresholds was calculated.  

5.2.3.3 Handling missing data 

The internal validation used the imputed data of the derivation cohort created in 

Chapter 4. The missing data in the external validation was handled by the same 

approaches as in the model derivation. Briefly, for the variable (deprivation) with a small 

proportion of missing data, the missing values were imputed using single imputation by 

the mode in the observed values. For the four variables (ethnicity, alcohol consumption, 

smoking status, BMI level) with more missing data, the missing values were imputed 

using the multivariate imputation by chained equations (MICE)  with ten imputations.174  

All the assessments described above were conducted in each imputed dataset and the 

results were pooled across the ten datasets using the recommended methods.170 

Specifically, the individuals’ prognostic index, the D statistic, and the calibration slope 

were pooled using the Rubin’s rules.167 The c-index, the E/O ratio, and the 𝑅𝐷
2  statistic 

were summarised by median with interquartile range (IQR) across the ten imputed 

datasets. The calibration plots and the decision curves were created based on the pooled 

prognostic index.   
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5.3 Results 

5.3.1 Comparison of the derivation and external validation cohorts 

5.3.1.1 Baseline characteristics 

The baseline characteristics of the model derivation and external validation cohorts are 

reported in Table 5.1. The external validation cohort included a total of 3,889,504 

individuals followed up for a median of 8.5 years (IQR: 3.5 – 10.0 years), which was 

around two years longer than the median length of follow-up in the derivation cohort. The 

demographics were similar to that of the derivation cohort. The prevalence of some health 

status indicators or comorbidities, including general or high-risk alcohol consumption, 

above-normal BMI level, CVD, hypertension, previous muscle problems, and 

degenerative joint disorders, was lower than that in the derivation cohort. The use of the 

statin-interactive drugs and the myotoxic drugs was less common than in the derivation 

cohort, but the proportion of individuals on statin treatment was similar in both cohorts. 

Table 5.1 Baseline characteristics of the derivation and external validation cohorts 

Baseline Characteristics Derivation Cohort Validation Cohort 

Total number of patients 1,785,207 3,889,504 

Years of follow-up (median with IQR) 6.6 (2.7-10.0) 8.5 (3.5-10.0) 

Demographics     

Age (mean with SD) 64.0 (11.5) 62.0 (11.2) 

Gender   

Male 999,969 (56.0%) 2,224,742 (57.2%) 

Female 785,238 (44.0%) 1,664,762 (42.8%) 

Ethnicity   

White 1,193,371 (66.9%) 2,241,421 (57.6%) 

Black 18,238 (1.0%) 81,044 (2.1%) 
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South Asian 22,619 (1.3%) 75,740 (1.9%) 

Mixed and other 27,186 (1.5%) 77,224 (2.0%) 

Missing 523,793 (29.3%) 1,414,075 (36.4%) 

Deprivation   

Level 1 (least deprived) 423,260 (23.7%) 889,783 (22.9%) 

Level 2 409,934 (23.0%) 830,618 (21.4%) 

Level 3 383,727 (21.5%) 773,322 (19.9%) 

Level 4 314,029 (17.6%) 717,981 (18.4%) 

Level 5 (most deprived) 252,628 (14.1%) 673,054 (17.3%) 

Missing 1,629 (0.1%) 4,746 (0.1%) 

Health Status Indicators     

Alcohol consumption   

Non-drinker and ex-drinker 279,213 (15.6%) 816,140 (21.0%) 

General drinker 973,783 (54.6%) 1,469,858 (37.8%) 

High-risk drinker 119,158 (6.7%) 479,618 (12.3%) 

Missing 413,053 (23.1%) 1,123,888 (28.9%) 

Smoking   

Non-smoker 850,660 (47.7%) 1,649,606 (42.4%) 

Ex-smoker 359,202 (20.1%) 729,622 (18.8%) 

Current smoker 320,494 (17.9%) 786,981 (20.2%) 

Missing 254,851 (14.3%) 723,295 (18.6%) 

BMI level   

Normal 495,609 (27.8%) 966,648 (24.9%) 

Underweight 23,949 (1.3%) 62,235 (1.6%) 

Overweight 542,577 (30.4%) 1,030,612 (26.5%) 

Obese 279,006 (15.6%) 635,987 (16.3%) 

Morbidly obese 26,274 (1.5%) 61,387 (1.6%) 

Missing 417,792 (23.4%) 1,132,635 (29.1%) 

Frailty index (mean with SD) 0.06 (0.06) 0.05 (0.06) 
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Comorbidities     

Cardiovascular diseases 267,710 (15.0%) 452,040 (11.6%) 

Hypertension 470,050 (26.3%) 881,681 (22.7%) 

Diabetes 136,048 (7.6%) 290,777 (7.5%) 

Mild liver diseases 4,308 (0.2%) 11,051 (0.3%) 

Kidney diseases 67,540 (3.8%) 135,112 (3.5%) 

Rheumatic arthritis 22,325 (1.3%) 41,117 (1.1%) 

Previous muscle problems 85,581 (4.8%) 119,043 (3.1%) 

Degenerative joint disorders 343,640 (19.3%) 590,163 (15.2%) 

Hypothyroidism 87,452 (4.9%) 159,357 (4.1%) 

Vitamin D deficiency 7,739 (0.4%) 41,447 (1.1%) 

Vitamin B12 deficiency 26,224 (1.5%) 62,772 (1.6%) 

Concomitant Medications   

Statin-interactive drugs 156,335 (8.8%) 249,831 (6.4%) 

Myotoxic drugs 362,595 (20.3%) 702,280 (18.1%) 

Statin Treatment     

No statins 1,537,894 (86.1%) 3,415,527 (87.8%) 

Atorvastatin 74,350 (4.2%) 162,847 (4.2%) 

Rosuvastatin 6,555 (0.4%) 13,401 (0.3%) 

Simvastatin 149,326 (8.4%) 266,818 (6.9%) 

Fluvastatin/Pravastatin 17,082 (0.9%) 30,911 (0.8%) 

IQR: interquartile range; SD: standard deviation; BMI: body mass index; CVD: cardiovascular disease. 

5.3.1.2 Outcome incidence and competing risk 

In the external validation cohort, 13,549 outcome events (serious muscle disorders) 

were observed over the 10-year follow-up, leading to a crude event rate of 0.35% and an 

incidence rate of 5 per 10,000 person-years. A total of 701,686 competing events (deaths 

from causes other than serious muscle disorders) were observed in the 10 years with a 

crude event rate of 18% and an incidence rate of 264 per 10,000 person-years. The 10-
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year cumulative incidence of the outcome was estimated to be 0.44% (95% CI: 0.44% – 

0.45%), after adjusting by the competing risk. This was similar to that in the derivation 

cohort, which was 0.45% (0.44% – 0.47%). In contrast, the 1-year and the 5-year 

cumulative incidences of the outcome were slightly higher than that in the derivation 

cohort. For the competing event, the 10-year cumulative incidence was estimated to be 

23.4% (95% CI: 23.3% – 23.4%), and it was lower than that in the derivation cohort, 

which was 33.2% (95% CI: 33.1% – 33.3%). Similarly, the 1-year and the 5-year 

cumulative incidences of the competing event were also lower than that in the derivation 

cohort. The estimated cumulative incidences of the outcome and the competing event in 

both cohorts are reported in Table 5.2.   

Table 5.2 Cumulative incidences of the outcome and the competing event 

Cumulative Incidence (95% CI) Derivation Cohort Validation Cohort 

Outcome event   

1-year 0.04% (0.04% - 0.04%) 0.07% (0.06% - 0.07%) 

5-year 0.20% (0.19% - 0.20%) 0.24% (0.24% - 0.25%) 

10-year 0.45% (0.44% - 0.47%) 0.44% (0.44% - 0.45%) 

Competing event   

1-year 3.5% (3.5% - 3.5%) 2.7% (2.7% - 2.7%) 

5-year 16.7% (16.7% - 16.8%) 12.1% (12.0% - 12.1%) 

10-year 33.2% (33.1% - 33.3%) 23.4% (23.3% - 23.4%) 

CI: confidence interval 

5.3.1.3 Prognostic index 

The distributions of the individuals’ prognostic index in the derivation and the external 

validation cohorts are presented in Figure 5.1. The average level and the variation of the 

individuals’ prognostic index in the external validation cohort (mean = 1.000, SD = 0.864) 

were similar to that in the derivation cohort (mean = 0.998, SD = 0.915).        
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Figure 5.1 Distribution of prognostic index in the derivation and validation cohorts 

5.3.2 Prediction performance of the StatinMD model  

The measurements of the prediction performance of the StatinMD model are reported 

in Table 5.3 and the estimates in each imputed dataset are provided in Appendix 30. 

5.3.2.1 Model discrimination 

The StatinMD model showed good discrimination for the 1, 5, and 10-year predictions 

in both the internal (apparent) and external validations. In the external validation, for the 

10-year prediction, the c-index (0.782) indicated that the model had a probability of about 

78% to correctly distinguish between individuals with and without the outcome, and the 

D statistic (2.176) indicated that an individual with a higher predicted risk from the model 

was more than 2 times more likely to develop the outcome than an individual with a lower 

predicted risk. The discrimination was better for the 1-year (c-index = 0.840, D statistic 

= 2.659) and 5-year predictions (c-index = 0.806, D statistic = 2.419). 
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Table 5.3 Prediction performance of the StatinMD model in the internal (apparent) and external validations 

Performance Measurements* 

1-Year Prediction  5-Year Prediction  10-Year Prediction 

Internal External  Internal External  Internal External 

Discrimination 

c-index 
0.790 

(0.789 - 0.790) 

0.840 

(0.839 - 0.840) 
 

0.788 

(0.788 - 0.789) 

0.806 

(0.806 - 0.806) 
 

0.775 

(0.775 - 0.775) 

0.782 

(0.782 - 0.782) 

D statistic 
2.234 

(2.232 - 2.242) 

2.659 

(2.578 - 2.740) 
 

2.200 

(2.197 - 2.202) 

2.419 

(2.374 - 2.464) 
 

2.013 

(2.012 - 2.014) 

2.176 

(2.139 - 2.212) 

Calibration 

E/O ratio 
1.016 

(0.946 – 1.099) 

0.596 

(0.574 – 0.620) 
 

1.078 

(1.041 – 1.119) 

0.853 

(0.836 – 0.872) 
 

1.160 

(1.130 – 1.191) 

1.151 

(1.131 – 1.171) 

calibration slope 
1.070 

(1.026 - 1.113) 

1.146 

(1.126 – 1.165) 
 

1.067 

(1.045 - 1.089) 

1.113 

(1.102 – 1.125) 
 

1.008 

(0.994 - 1.023) 

1.063 

(1.052 – 1.073) 

Goodness-of-fit 𝑅𝐷
2   

0.544 

(0.543 - 0.546) 

0.628 

(0.628 - 0.628) 
 

0.536 

(0.535 - 0.536) 

0.583 

(0.583 - 0.583) 
 

0.492 

(0.491 - 0.492) 

0.530 

(0.530 - 0.531) 

* The estimate of the c-index, E/O ratio, and 𝑅𝐷
2  was the median with interquartile range across the ten imputed datasets; the estimate of the D statistic and calibration slope 

was the mean with 95% confidence interval across the ten imputed datasets. 
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5.3.2.2 Model calibration 

As presented in Table 5.3, in the external validation, the StatinMD model showed a 

small overestimation of the 10-year risk on average in the whole cohort (E/O = 1.151, 

calibration slope = 1.063), which was similar to that shown in the internal validation. In 

contrast, the model showed an overall underestimation of the 1-year risk (E/O = 0.596, 

calibration slope = 1.146) and the 5-year risk (E/O = 0.853, calibration slope = 1.113), 

which was different from the overall good calibration for the 1-year and 5-year 

predictions in the internal validation. 

The calibration plots by risk group are presented in Figure 5.2 – 5.4 and the risks in 

each group are reported in Appendix 31. In the external validation, the calibration plot 

for the 10-year prediction showed good agreement between the averaged predicted risk 

and the observed outcome incidence in each of the ten risk groups. This was similar to 

the internal validation. For the 1-year and 5-year predictions, the averaged predicted risk 

was also close to the observed incidence in most risk groups, but there was some 

underestimation in the highest-risk group. In contrast, the calibration in the internal 

validation was shown to be good in all risk groups for the 1-year and 5-year predictions.  
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A. Internal (apparent) validation                                                                         B. External validation 

         

Figure 5.2 Calibration plots by risk group for 1-year prediction by the StatinMD model in the internal and external validations 

The blue and red dots represent the ten risk groups in the internal (apparent) and external validation cohorts, defined by the deciles of the individual’s prognostic index from the 

StatinMD model in each cohort. The coordinates of the dots correspond to the mean of the individuals’ predicted 1-year risk of serious muscle disorders from the StatinMD 

model and the observed incidence calculated by the Aalen-Johan estimator in each risk group. The vertical bar through each dot denotes the 95% confidence interval of the 

Aalen-Johan estimate of the observed incidence.   
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A. Internal (apparent) validation                                                                         B. External validation 

         

Figure 5.3 Calibration plots by risk group for 5-year prediction by the StatinMD model in the internal and external validations 

The blue and red dots represent the ten risk groups in the internal (apparent) and external validation cohorts, defined by the deciles of the individual’s prognostic index from the 

StatinMD model in each cohort. The coordinates of the dots correspond to the mean of the individuals’ predicted 5-year risk of serious muscle disorders from the StatinMD 

model and the observed incidence calculated by the Aalen-Johan estimator in each risk group. The vertical bar through each dot denotes the 95% confidence interval of the 

Aalen-Johan estimate of the observed incidence. 
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A. Internal (apparent) validation                                                                         B. External validation 

         

Figure 5.4 Calibration plots by risk group for 10-year prediction by the StatinMD model in the internal and external validations 

The blue and red dots represent the ten risk groups in the internal (apparent) and external validation cohorts, defined by the deciles of the individual’s prognostic index from the 

StatinMD model in each cohort. The coordinates of the dots correspond to the mean of the individuals’ predicted 10-year risk of serious muscle disorders from the StatinMD 

model and the observed incidence calculated by the Aalen-Johan estimator in each risk group. The vertical bar through each dot denotes the 95% confidence interval of the 

Aalen-Johan estimate of the observed incidence. 
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The calibration plots by individual are presented in Figure 5.5 – 5.7. In the external 

validation, the calibration plots for the 1-year, 5-year, and 10-year predictions presented 

a similar distribution and all showed good agreement between the predicted and the 

observed risks in individuals with a low predicted risk, who made up the majority of the 

cohort. This confirmed the good calibration in most risk groups shown in the calibration 

plots at the group level. There was a small underestimation in individuals with a moderate 

predicted risk and a potentially significant overestimation in individuals with a high 

predicted risk. This revealed the unseen miscalibration in the highest risk group in the 

group-level calibration plots, where the underestimated or overestimated risks of these 

individuals were averaged together with others’ risks in the group. Potentially significant 

overestimation was shown in those individuals with a 1-year predicted risk over around 

15%, a 5-year risk over 25%, or a 10-year risk over 35%, who respectively accounted for 

about 0.01%, 0.02%, and 0.05% of the cohort. The individual-level calibration plots in 

the internal validation were similar but the degree of miscalibration shown in the plots 

was slightly smaller than in the external validation.                     

5.3.2.3 Model goodness-of-fit 

As reported in Table 5.3, the model showed moderate goodness-of-fit in the external 

data, which was better than that in the derivation data. Specifically, the 𝑅𝐷
2  (0.530) 

indicated that the model explained 53% of the 10-year prognostic separation of the 

outcome in the external cohort. This explained proportion by the model was larger for the 

1-year (𝑅𝐷
2  = 0.628) and the 5-year prognostic separation (𝑅𝐷

2  = 0.583).         
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A. Internal (apparent) validation                                                                         B. External validation 

         

Figure 5.5 Calibration plots at the individual level for 1-year prediction by the StatinMD model in the internal and external validations 

The calibration curves were fitted to the individuals’ predicted 1-year risks from the StatinMD model and their pseudo values of the observed risk. The blue and red dots 

represent the 1,000 groups in the internal and external validation cohorts, defined by the 1,000th of the individual’s prognostic index from the StatinMD model in each cohort. 

The coordinates of the dots correspond to the mean of the individuals’ predicted 1-year risk from the StatinMD model and the mean of the individuals’ pseudo observations in 

each group. The vertical bar through each dot denotes the 95% confidence interval of the mean pseudo observation in each group. The tails of the curves were estimated based 

on sparse data on a few individuals with predicted risk above the mean level of the highest risk group, which may be inaccurate.    
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A. Internal (apparent) validation                                                                         B. External validation 

         

Figure 5.6 Calibration plots at the individual level for 5-year prediction by the StatinMD model in the internal and external validations 

The calibration curves were fitted to the individuals’ predicted 1-year risks from the StatinMD model and their pseudo values of the observed risk. The blue and red dots 

represent the 1,000 groups in the internal and external validation cohorts, defined by the 1,000th of the individual’s prognostic index from the StatinMD model in each cohort. 

The coordinates of the dots correspond to the mean of the individuals’ predicted 5-year risk from the StatinMD model and the mean of the individuals’ pseudo observations in 

each group. The vertical bar through each dot denotes the 95% confidence interval of the mean pseudo observation in each group. The tails of the curves were estimated based 

on sparse data on a few individuals with predicted risk above the mean level of the highest risk group, which may be inaccurate. 
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A. Internal (apparent) validation                                                                         B. External validation 

         

Figure 5.7 Calibration plots at the individual level for 10-year prediction by the StatinMD model in the internal and external validations 

The calibration curves were fitted to the individuals’ predicted 1-year risks from the StatinMD model and their pseudo values of the observed risk. The blue and red dots 

represent the 1,000 groups in the internal and external validation cohorts, defined by the 1,000th of the individual’s prognostic index from the StatinMD model in each cohort. 

The coordinates of the dots correspond to the mean of the individuals’ predicted 10-year risk from the StatinMD model and the mean of the individuals’ pseudo observations in 

each group. The vertical bar through each dot denotes the 95% confidence interval of the mean pseudo observation in each group. The tails of the curves were estimated based 

on sparse data on a few individuals with predicted risk above the mean level of the highest risk group, which may be inaccurate. 
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5.3.3 Potential clinical utility of the StatinMD model   

5.3.3.1 Decision curve analysis 

In the external validation cohort, the decision curves for the stratified decision strategy 

with the StatinMD model, which uses the predicted risk from the model to determine 

clinical actions for addressing the concern about serious muscle disorders when 

considering statin treatment, are presented in Figure 5.8. This stratified strategy was 

shown to have a positive net benefit when a risk threshold used to stratify the predicted 

10-year risk of serious muscle disorders was within 30%. For instance, if the 10-year risk 

threshold was 10%, the net benefit of the stratified strategy shown in the decision curve 

was around 0.0005. This means that such risk stratification could correctly identify and 

decide on taking clinical actions in around 5 high-risk individuals who would develop 

serious muscle disorders in 10 years among 10,000 individuals eligible for statin 

treatment, after being offset by potential misclassification of individuals who would not 

develop muscle disorders. When considering the stratification of the 1-year and 5-year 

risks, the stratified strategy would have a positive net benefit if the threshold was within 

around 6% for the 1-year risk and 20% for the 5-year risk.  

With a risk threshold within these ranges, the positive net benefit of the stratified 

strategy using the StatinMD model demonstrated its advantage over the ‘intervention for 

none’ strategy (with zero net benefits by definition) which is not to take clinical actions 

for potential serious muscle disorders in any individuals when considering statin 

treatment. The decision curves for the stratified strategy also lay above the curves for the 

‘intervention for all’ strategy which is to take clinical actions in all individuals eligible 

for statin treatment, indicating that the net benefit of the stratified strategy was 

consistently larger than the ‘intervention for all’ strategy.   
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A. For 1-year risk stratification 

 

 

B. For 5-year risk stratification 
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C. For 10-year risk stratification 

 

Figure 5.8 Decision curves of the stratified strategy using the StatinMD model in the 

external validation cohort 

The advantage of the stratified strategy using the StatinMD model over the 

‘intervention for all’ strategy was also shown by the number of avoided interventions 

(Figure 5.9). For example, with a 10% threshold for stratification of the 10-year risk, 

using the prediction from the StatinMD model to determine clinical actions for potential 

serious muscle disorders could avoid around 95 unnecessary interventions in 100 

individuals eligible for statin treatment. These avoided interventions may include 

unnecessary pre-treatment tests of blood creatine kinase in individuals considered for 

statin initiation, inefficient clinical monitoring of muscle functions in current statin users, 

or inappropriate invasive examinations (e.g. muscle biopsy) and treatment withdrawals 

in statin users who may report suspected muscle symptoms. When considering the 

stratification of the 1-year and 5-year risks, the number of unnecessary interventions 

avoided by using the stratified strategy with the StatinMD model could be larger. 
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Figure 5.9 Number of avoided interventions by the stratified strategy using the 

StatinMD model in the external validation cohort   

The decision curves for the stratified strategy with the StatinMD model among the 

statin users in the external validation cohort are presented in Appendix 32. These decision 

curves also illustrated the advantage of the stratified strategy over the ‘intervention for 

none’ and ‘intervention for all’ strategies. In addition, the stratified strategy was shown 

to have larger net benefits than the strategy that determines clinical actions for potential 

serious muscle disorders simply based on statin users’ experience of muscle problems. 

5.3.3.2 Classification accuracy 

Within the range of the risk threshold where the stratified strategy with the StatinMD 

model could have a positive net benefit, as indicated in the decision curve analysis above, 

the classification accuracy of the StatinMD model at specific potential risk thresholds is 

reported in Table 5.4.  
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Table 5.4 Classification accuracy of the StatinMD model by potential risk thresholds 

Risk Threshold True Positive False Positive True Negative False Negative Sensitivity Specificity PPV NPV LR+ LR- 

1-year risk           

1% 446 9,275 3,877,699 2,084 17.58% 99.79% 5.38% 99.95% 85.52 0.83 

3% 121 1,406 3,885,568 2,409 4.76% 99.97% 9.83% 99.94% 163.94 0.95 

5% 47 477 3,886,497 2,483 1.85% 99.99% 11.15% 99.93% 188.66 0.98 

5-year risk           

1% 3,231 90,214 3,790,840 5,219 37.65% 98.44% 5.57% 99.85% 24.15 0.63 

3% 1,735 20,575 3,860,479 6,715 20.06% 99.70% 14.04% 99.80% 66.85 0.80 

5% 1,092 9,273 3,871,781 7,358 12.56% 99.88% 20.77% 99.79% 107.25 0.88 

7% 739 5,253 3,875,801 7,711 8.47% 99.94% 25.91% 99.78% 143.06 0.92 

10% 461 2,796 3,878,258 7,989 5.26% 99.97% 31.71% 99.77% 189.98 0.95 

10-year risk           

1% 6,157 297,730 3,578,225 7,392 43.82% 95.52% 4.18% 99.74% 9.78 0.59 

5% 2,998 34,706 3,841,249 10,551 20.69% 99.65% 20.88% 99.65% 59.23 0.80 

10% 1,621 12,340 3,863,615 11,928 10.98% 99.90% 33.83% 99.60% 114.71 0.89 

15% 978 6,226 3,869,729 12,571 6.50% 99.96% 43.42% 99.58% 172.16 0.94 

20% 638 3,660 3,872,295 12,911 4.18% 99.98% 50.72% 99.57% 230.92 0.96 

PPV: positive predictive value; NPV: negative predictive value; LR+: positive likelihood ratio; LR-: negative likelihood ratio.           
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The model showed low sensitivity and very high specificity with all the potential risk 

thresholds. This indicated the overall classification accuracy of the model in the 

population: only a small proportion of the individuals with serious muscle disorders could 

be identified by the model, while most of the individuals without serious muscle disorders 

could be correctly classified as low-risk by the model.  

In terms of classification accuracy for an individual, the model showed a low to 

moderate PPV and a high NPV with most of the risk thresholds. This indicated that an 

individual classified as high-risk by the model (a positive result) had a low to moderate 

probability of having serious muscle disorders, which significantly raised the ‘pre-test’ 

probability (observed incidence) of serious muscle disorders in the cohort (1 year: 0.07%, 

5 years: 0.24%, 10 years: 0.44%, see Table 5.2). In contrast, an individual classified as 

low-risk by the model (a negative result) had a high probability of being free of serious 

muscle disorders, which was similar to the ‘pre-test’ probability.  

Also reflecting the classification accuracy of a given result, the model showed an LR+ 

much larger than 1 and an LR- close to 1 with most of the risk thresholds. This indicated 

that being classified as high-risk by the model (a positive result) is much more likely to 

happen in the individuals who would develop serious muscle disorders than in those who 

would not, while being classified as low-risk (a negative result) may equally happen in 

individuals who would and would not develop serious muscle disorders. 

5.3.3.3 Overall utility of potential risk stratification in the population 

Among the individuals eligible for statin treatment (i.e. with 10-year CVD risk over 

10%), most of the individuals had a low predicted risk of serious muscle disorders and 

only a small proportion would be classified as high-risk individuals with the potential risk 
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thresholds (Table 5.5). For example, with a 10% risk threshold for the 10-year risk, only 

around 2% of the individuals would be classified as high-risk for serious muscle disorders. 

Table 5.5 Proportion of high-risk individuals for serious muscle disorders classified 

by the StatinMD model prediction with potential risk thresholds 

Risk Threshold Proportion of High-risk Individuals 

1-year risk  

1% 1.4% 

3% 0.3% 

5% 0.1% 

5-year risk  

1% 9.5% 

3% 2.9% 

5% 1.5% 

7% 1.0% 

10% 0.5% 

10-year risk  

1% 24.6% 

5% 4.5% 

10% 1.9% 

15% 1.1% 

20% 0.7% 

 

The distribution of the predicted 10-year risk of serious muscle disorders and the 10-

year CVD risk among these eligible patients is presented in Figure 5.10. This showed 

that most individuals at high risk of serious muscle disorders had a relatively low to 

moderate CVD risk and many of them had a risk of serious muscle disorders higher than 

their CVD risk. As the example in Figure 5.10, among the high-risk individuals classified 
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by a 10% threshold of the 10-year risk, 52.1% of them had a risk of serious muscle 

disorders higher than their CVD risk. 

 

Figure 5.10 Distribution of individuals’ 10-year risk of serious muscle disorders and 

CVD among those eligible for statin treatment in the external validation cohort 

The 10-year risk of serious muscle disorders (MD) was predicted from the StatinMD model. The 10-year 

risk of cardiovascular disease (CVD) was predicted from the QRISK2 model, as recorded in the CPRD 

primary care data. The eligibility of these individuals for statin treatment is defined as the 10-year risk of 

CVD over 10% according to the NICE guideline. The red dashed line denotes the potential threshold to 

stratify the 10-year MD risk among these eligible patients. The blue line denotes that the MD risk equals 

the CVD risk for an individual. The area under the blue line is where the MD risk is higher than the CVD 

risk for an individual and the area above is where the CVD risk is higher than the MD risk. The percentages 

in blue and green are the proportion of the individuals in these two areas respectively among those 

individuals at a high MD risk above 10%.          

High-risk Individuals for MD (1.9%) 
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5.4 Discussion 

5.4.1 Summary of key findings 

This study conducted an apparent validation of the StatinMD model for predicting the 

risk of serious muscle disorders in the model derivation cohort, and an external validation 

of the model in another cohort of 3,889,504 individuals who were potentially eligible for 

statin treatment. The model showed good apparent performance in the derivation cohort, 

demonstrating the appropriateness and robustness of the model derivation process. In the 

external validation, the model showed good discrimination for the 1, 5, and 10-year 

predictions (c-index: 0.840, 0.806, 0.782; D statistic: 2.659, 2.419, 2.176). The model 

presented an underestimation of the 1-year (E/O: 0.596, calibration slope: 1.146) and the 

5-year risks (E/O: 0.853, calibration slope: 1.113) and a small overestimation of the 10-

year risk (E/O: 1.151, calibration slope: 1.063) on average in the whole cohort. The 

calibration plots by risk group also showed an underestimation of the 1-year and the 5-

year risks but good agreement between the predicted and the observed 10-year risks on 

average within each risk group. The calibration plots by individual further revealed that 

the model predictions in all three timeframes were accurate in most individuals with a 

low predicted risk and slightly underestimated the risk in some individuals with a 

moderate predicted risk. The model may overestimate the risk by a potentially large 

degree in a few individuals with a high predicted risk, who accounted for a very small 

proportion of the population.         

Decision curve analysis showed that using the StatinMD model to stratify the risk of 

serious muscle disorders in the population and determine the corresponding clinical 

actions when considering statin treatment had a positive net benefit from correctly 

identifying high-risk individuals for necessary actions and could avoid a number of 
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unnecessary interventions in low-risk individuals. With specific potential thresholds for 

the risk stratification, the model presented high specificity, modest PPV higher than the 

population incidence of the outcome, and large LR+, indicating that the model was useful 

for identifying individuals who would develop serious muscle disorders from the 

population.             

5.4.2 Comparison with previous studies 

5.4.2.1 Performance of previous models for muscle-related adverse events 

As introduced in Chapter 4, there were two known models previously developed to 

predict muscle-related adverse events in the context of statin treatment. The model for 

myopathy with simvastatin was claimed to be validated through internal cross-validation, 

but the validation process and model performance were not reported in the publication.286 

The QStatin model for the 5-year risk of myopathic events was assessed through internal 

and external validation.62 Compared to the QStatin model, the StatinMD model in this 

study showed overall better performance for the 5-year prediction in both the internal and 

the external validation. The StatinMD model also provided predictions of the 1-year and 

10-year risks, for which the model performance was also better than the performance of 

the QStatin model for its 5-year prediction. The following comparisons between the two 

models focused on their prediction performance in the same 5-year timeframe in the 

external validation. 

Regarding discrimination, the c-index and the D statistic of the StatinMD model for the 

5-year prediction (0.806 and 2.42) were both larger than that of the QStatin model (0.763 

and 1.75 in women, 0.727 and 1.60 in men).62 This suggests a better discriminative ability 

of the StatinMD model to distinguish between individuals who will and will not develop 

the defined outcome. This improvement in discrimination may be because the StatinMD 
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model included some strong predictors for muscle-related adverse events that were 

omitted in the QStatin model, such as previous muscle problems, degenerative joint 

disorders, and vitamin D deficiency, and therefore could better explain the differences 

between individuals with and without the outcome.  

The calibration of the QStatin model was only graphically assessed by calibration plots 

based on ten risk groups. From the calibration plots, the current StatinMD model and the 

QStatin model both showed good agreement between the predicted and observed risks in 

most groups but some miscalibration in the highest-risk group.62 The absolute amount of 

this miscalibration by the StatinMD model was smaller than that by the QStatin model. 

This may be because the StatinMD model focused on predicting more serious events and 

was also adjusted by the competing risk, both leading to a smaller predicted risk of the 

outcome on an absolute scale. 

The proportion of the variation in the predicted outcome explained by the model, as 

indicated by the R2 statistic, was larger for the current StatinMD model (58%) than the 

QStatin model (42% in women and 38% in men).62 Although the R2 statistic does not 

directly reflect the prediction performance, the larger value may suggest that the included 

predictors in the StatinMD model better explained the outcome occurrence.355      

5.4.2.2 General performance of prognostic prediction models 

Although measurement statistics and methods have been developed to assess the 

performance of prognostic prediction models, there are no definite criteria for good model 

performance based on these measurements.330 The consideration for the model 

performance mainly depends on the purpose of prediction.338  

For a model that would be used to identify high-risk individuals, the discriminative 

ability of the model to distinguish between individuals with and without the predicted 
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outcome is essential. For clinical prediction models, common values of the c-index for 

the discrimination are at least 0.65,356 but the value is closer to 1 for some widely-accepted 

models. For example, the SCORE model for predicting fatal cardiovascular diseases 

(CVD) had a c-index ranging from 0.71 to 0.84 in different populations.357 The QRISK2 

model for predicting fatal and non-fatal CVD had a c-index of 0.82 in women and 0.79 

in men.59 As for the D statistic, which was more recently proposed and hasn’t been 

reported in many published models so far, theoretically the larger the value is the better.329, 

356 One example is the QRISK2 model, which showed a D statistic of 1.79 in women and 

1.62 in men.59 A recently published model predicting falls in patients with an indication 

for antihypertensive treatment, using similar approaches as in this study, showed a D 

statistic ranging from 1.60 to 2.16 for its predictions in different timeframes.358 Compared 

to these recognised models, the discrimination of the StatinMD model could be 

considered a good performance based on its c-index and D statistic. 

For calibration, the E/O ratio could be influenced by the outcome incidence in the 

population, making it difficult to compare models for different outcomes. It has been 

suggested that an E/O ratio between 0.83 and 1.25 may indicate good overall calibration, 

using the example of the EuroSCORE model for predicting 30-day mortality after cardiac 

surgery which had an incidence of around 3%. However, for rare outcomes with a lower 

incidence, like serious muscle disorders in this study, a small difference between the 

predicted and the observed risks could result in an E/O ratio significantly departing from 

1. The StatinMD model showed good overall calibration for the 5-year (E/O = 0.853) and 

the 10-year predictions (E/O = 1.151), but only modest calibration for the 1-year 

prediction (E/O = 0.593), which resulted from a small absolute difference between the 

averaged predicted risk (0.04%) and the observed risk (0.07%). Calibration slope does 

not by itself measure calibration and only has been used to help understand model 



185 

 

calibration recently, with inconsistent and inappropriate interpretations.344 It should be 

interpreted together with the overall calibration indicated by the E/O ratio and is more 

useful when good overall calibration has been shown by an E/O ratio close to 1. In this 

study, the calibration slope did not add much about the model performance but the slope 

being close to 1 suggested there was no need to re-calibrate the prognostic index 

(predictor coefficients).338, 359             

When the calibration is assessed graphically by a calibration plot, which is commonly 

drawn based on ten risk groups, it is even more difficult to define good performance.140 

In this study, the calibration plots of the StatinMD model showed good calibration across 

most risk groups but some miscalibration in the highest risk group. This was also seen in 

some well-recognised models such as the QRISK2.59 However, the miscalibration in the 

highest risk group did not deter the wide use of the QRISK2 model in clinical practice,5 

since the absolute risk difference resulted from the miscalibration was small. For the 

StatinMD model, the absolute amount of miscalibration in the highest risk group was also 

small on average, but the calibration by individual further revealed that the overestimation 

in a few individuals with a very high predicted risk may be large. Such individual-level 

calibration was not used for the QRISK2 or other well-recognised models and has been 

only reported in prognostic modelling studies recently.358, 360  

When a model was assessed through both internal and external validation, theoretically, 

a model’s internal performance should be better than its external performance, since the 

model has been derived from the same data.144 However, the current StatinMD model 

showed slightly better discrimination in the external validation cohort than in the 

derivation cohort. This was also seen in other prognostic models. For example, the 

SCORE model has been shown to have better discrimination in an external population 

from a low-risk region than in the original derivation population.357 The discrimination 
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of the QStatin model for myopathic events was also slightly better in the external 

validation than in the internal validation.62 In the current study, one explanation may be 

because the observed outcome risk had a wider spread in the external cohort, as shown in 

the risks across the ten risk groups in the two cohorts (Appendix 30), and therefore they 

were easier to be distinguished by the model. 

5.4.3 Strengths and limitations 

5.4.3.1 Strengths 

 Model calibration at the individual level 

As a common practice, model calibration is usually graphically assessed by a 

calibration plot based on ten risk groups in the population, where the averaged predicted 

and observed risks in each group are compared.140 However, these group-level risks 

usually do not reveal the calibration across the full range of plausible probabilities for all 

individuals in the population. For example, in the calibration plot of the QRISK2 model 

for the 10-year CVD risk, the averaged risks in the ten risk groups ranged from around 

1% to 25% in women and from 1% to 30% in men.59 Although this range may represent 

the risk for the majority of the population, the model calibration in the individuals with a 

risk over 30% was left unknown. It is possible that the calibration in these individuals is 

not as good as in others, as the model is derived with often much fewer data in these 

‘outliers’, which probably leads to less precise predictions in these individuals. 

In this study, in addition to the calibration by risk group, the calibration of the StatinMD 

model based on individuals’ pseudo observations was also presented, which has not been 

widely used in the validation of clinical prediction models.361 This calibration covered 

the full range of plausible outcome risks in all individuals and provided useful 

supplementary information about the model calibration. The individual-level calibration 
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plots confirmed the good accuracy of the model predictions in individuals with a low 

predicted risk who represented the majority of the population and further revealed the 

miscalibration in some individuals in the highest risk group. This miscalibration was not 

seen in the calibration plots by risk group, where the predicted risks of these 

underestimated or overestimated individuals were averaged with others’ risks in the 

highest risk group. More specifically, this revealed miscalibration showed that, within the 

highest risk group in the population, there was a small underestimation by the model in 

individuals with a moderate predicted risk but a potentially significant overestimation in 

those with a very high risk above a certain level. Knowing this additional information 

helps better understand the full picture of the model calibration across the whole 

population and the degree of potential miscalibration in individuals at different risk levels. 

This could direct where cautions need to be taken when using the predicted risk from the 

model to make a clinical decision for an individual and is also an important consideration 

when determining the threshold for risk stratification based on the model predictions, as 

discussed in the clinical implication session below.362                          

 Comprehensive assessment of prediction performance and clinical utility 

A systematic review of external validation studies for prediction models has shown that 

the key aspects of model performance have been poorly reported in publications, with 

some important measurements often omitted, such as calibration measurements.356 In the 

current study, a comprehensive assessment of the performance of the StatinMD model, 

including the discrimination, calibration, and goodness-of-fit, was performed, with 

specific measurements fully reported, following the TRIPOD guidance.143 In addition, 

this study also assessed the potential clinical utility of the StatinMD model, which has 

been proposed but not yet widely taken up in the validation of clinical prediction 

models.330 The decision curve analysis used in this study is a relatively new approach, 
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which demonstrated the advantage of using the StatinMD model for relevant decision-

making over common practices and further established its validity for clinical use.333      

5.4.3.2 Limitations 

 Methodological issues in the assessment of model performance  

Overall the StatinMD model underestimates the risk for low-risk individuals and 

overestimates the risk for high-risk individuals. This may be due to the sparsely 

distributed data of outcome occurrence that is likely to lead to the range of predicted risk 

across the population being too wide.363 Some approaches could be used to adjust such 

miscalibration by shrinking the predictor coefficients to narrow down the range of 

predicted risk.364 This study did not make such an adjustment because the amount of 

underestimation of a low risk in the majority of the population was small and the 

overestimation of a high risk would only happen in a very small proportion of the 

population, which is unlikely to invert the treatment decision in most cases. The estimates 

of calibration slope did not indicate a need for re-calibration either. Nevertheless, 

although the potential improvement may be limited, an attempt to re-calibrate the model 

may reduce the miscalibration to a certain degree. 

The validation data in this study were from the primary care records collected in the 

GP practices across England and there may be some heterogeneity in the model 

performance among different GP practices due to potentially different case mix of patient 

characteristics or varying incidence of the outcome in these practices.365 This potential 

heterogeneity was not taken into account when assessing the model performance in this 

study, due to the consideration for analysis efficiency. To address this heterogeneity, a 

more sophisticated approach would be assessing the model performance within each GP 

practice and combining the performance measurements across all practices using meta-
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analysis.365 By this approach, the prediction intervals for the estimates of performance 

measurements could be obtained to give an indication of expected model performance in 

a new GP practice, which would be wider than the confidence intervals shown in the 

current results.358           

This study used the c-index as a measurement of model discrimination, which has been 

widely used in the validation of prognostic models.356 The c-index reflects the average 

discriminative ability of the model across all possible risk thresholds in the full theoretical 

range from 0% to 100% for discrimination between high-risk and low-risk individuals.339 

Such an average value may be less meaningful when the model prediction in the 

population is limited to a small range or the model is to be used with a specific risk 

threshold in practice.366 In this study, among 99% of the individuals in the external 

validation cohort, the predicted risk from the StatinMD model is within the range of 0% 

- 5%, where the model discrimination may be different from the average discrimination 

in the full range. The partial c-index has been proposed to measure discrimination in a 

probability range of interest, but it also has limitations and is less interpretable.366, 367 The 

StatinMD model is expected to be used with a specific risk threshold to identify high-risk 

individuals, in which case the discrimination may be also different from the average 

discrimination indicated by the c-index.368 Although several potential risk thresholds 

were picked in this study to assess the model discrimination (classification accuracy) in 

specific scenarios, the risk threshold that would be eventually used in clinical practice 

remains undetermined and the actual model discrimination is unknown.      

Although the model calibration at the individual level is useful for better understanding 

the model performance across the whole population, as pointed out above, this approach 

may also introduce some uncertainty and potential bias from the generation of individuals’ 

pseudo observations. The generation of the pseudo values was based on an assumption 
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that the time to censoring (the censoring other than by the competing event) is completely 

independent of the time to outcome event.347 This assumption is more restrictive than the 

assumption established for a survival model, which allows the time to censoring to be 

conditionally independent of the time to outcome event, given a set of covariates in the 

model.362 Although the censorship in this study was arguably independent of the outcome 

occurrence, according to the defined reasons for censoring (except the competing event), 

it is difficult to confirm or test this assumption. Approaches to addressing potential 

dependent censoring include computing pseudo values separately in the subsets stratified 

by categorical covariates that are suspected to be related to the dependent censoring 

mechanism, or modelling the censoring mechanism conditional on a set of covariates.347 

However, these approaches would add much complexity to the calculation of pseudo 

values, especially when competing risk exists.369 In fact, without using these approaches, 

the pseudo value calculation in this study has already encountered computation issues, 

due to the huge sample size and the memory requirement for the intensive computation. 

The whole sample was therefore divided into fifty subsamples to compute pseudo values 

respectively. This compromised computation process may also introduce bias, in addition 

to the potential violation of independent censoring assumption, into the generated pseudo 

values and consequently the calibration assessment based on these values. 

In addition, the calibration plots by individual showed a potentially significant 

overestimation in high-risk individuals for the predictions of all three timeframes in both 

the apparent and the external validation. These high-risk individuals accounted for a very 

small proportion of the population, for whom the model may not be able to predict the 

risk accurately based on the scarce data. But for the same reason, the large overestimation 

in these individuals shown by the calibration curves fitted to the scarce data on their 
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predicted risks and pseudo values may also be inaccurate and the degree of this 

overestimation remained uncertain.                       

Another potential methodological issue in the assessment of the model performance is 

that the calculation of the D statistic and the 𝑅𝐷
2  statistic was performed in R using the 

function ‘royston.cpr’ that was developed by myself based on the relevant methodology 

papers and the function ‘royston’ from the widely-used R package ‘survival’,154, 329, 370 

given there is currently no available package or function in R to calculate these two 

statistics for a competing risk model. However, this function has not been tested or 

validated in other studies.                 

 Influence by the use of data from routine healthcare records  

As pointed out in the preceding chapter, using the data from routine healthcare records 

has some limitations, which may not only affect the model derivation but also influence 

the model validation. Missing data of certain predictor variables in both the derivation 

and the external validation cohorts, although imputed, may leave uncertainty in the 

measurements of the model prediction performance in the internal and external 

validation.163 Potential misclassification of the outcome and the baseline characteristics 

in the cohorts may lead to some bias in the model performance assessment.287 Moreover, 

since the primary care records in the derivation and the external validation cohorts were 

sought from different databases, the baseline characteristics were defined by different 

medical codes in the two cohorts, which needs to be taken into account when interpreting 

the validation results. The difference seen in the internal and external validation results 

may partially result from the inconsistent definitions and recording of the predictor 

variables, in addition to the actual variation of model performance in the different 

populations. 
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 Sample similarity and non-independent validation 

The key purpose of external validation is to evaluate the generalisability of a model, in 

order to support its wider use beyond the population from where the model has been 

derived. In this study, although the data for external validation were from a different data 

source, the population characteristics in the external validation cohort were very similar 

to the derivation cohort. In this case, a good performance in the external validation further 

demonstrated the reproducibility of the StatinMD model, in addition to the internal 

validation, rather than its generalisability.145 Since the external validation cohort, as well 

as the derivation cohort, was from the primary care population in the UK, the 

generalisability of the StatinMD model may be limited to this setting. The model may not 

perform as well in other settings, such as in other countries or the secondary care 

population with different characteristics.  

Furthermore, an independent validation by investigators who are not involved in the 

model derivation is encouraged to reduce potential inflated findings and ‘spin’.143, 144 

However, in this study, the StatinMD model was derived and validated by the same author, 

which may lead to better validation results than in an independent validation.356   

5.4.4 Clinical implications 

5.4.4.1 Considerations in the use of the StatinMD model for personalised decision-

making on statin treatment 

As suggested in Chapter 4, the StatinMD model could be used to support personalised 

clinical decision-making on statin treatment, through comparison between the predicted 

risks of CVD and serious muscle disorders and calculation of the absolute treatment 

effects by statins. For this purpose, the calibration of the StatinMD model is crucial, as it 
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reflects how close the predicted risk is to the actual risk for an individual and could 

influence the risk comparison and the treatment effect calculation.  

This study showed that the StatinMD model could accurately predict the risk of serious 

muscle disorders in 1, 5, and 10 years for individuals with a low predicted risk, who 

represent the vast majority of the population eligible for statin treatment. The predicted 

risk for these individuals could be used to reassure them that their risk of serious muscle 

disorders is low, which may help encourage the uptake of statins or improve adherence 

to statin treatment in eligible patients. The model would slightly underestimate the risk 

for individuals with a moderate predicted risk but the absolute difference from their actual 

risk could be negligible. The predicted risk in these individuals is reliable for making a 

comparison with their CVD risk and calculating the potential risk increase of serious 

muscle disorders by statins, which could support the decision-making on statin treatment.      

However, the model may overestimate the risk for individuals with a high predicted 

risk, potentially by a considerable degree. This would happen when the predicted 1-year 

risk is above around 15%, the 5-year risk is above 25%, or the 10-year risk is above 35%, 

which could occur respectively in 1, 2, or 5 persons per 10,000 people. In this case, it may 

not be appropriate to use the exact predicted risk of serious muscle disorders to compare 

with the CVD risk or calculate the absolute risk increase by statins. However, caution for 

statin treatment should still need to be taken for these individuals because their actual risk 

of serious muscle disorder is very likely to be higher than most people. For the individuals 

with an overestimated 10-year risk above 35%, their actual risk may be at least 25%, as 

shown in the individual-level calibration plots in this study. 
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5.4.4.2 Potential utility of the StatinMD model for stratified statin treatment 

Another use of the StatinMD model is to stratify the risk of serious muscle disorders in 

the population to implement a potential stratified statin treatment strategy and determine 

corresponding clinical actions to address the concern about serious muscle disorders. For 

this purpose, the discriminative ability of the StatinMD model and the potential clinical 

utility of such risk stratification with the model are important considerations.    

The StatinMD model showed a strong discriminative ability to distinguish between 

individuals who will and will not develop serious muscle disorders in 1, 5, or 10 years. A 

clear prognosis separation also demonstrated that individuals with a higher predicted risk 

from the StatinMD model are more likely to experience serious muscle disorders than 

those with a lower predicted risk.  

The potential threshold to stratify the risk of serious muscle disorders in the population 

may lie in the range with an upper limit of around 6% for the 1-year risk, 20% for the 5-

year risk, and 30% for the 10-year risk, as indicated by the decision curve analysis. With 

a risk threshold within these ranges, using the StatinMD model prediction to implement 

the stratified decision strategy would have clinical benefits from correctly targeting 

clinical actions at high-risk individuals who will develop serious muscle disorders. In the 

meantime, it could help avoid a number of unnecessary clinical actions in low-risk 

individuals, such as inefficient clinical monitoring of CK level during statin treatment or 

inappropriate treatment withdrawal in statin users due to the concern about muscle 

disorder. The benefits are more evident and important for the decision-making for statin 

users who have experienced suspected muscle symptoms, for whom these clinical actions 

are most likely to be considered.                    
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With a specific risk threshold within the ranges above, the classification accuracy of 

the StatinMD model suggested that the model can help better identify individuals with 

serious muscle disorders from the population. For an individual classified as high-risk by 

the StatinMD model, clinicians can be confident that this individual is more likely to 

develop serious muscle disorders than those classified as low-risk and should consider 

the corresponding clinical actions described above. However, clinicians should be aware 

that an individual classified as low-risk by the model may also develop serious muscle 

disorders. Given that serious muscle disorders are rare in the population and the 

exaggerated concerns about statin safety have resulted in low uptake of statins in eligible 

patients, the number of serious muscle disorder cases missed out by the classification 

would be very small and this should be less concerning than giving false alarms to most 

individuals who actually will not develop serious muscle disorders. 

Since the eligibility for statin treatment is determined based on the 10-year CVD risk, 

one may first consider the risk of serious muscle disorder predicted in the same timeframe 

when using the StatinMD model to assist the treatment decision-making. Considering the 

prediction performance of the StatinMD model in all aspects and the potential clinical 

utility of the stratified statin treatment strategy, a sensible threshold to stratify the 

predicted 10-year risk of serious muscle disorders may be around 10%. This threshold is 

within the range indicated by the decision curve analysis, where the risk stratification 

would have clinical benefits. Compared to a higher risk threshold (e.g. 15% or 20%), the 

classification accuracy of the StatinMD model with the 10% threshold is a better balance 

between a low rate of false alarms and a limited number of cases missed. The model 

calibration for a predicted risk of around 10% is also better than the calibration at a higher 

risk level, which is critical for correctly classifying individuals with a predicted risk 

around the threshold. However, since the threshold of CVD risk for statin treatment may 
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be lowered in the coming updated clinical guideline in the UK, or patients may have a 

strong preference to avoid serious muscle disorders, a lower threshold to stratify the 

predicted risk of serious muscle disorders could also be considered. 

The overall clinical utility of such risk stratification may be limited to a small 

proportion of the population. As seen in this study, if the threshold for the 10-year risk is 

10%, the classified high-risk individuals may account for only 2% of the population 

eligible for statin treatment. However, more than half of these high-risk individuals would 

have a risk of serious muscle disorders higher than their CVD risk, for whom the trade-

off between benefits and harms is more likely to alter the treatment decision. Therefore, 

identifying these high-risk individuals is important even though their proportion is small.                            

5.4.5 Future research 

5.4.5.1 Validation in other populations 

Given the similarity between the derivation and the external validation cohorts in this 

study, the generalisability of the StatinMD model may need to be further extended or 

firmly established. This could be achieved by assessing the model performance in a 

population at different geographic locations (e.g. in other countries) or clinical settings 

(e.g. secondary care).145 It could be also useful to validate the model in particular patient 

groups of concerns, such as the older population aged over 80 years for whom 

polypharmacy is common and the risk of adverse events needs to be carefully considered. 

Based on the validation results, the StatinMD model may be modified or updated to suit 

the use in other populations, without deriving a new model. A successful example of such 

extended validation and use is the Framingham risk score for CVD, of which several 

modified versions after validation have been recommended in the clinical guidelines in 

different countries.371         
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5.4.5.2 Further determination of the risk threshold 

In addition to the considerations of the performance and clinical utility of the StatinMD 

model, a cost-effectiveness assessment of the potential stratified statin treatment in the 

population could be conducted to further determine the risk threshold for serious muscle 

disorders.372 Like the health economic assessment determining the threshold of CVD risk 

for statin treatment, this may take into account lifetime clinical outcomes, quality-

adjusted life-years (QALYs), costs, and incremental cost-effectiveness ratio (ICER) of 

using the model.373  

Patients’ experiences and preferences are always important in clinical decision-

making.374 A survey by questionnaire, focus group discussion, or individual interview 

may be designed to collect patients’ beliefs and preferences about the beneficial and 

adverse effects of statins.375 This could help understand how patients weigh the increase 

of serious muscle disorders against the reduction of CVD and further determine a risk 

threshold that is meaningful to patients’ decisions.              

5.4.5.3 Clinical impact study 

The ultimate purpose of developing a prognostic prediction model is to positively 

impact clinical decision-making and consequently improve patient outcomes. To achieve 

this purpose, a well-validated model is fundamental. However, this does not guarantee 

the use of the model will actually change clinicians’ or patients’ behaviours in clinical 

practice and lead to an improved health outcome.138 Prospective comparative studies, 

such as cluster-randomised trials, can be designed to evaluate the ultimate impact of a 

prediction model on patient outcomes, which are often referred to as ‘impact studies’.376 

Impact studies often require substantial time and funding and have barely been conducted 

for the published prediction models, including those in current clinical use.138 
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Nevertheless, an impact study would be helpful for further understanding how the use of 

the StatinMD model could change clinical decisions on statin treatment and the eventual 

outcome of CVD prevention with statins in the population.     

5.5 Conclusion 

The StatinMD model has presented a satisfactory prediction performance to predict 

serious muscle disorders for individuals potentially eligible for statin treatment. The 

model has a strong discriminative ability to distinguish individuals who will and will not 

develop serious muscle disorders. It also has an overall good calibration to accurately 

predict the risk of serious muscle disorders for the majority of the population, which could 

help assist in personalised decision-making on statin treatment. The model showed some 

miscalibration in a small proportion of the population, which is unlikely to bias the 

decision-making on statin treatment. With a possible risk threshold to stratify the risk of 

serious muscle disorders in the population, the model could help better identify 

individuals who will develop muscle disorders. Implementing the stratified statin 

treatment strategy based on the risk stratification with the model could better target the 

clinical actions for addressing the concern about serious muscle disorders at high-risk 

individuals, while avoiding unnecessary actions or inappropriate treatment decisions.   
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Chapter 6 Discussion and Conclusions 

6.1 Summary of key findings in this thesis 

As introduced at the beginning of this thesis, the widespread concerns about statin 

safety have resulted in low uptake of statins and poor adherence to statin treatment for 

prevention of cardiovascular diseases (CVD).34, 35, 66 The recommendation for wider use 

of statins in primary prevention has posed a particular challenge, with controversies 

focusing on the balance between benefits and harms of treatment.32, 36 In this population, 

tailoring statin regimens by drug type or dose to address the safety concerns may be 

attempted in clinical practice but currently lacks guidance to inform decision-making.51 

Personalised treatment decision-making and stratified treatment strategy, taking into 

account the risk of adverse events, are the potential approaches towards better use of 

statins for prevention of CVD.56, 63 These require prediction tools to provide personalised 

information. As the most commonly discussed adverse event of statins, serious muscle 

disorders are a major concern in the clinical decision-making and policy-making for statin 

treatment and a priority for developing a prediction tool.  

This thesis aimed to better understand the safety of statins in primary prevention of 

CVD, by assessing the association between statins and common adverse events and 

exploring the evidence for tailoring statin regimens to address safety concerns. Another 

objective of this thesis was to derive and validate a prediction tool for serious muscle 

disorders in the population eligible for statin treatment.                

6.1.1 Statin safety in primary prevention of CVD 

A systematic review of 62 randomised controlled trials (RCT) on statin treatment in 

primary prevention patients without previous cardiovascular events was conducted in this 
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thesis, with a total of 120,456 participants followed up for an average of 3.9 years. The 

pair-wise meta-analysis comparing statins with placebo or usual care found that statin 

treatment was associated with an increased risk of self-perceived muscle symptoms, liver 

dysfunction, renal insufficiency, and eye conditions, but the association with clinically-

confirmed muscle disorders or type 2 diabetes was not found in these patients. The 

absolute increase in the risk of the associated adverse events was small and did not exceed 

the reduction in the risk of major cardiovascular events by statin treatment.  

The network meta-analysis of statin drug types showed that atorvastatin and lovastatin 

were associated with an increased risk of liver dysfunction and rosuvastatin was 

associated with a higher risk of muscle symptoms, renal insufficiency, type 2 diabetes, 

and eye conditions. Few significant differences between statin drug types were found in 

their associations with the adverse events, based on limited data for some statin types, 

particularly fluvastatin and pitavastatin. The Emax model-based meta-analysis identified a 

significant dose-response relationship suggesting a higher dose of atorvastatin was 

associated with a higher risk of liver dysfunction but with considerable uncertainty in the 

Emax model parameters to determine the explicit relationship. No dose-response 

relationships were found between other statins and adverse events, based on scarce data 

for individual statin types of specific doses.           

6.1.2 Prediction of the risk of serious muscle disorders 

A prediction model for the personalised risk of serious muscle disorders in the 

population potentially eligible for statin treatment (the StatinMD model) was developed 

in this thesis. Based on 1,785,207 individuals in primary care in the UK, the model was 

derived to predict the risk of serious muscle disorders associated with hospitalisation or 

death in 1, 5, or 10 years, taking into account the competing risk of death from other 
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causes. The risk prediction was based on 22 personal characteristics, including essential 

demographics, indicators of general health status, comorbidities, and use of statins and 

other medications, which were available in routine primary care records.    

The StatinMD model presented a good prediction performance in the original 

population for model derivation, demonstrating the robustness and reproducibility of the 

model. The model was externally validated in another primary care population of 

3,889,504 individuals in the UK. In this population, the model showed good 

discrimination to distinguish between individuals who would and would not develop 

serious muscle disorders. The model also showed good calibration in the majority of the 

population with low predicted risk. There was a small underestimation by the model in 

some individuals with a moderate predicted risk, and a potentially large overestimation 

in a few individuals with a high predicted risk who accounted for a very small proportion 

of the population. The decision curve analysis indicated that using the StatinMD model 

to stratify the risk of serious muscle disorders in the population had a positive net benefit 

of correctly targeting relevant clinical actions at high-risk individuals, while avoiding 

unnecessary interventions in low-risk individuals. With a specific potential threshold for 

risk stratification, the assessment of classification accuracy suggested that the StatinMD 

model was useful for identifying individuals who would develop serious muscle disorders 

from the population.     
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6.2 Clinical implications of the findings 

6.2.1 Supporting evidence-based statin treatment for primary 

prevention of CVD 

The findings from the systematic review in this thesis provide evidence that should, on 

top of previous knowledge, help address the controversies over the benefit-harm balance 

of statin treatment for primary prevention of CVD and support the recommendations for 

the use of statins in this population.  

Firstly, the causal associations between statins and most adverse events are not well 

supported by current evidence, compared to their established beneficial effects on 

reducing cardiovascular events, particularly when used for primary prevention. 

According to the Bradford-Hill criteria,377 the strength and consistency of the association 

and the biological plausibility and gradient of the effect are key considerations for causal 

inference. In the systematic review in this thesis, the associations between statins and the 

adverse events in primary prevention patients were found to be weak and their 

significance was not robust due to the low statistical power of the analyses. These 

associations were inconsistent among the individual trials included in this review and 

some of them were not found significant in previous studies in other populations or 

clinical settings.44, 181, 189 Unlike the well-studied effect of statins on lowering low-density 

lipoprotein cholesterol (LDL-C), the underlying biological mechanisms for most of their 

potential adverse effects have not been well understood.10, 12 The lack of clear dose-

response relationships between statins and the adverse events, as shown in the review in 

this thesis, may also diminish the causal plausibility of their associations.377  
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 Second, even if the causal associations exist, the potential increase of these adverse 

events is unlikely to exceed the reduction of cardiovascular events by statin treatment in 

primary prevention patients. In the systematic review in this thesis, the biggest potential 

adverse effect of statins was found on liver dysfunction, which increased the risk by 33% 

but resulted in an absolute increase of only 8 cases per 10,000 person-years. For self-

perceived muscle symptoms, the most commonly reported adverse event, statins were 

found to increase the risk by 6%, which resulted in 15 extra cases per 10,000 person-years. 

For the more concerning clinically-confirmed muscle disorders, including myopathy and 

rhabdomyolysis, the annual incidence was very low (4 per 10,000 person-years) in the 

statin treatment group, without a significant difference from the incidence in the control 

group (3 per 10,000 person-years). As a comparison, statins reduced major cardiovascular 

events by 17%-28%, which led to an absolute reduction of these events up to 19 cases per 

10,000 person-years. As discussed above, the increase in adverse events is not necessarily 

caused by statins given the uncertainty in their causal associations, while the reduction of 

cardiovascular events is more certain. Although it has been argued that the incidence of 

adverse events is generally lower in clinical trials as the participants are often selective 

and healthier, this is similar for cardiovascular events when considering the absolute 

treatment effects. The prediction modelling study in this thesis also showed a very low 

incidence of serious muscle disorders (4 per 10,000 person-years) based on a large 

population from primary care.  

Finally, most of the adverse events are clinically and economically less concerning than 

the cardiovascular events that statins could prevent, in terms of their prognosis and 

disease burden.12 As seen in the trials in this thesis, most of the reported adverse events 

were mild conditions that are usually tolerable and curable, such as self-perceived muscle 

symptoms (mostly unspecified muscle pain) without significant elevation of blood 
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creatine kinase, liver dysfunction with a one-time small elevation of liver enzymes, or 

renal insufficiency with trivial proteinuria. These conditions are unlikely to require 

hospitalisation and some of them may not need treatments. In contrast, cardiovascular 

events often end up in hospitalisation and are the leading cause of global mortality, which 

could significantly reduce the life quality of an individual and increase the disease burden 

for society.1 Although patients’ perspectives about these outcomes could vary by 

individual when considering statin treatment, the need to prevent CVD in the population 

should not be defeated by the concern about potential adverse events in policy-making.                        

All the presented evidence, showing the uncertain causal association with statins, the 

small potential risk increase, and the general mildness of the adverse events, may alleviate 

some concerns about statin safety in the public and help patients and doctors make 

evidence-based appropriate clinical decisions on statin treatment for CVD primary 

prevention. Regarding the consideration for tailoring statin regimens by drug type or dose 

to address safety concerns in these patients, the current evidence is unable to provide 

specific guidance on such practices, as explored in this thesis.                                             

6.2.2 Towards personalised and stratified statin treatment 

The StatinMD model developed in this thesis could be used to assist personalised 

decision-making on statin treatment for individuals in clinical practice and to implement 

a potential stratified statin treatment strategy in the population for prevention of CVD, as 

illustrated in the decision-making flowchart in Figure 6.1.  
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Figure 6.1 Potential stratified and personalised statin treatment decision-making 

process with the StatinMD model              

According to the latest clinical guideline in the UK, statin treatment is recommended 

for individuals with a 10-year CVD risk above 10% predicted by the QRISK3 model.39, 

378 In this population, individuals could be further stratified by their risk of serious muscle 

disorders to take into account the concerns about safety in the treatment decision-making. 

Considering the prediction performance of the StatinMD model and the potential clinical 

utility of the risk stratification, a possible threshold to stratify the 10-year risk of serious 

muscle disorders predicted from the StatinMD model may be around 10%, as discussed 

in Chapter 5.  
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For individuals with a predicted risk of serious muscle disorders below 10%, the benefit 

from risk reduction of CVD with statins generally outweighs potential harm from risk 

increase of serious muscle disorders and statins should be prescribed according to the 

clinical guideline.5, 6 These individuals represent the vast majority of the population 

eligible for statin treatment. The predicted risk from the StatinMD model could be used 

to reassure these individuals that they are unlikely to develop serious muscle disorders, 

in order to encourage uptake of statins or improve adherence to current statin treatment.   

For individuals with a predicted risk of serious muscle disorders above 10%, the 

decision on statin treatment should be made based on a further personalised assessment 

of the benefit-harm balance of treatment and through a discussion between patients and 

doctors. These individuals account for around 2% of the population eligible for statin 

treatment. The further personalised assessment involves the calculation of the absolute 

treatment effects and the comparison between the risk of CVD and the risk of serious 

muscle disorders with statins for an individual, as described in Chapter 4.  

Based on the personalised assessment, if an individual would benefit from a 

considerable reduction of CVD risk by statin treatment while the risk of developing 

serious muscle disorders with statins is acceptable, a decision may be made to initiate or 

continue statin treatment. In this circumstance, to address concerns about serious muscle 

disorders during the treatment, some clinical actions could be considered, such as clinical 

monitoring of relevant biochemical profiles (e.g. blood creatine kinase, urinary 

myoglobin), closer examinations of muscle functions (e.g. aerobic test, muscle biopsy), 

preventive interventions on modifiable risk factors (e.g. adjusting unnecessary 

concomitant medications that are potentially myotoxic or interact with statins, lowering 

the body mass index).70 These are particularly relevant in current statin users who have 
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experienced muscle problems and could be based on existing guidance for managing 

statin intolerance in clinical practice.20, 67  

If an individual has a significant increase in the risk of serious muscle disorders with 

statins that outweighs the reduction of CVD risk or the post-treatment risk of serious 

muscle disorders reaches a very high level, it may be inappropriate to initiate or continue 

statin treatment. In this circumstance, non-pharmaceutical interventions (e.g. exercise, 

diet) may be prioritised and the use of alternative lipid-lowering medications may be 

justified (e.g. ezetimibe, PCSK9 inhibitors) for prevention of CVD.6, 7 

With risk information from the full assessment, the eventual decisions on statin 

treatment and corresponding clinical actions should be made through discussion between 

patients and doctors, taking into account patients’ preferences and doctors’ clinical 

opinions. The discussion may determine at which level the risk of serious muscle 

disorders is too high to initiate or continue statin treatment, which may vary by individuals’ 

perspectives. In addition, since the latest (draft) clinical guideline in the UK has indicated 

a lower threshold of CVD risk below 10% for considering statin treatment, the threshold 

to stratify the risk of serious muscle disorders in this decision flowchart could also be 

lowered, as the benefit-harm balance of treatment in individuals at low CVD risk is more 

likely to be reversed by the risk of adverse events and requires careful assessment.              

6.3 Limitations and challenges in this thesis 

6.3.1 Limitations of the trial evidence and the analyses 

Although the systematic review in this thesis indicated an overall benefit-harm balance 

favourable for the use of statins for CVD primary prevention, the explicit effects of statins 

on adverse events were not fully understood based on the current findings. As discussed 



208 

 

in Chapter 3, this is mainly due to the limitations regarding the external validity of the 

trial evidence and some deficiencies in the analyses of these trial data. 

6.3.1.1 Limitations regarding the external validity of the trial evidence 

Given the selective participants in the included trials, the incidence of adverse events 

in the systematic review may have been underestimated. The participant selection criteria 

in some of the trials excluded individuals who were more likely to develop adverse events, 

such as those with previous elevations in serum creatinine or liver enzymes.79, 218, 227, 243 

Some trials were designed with a run-in period, during which individuals with poor 

compliance to treatment, often due to adverse events, were excluded.218 These could result 

in lower incidences of adverse events compared to the incidences observed in clinical 

practice, particularly in the statin treatment group. Moreover, since all of the trials were 

designed primarily for examining treatment efficacy rather than safety, the adverse events 

were often not pre-specified and their definitions in some trials were unclear. As such, 

the data on these adverse events may not be collected systematically and could be biased 

by incomplete or selective reporting.379 Overall, the effects of statins on adverse events, 

particularly the absolute risk increase by statins, may be underestimated.  

The participants included in this review may not be fully representative of the primary 

prevention patients in clinical practice. Some of the trials included a small number of 

patients with established CVD. The average age of the participants in many of the trials 

was below 60 years, which may be younger than most patients taking statins in clinical 

practice. As discussed above, those excluded individuals with certain comorbidities could 

be in fact eligible for statin treatment. Therefore, the estimated risks of adverse events 

with statins may not be explicit for the population of primary prevention, which may 
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consequently impact the comparison between the benefits and harms of statin treatment 

in this population. 

6.3.1.2 Deficiencies in the analyses of the trial data 

Given the low incidences of adverse events and the limited sample sizes of the included 

trials, most of the meta-analyses in this review lacked sufficient statistical power to 

examine the small difference in the incidence between the statin treatment and the control 

groups. This resulted in low precision of the estimates of some adverse effects and left 

uncertainty about their associations with statins, especially for muscle disorders that were 

the rarest outcome. The low precision of estimation was even more prominent in the 

network meta-analyses and the dose-response meta-analyses, due to the scarce data on 

specific drug types and doses. 

Continuity correction was applied to many studies that had zero outcome events in at 

least one group. 274 This may have introduced bias when the sample sizes of the treatment 

and the control groups were unequal, leading to overestimation of the adverse effects 

(biasing the estimates away from 1 when the true OR >1) and underestimation of the 

beneficial effects (biasing the estimates towards 1 when the true OR <1).  

In the absence of time-to-event data, the incidences of the outcomes in this review were 

calculated from the observed event rates and the average study duration across all 

involved trials. This is probably inaccurate and may also impact the comparison of the 

absolute treatment effects on the efficacy and safety outcomes.         

These limitations and deficiencies, especially regarding the representativeness of the 

study participants and the statistical power of analysis, could be potentially addressed 

through observational studies based on large real-world populations, as further discussed 

in section 6.4.1 below. 
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6.3.2 Challenges in the development of the prediction model 

As discussed in Chapters 4 and 5, the development of the StatinMD model encountered 

some challenges and difficulties in both the model derivation and validation, due to which 

some compromises had to be made in the study design and the statistical analyses and 

potential bias or uncertainty may have been introduced during the process. Some key 

issues are emphasised in this chapter. These should be taken into account when 

considering the use of the StatinMD model in clinical practice.   

6.3.2.1 Compromises in the study design 

 Eligibility of study participants 

The target population for the use of the StatinMD model is the individuals eligible for 

statin treatment for prevention of CVD. According to the clinical guidelines, this 

eligibility should be determined by an individual’s predicted CVD risk.5, 6 However, 

patients’ predicted CVD risk is poorly recorded in the primary care data used for 

developing the model in this thesis. As such, the eligibility of the study participants in 

both the model derivation and validation cohorts was determined by a cut-off age as a 

proxy of the predicted CVD risk based on the QRISK2 model.59 This may have missed 

some eligible patients younger than the defined cut-off age and diminished the 

representativeness of the study participants for the target population.    

 Definition of outcome and predictors 

The desired outcome for prediction was serious muscle disorders that resulted in 

hospitalisation or death, which in this study was defined by a hospital admission or death 

record with a diagnosis of serious muscle disorders. However, the hospitalisation or death 

may not be necessarily caused by the diagnosed muscle disorders and it is difficult to 
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confirm the direct cause based on the healthcare records.311 Consequently, the predicted 

risk from the StatinMD model may be higher than the risk of serious muscle disorders 

that could actually cause hospitalisation or death. 

As predictors for the outcome, the use of the medications was determined by a recent 

prescription within a 12-month baseline exposure period before the start of follow-up. 

This design treated the individuals with previous use of the medications before the 

baseline exposure period as the same as those who never used the medications, whose 

risks of serious muscle disorders may be different, particularly if the previous users were 

on the medications for a long time and just recently stopped.312 However, this design was 

considered better than a design without the baseline exposure period, where the use of the 

medications may be determined by a prescription years ago that has little predictive ability 

for the outcome. 

6.3.2.2 Methodology issues in the model derivation   

 Categorisation of variables 

As one of the predictors, body mass index (BMI) was included in the model as a 

categorical variable instead of a continuous variable, in order to use the data on 

categorised BMI levels recorded by the medical codes to supplement the records of BMI 

values that contained considerable missing data. Due to the low incidence of the outcome, 

several categorical variables (ethnicity, alcohol consumption level, statin drug type) were 

re-categorised by combining some of the originally defined groups, in order to have a 

sufficient number of outcome events in each category to facilitate model convergence. 

Such categorisation and grouping may lead to a loss of information in the data and reduce 

the statistical power of model estimation.313   
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 Model diagnosis and specification 

Due to the intensive computation for the competing risk model and the large sample 

size of the model derivation cohort, the model assumptions were checked based on a 

subsample of the cohort with complete-case data. Although the subsample was believed 

to be sufficient to detect any violations of the model assumptions, there may be potential 

differences between the complete-case subsample and the whole cohort and it would have 

been more reassuring to check the model assumptions with all the data.  

Similarly, due to the model complexity and the intensive computation, there is currently 

no efficient algorithm in R to perform the selection of factional polynomial (FP) function 

for a competing risk model. In this thesis, the optimal FP function to transform age had 

to be selected using the available R package ‘mfp’ that implements the Cox model for a 

time-to-event outcome. Although the Cox model and the competing risk model share 

similar model assumptions and statistical fundamentals,156 the selected FP function based 

on the Cox model may not still be optimal for the competing risk model. 

 Multiple imputation of missing data 

Another compromise to the intensive computation and the large sample size was that 

only 10 imputations were able to be performed to impute the missing data. Although this 

was believed to be a reasonable number, more imputations may lead to more robust 

imputed values, given the considerable proportion of missing data in this study.314 For the 

practical purpose of imputing the four variables at once, the imputation models did not 

particularly include auxiliary variables for each imputed variable. Although the 

constructed imputation models performed well, the missingness of the imputed variables 

may not be fully explained by the explanatory variables in the imputation models.315                
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6.3.2.3 Pitfalls in the model validation  

 Sample similarity and non-independent validation 

The key purpose of external validation is to evaluate the generalisability of a model, in 

order to support its wider use beyond the population from where the model has been 

derived. However, the population characteristics in the external validation cohort for the 

StatinMD model turned out similar to the model derivation cohort, which may be more 

useful for demonstrating the reproducibility, rather than the generalisability, of the 

model.145 Although both the model derivation and validation cohorts were representative 

of the primary care population in the UK, the generalisability of the StatinMD model may 

be only limited to this setting but not to others, such as in secondary care or other countries.  

Independent model validation by investigators who are not involved in the model 

derivation is encouraged to reduce potentially inflated findings and ‘spin’.143, 144 However, 

in this thesis, the StatinMD model was derived and validated by the same author, which 

may lead to better validation results than by independent validation.356   

 Measurement of discrimination 

This study used the c-index as a measurement of model discrimination, which has been 

widely used in the validation of prognostic models.356 The c-index reflects the average 

discrimination of the model across all possible risk thresholds in the theoretical range 

from 0% to 100%.339 However, in this study, the predicted risk for most individuals in the 

validation cohort was within a small range of very low risk (around 0% - 5%), for which 

the model discrimination may be different from the average discrimination across the full 

theoretical range.366 Partial c-index has been proposed to measure discrimination in a 

probability range of interest, but it is less interpretable than the full c-index and also has 

limitations.366, 367      
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 Calibration at the individual level 

The model calibration at the individual level used the pseudo observations that were 

generated based on a restrictive assumption about the complete independence of the 

censoring to the outcome.347 This assumption is difficult to confirm and some approaches 

to addressing potential dependent censoring have been proposed, such as computing 

pseudo observations separately in the subsets stratified by categorical covariates that are 

suspected to be related to the censoring mechanism.347 However, these approaches would 

add much complexity to the calculation of pseudo values, especially when competing risk 

exists.369 In fact, without using these approaches, the generation of the pseudo 

observations in this study has already encountered computation issues due to the huge 

sample size of the validation cohort. The whole sample was therefore divided into fifty 

subsamples to compute pseudo values, which may also introduce potential bias. 

The calibration curves fitted to individuals’ predicted risks and pseudo observations 

showed a large overestimation by the model in individuals with a high predicted risk. 

However, only a very small number of individuals had such a high predicted risk and the 

fitted curves may not be accurate due to the insufficient data. Overestimation in these 

individuals probably did exist, but the degree of overestimation remained uncertain.  

 No re-calibration attempted 

The StatinMD model showed some miscalibration in the external validation, which 

may be due to the sparsely distributed data of outcome that is likely to lead to the range 

of predicted risk across the population being too wide.363 Some approaches could be used 

to adjust such miscalibration by shrinking the predictor coefficients to narrow down the 

range of predicted risk.364 This study did not make such an adjustment because the 

miscalibration by the model would only affect a very small proportion of the population 
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and the calibration slope did not indicate a need for re-calibration either. Nevertheless, 

although the potential improvement may be limited, an attempt to re-calibrate the model 

may reduce the miscalibration to certain degree.                     

6.3.2.4 Restrictions by the use of routine healthcare records 

The development of the StatinMD model in this thesis utilised the data from electronic 

healthcare records (EHR) that were collected in routine clinical practices and 

administration activities. This benefits from several features of EHR data, such as a large 

sample size, representative study population, long-term follow-up, and rich 

information.277 Despite these advantages, the use of EHR data for clinical prediction 

modelling has presented some restrictions and challenges, due to the fact that these data 

are not collected for specific research purposes and the observational and retrospective 

nature of the records,311, 380 including those discussed below.  

 Missing data and the imputation 

Four predictor variables in the StatinMD model had a considerable proportion of 

missing data in both the model derivation and validation cohorts. These missing data were 

imputed using multiple imputation, which was performed with only 10 imputations and 

did not include auxiliary variables in the imputation model due to the computation 

capacity, as discussed above. A more fundamental pitfall is that the multiple imputation 

was based on an untestable assumption of missing at random that may not be true in some 

circumstances.162 For example, ethnicity may be more likely to be recorded if an 

individual is from a minority group, which may result in missing not at random in the 

data. Although the missing-at-random assumption has been widely accepted in 

epidemiological studies using healthcare records, it should be acknowledged that the 
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fulfilment of this assumption is not confirmed and there may be potential bias introduced 

to the model development based on the imputed data.316 

 Misclassification of the presence of the outcome and predictors 

Another restriction in using EHR data is that the presence of a condition can only be 

defined by a record of the condition and it is impossible to distinguish between a missing 

record and the actual absence of the condition.162 For the StatinMD model, this may have 

caused misclassification of the outcome occurrence and the baseline characteristics 

regarding comorbidities and medications.317  

Given the potential missed-out outcome events, the overall outcome incidence in the 

study cohorts may be lower than the actual incidence in the population and the individuals’ 

risk predicted from the model may be underestimated. Furthermore, this definition 

approach may be subjected to recording bias.381 Because muscle disorders may be more 

likely to be recorded in statin users since clinicians are aware of this potential adverse 

event of statins, or in younger patients as it is less common in this population. This may 

manually modify the predictive ability of these baseline characteristics, leading to biased 

coefficients of the predictor variables in the model.381 

Similarly, the presence of the comorbidities at baseline may be also under-recorded in 

the study cohorts, especially those non-serious and common conditions in the population, 

such as degenerative joint disorders and vitamin D deficiency.311 The potential 

incompleteness of the medical code lists used to identify these conditions may result in 

further under-capture of the comorbidities. In contrast, the recording of drug prescriptions 

is less likely to be missed and the codes for the medications are more definite. However, 

misclassification bias may still exist the other way around, because a prescription of a 
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medication does not necessarily mean the actual use of the medication but it is difficult 

to confirm using the EHR data.   

6.4 Considerations for future research 

6.4.1 Observational study for causal inference 

Given the limitations of the evidence from clinical trials for causal inference, 

observational studies could be considered to provide supplementary evidence for a better 

understanding of the associations between statins and adverse events.279 In particular, 

with large-scale longitudinal EHR data, such as the data from the Clinical Practice 

Research Datalink (CPRD) used in this thesis, observational studies could be designed 

with sufficient sample size and length of follow-up to examine serious but rare or late-

onset adverse events of statins, including muscle disorders, liver injuries, renal failure, 

and surgery-required cataract, which have scarce data or are barely reported in clinical 

trials.277 Compared to the highly selective participants in clinical trials, participants in 

observational studies could include a wide range of individuals, including some 

vulnerable groups with risk factors for adverse events, who are more representative of the 

target treatment population in clinical practice.382 The adverse events identified by 

clinical diagnosis in observational studies may be better defined than most of the reported 

adverse events without consistent definition or pre-specification in clinical trials.278  

In addition, the participants in observational studies are usually more diverse, which 

enables further understanding of the associations between statins and adverse events in 

different patient groups.382 This may be useful for considering stratified statin treatment 

and preventing potential harm in certain patient groups who are more vulnerable to 

adverse events. Given the very little data for the comparison between statin drug types 
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and dose levels in clinical trials, observational studies could provide the opportunity to 

further explore the variations of the potential adverse effects by statin regimens, using 

data from a large number of statin prescriptions of different drugs and doses in clinical 

use.277, 279 

A considerable number of observational studies examining the unintended outcomes 

of statin treatment have been previously conducted.25 However, these studies did not lead 

to convincing conclusions on most adverse outcomes due to the conflicting results and 

the very high heterogeneity among them, as evaluated in a recent umbrella review 

involving 117 meta-analyses of observational studies.179 The heterogeneity was most 

evident in terms of the outcome definitions and the populations in these studies. Most 

studies included a wide range of conditions with inconsistent definitions, particularly for 

muscle-related outcomes, and very few studies examined serious adverse events. Many 

studies focused on certain patient groups with specific comorbidities that were not 

representative of the general population eligible for statin treatment.179 Few studies 

focused on the primary prevention population or compared the different statin regimens, 

which is of great clinical interest as pointed out in this thesis. Therefore, there remains an 

apparent evidence gap that could be filled by further observational studies.         

Despite the advantages mentioned above, observational studies also have limitations 

for making causal inferences. The major drawback is the potential bias and confounding 

due to the absence of randomisation that could lead to differences between the participants 

in the treatment and the control groups.279 The imbalance between the two groups may 

distort the association between the treatment and the outcome or modify the magnitude 

of the treatment effect observed in the study.383 Appropriate design and analytical 

methods may help reduce systematic bias and control confounding, such as matched 

cohort design,384 covariate adjustment,148 propensity score methods,385 and instrumental 
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variable approach.386 However, these methods may not be able to completely eliminate 

bias and confounding. The fundamental concern is about the unrecognised or unmeasured 

confounding that is difficult to be addressed by a post hoc adjustment.279 Furthermore, 

observational studies using EHR data may also suffer from the restrictions of such data 

sources as discussed above. 

Previous reviews have compared the results from observational studies and RCTs that 

examined the same treatments and outcomes, showing that the agreement between the 

two types of studies varied by the particular treatment and outcome examined.278, 279, 383 

Regardless of the study type, it is more important to consider the specific designs and 

analysis methods used in an individual study, which determine the quality of the study 

and the reliability of its results.383 Since observational studies and RCTs both have 

inherent limitations but provide valuable information, it is encouraged that evidence from 

both study types should be taken into account to accelerate the understanding of treatment 

effects.387                         

6.4.2 Development of a clinical decision tool 

The purpose of the StatinMD prediction model in this thesis is to assist clinical 

decision-making on statin treatment and eventually improve the prevention of CVD. 

However, risk prediction itself does not automatically lead to appropriate decisions. Risk 

prediction is a fundamental step that provides the information required for decision-

making, but how the information could be used to achieve appropriate decisions needs to 

be further studied, in order to develop a practical and effective tool supporting clinical 

decision-making on statin treatment.138 This may involve considerations for risk 

communication and the theories of decision-making behaviour.321, 388   
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For a risk prediction model, a common approach to communicate the predicted risk is 

through a risk calculator that could allow personal data input and present the calculated 

risk to the users.328 A possible web-based risk calculator for the StatinMD model is shown 

in Chapter 4. However, clinicians’ and patients’ preferences need to be further taken into 

account to design a user-friendly risk calculator.327, 328 The manual efforts for data input 

should be minimised to avoid increasing too much workload for clinicians when making 

clinical decisions.389 Ideally the calculator could be added to the clinical management 

system and take relevant information from the existing medical records. Careful 

consideration about the presentation of the predicted risk is also important, as it may 

influence how clinicians and patients perceive the risk.390 It has also been suggested that 

a risk expressed in a natural frequency, instead of a probability, is easier for clinicians 

and patients to understand, particularly a very low risk like serious muscle disorders.321  

The use of pictographs could be also helpful to illustrate the predicted risk.391 

As such, further work is warranted to understand in what way clinicians prefer to use 

the StatinMD model and to collect feedback on trial versions of the risk calculator with 

different designs of data input interface, perhaps by a survey delivered to some general 

practitioners (GP) involved in the CPRD network. Focus group interviews could be 

conducted with clinicians and patients to present the predicted risk from the StatinMD 

model in different ways and understand how they perceive the risk to help design the 

output panel of the risk calculator to facilitate appropriate perception of the risk.392, 393 

Consultation with the development teams of the EHR systems could also be initiated to 

discuss the feasibility of implementing the StatinMD risk calculator in the systems.      

Although an effective risk communication tool could help establish an appropriate 

understanding of the risks of treatment, there are other critical factors contributing to 

patients’ decisions on the treatment, including personal beliefs and opinions.394 For 
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example, in the case of statin treatment, patients may have different views about the 

importance of serious muscle disorders compared to CVD and therefore attach unequal 

weights to the same predicted risk of serious muscle disorders in the trade-off between 

benefits and harms. They may also have different priorities in the treatment decision-

making, such as to achieve the goal of treatment, to minimise the risk of adverse effects, 

or to have the most cost-effective treatment. These different preferences are usually 

formed in a complex context that involves personal experience, education level, socio-

economic status, and the social and cultural environment.395 A survey or interviews could 

be conducted among patients eligible for statin treatment, including those who have 

decided to take or not to take statins, to understand the personal considerations in the 

decision-making on stain treatment. This may help develop a decision aid that 

incorporates multiple risk prediction tools for different outcomes of treatment, such as 

the StatinMD model and the QRISK2 model, and takes into account personal preferences 

to guide users towards an appropriate treatment decision.396  

As a complex intervention, such a decision aid needs to be further evaluated for its 

effectiveness at individual and system levels.397, 398 This could be achieved by some 

extension designs to the standard RCT, such as cluster-randomised studies or N-of-1 

trials.399, 400 The outcomes to measure the effectiveness could be determined by working 

with relevant stakeholders and patient groups.398  For example, the effectiveness of a 

decision aid for statin treatment may be measured by the increase of statin uptake in 

eligible patients, the reduction of treatment discontinuation in statin users, or the rate of 

restarting treatment in previous users. These approaches could also be used to evaluate 

the clinical consequences of using the StatinMD model or the risk calculator based on the 

model, also called the ‘impact study’ mentioned in Chapter 5.376 Such evaluation studies 

usually require considerable time and resources and are rarely conducted for published 
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prediction models. However, this highlights the importance that the fundamental step – 

the development of the risk prediction model should be performed properly and therefore 

it is worth conducting further work to achieve the ultimate purpose of improving clinical 

decisions on the treatment. 

6.5 Overall reflections on this thesis 

6.5.1 The gap between research objectives and accomplishments 

6.5.1.1 Unanswered questions in the systematic review 

The systematic review and meta-analyses in this thesis aimed to assess the associations 

between statins and adverse events and explore the rationales for tailoring statin regimens 

to address the concerns about safety in primary prevention of CVD.36, 51 However, most 

of the analyses turned out to be underpowered due to the insufficient data from clinical 

trials, leaving uncertainty in the estimates and making it difficult to draw conclusions 

about the associations, either found significant or not. Especially for the rare muscle 

disorders, which was probably the adverse event of the greatest interest,20 the non-

significant estimate with low precision did not eliminate the possibility of the association. 

Although this uncertainty itself and the observed low incidences of the adverse events 

may to some degree help alleviate the concerns about statin safety, which was one key 

reason to initiate this study, the meta-analysis results did not really answer the questions 

about the existence and the magnitude of the potential adverse effects of statins.  

This was even more evident in the comparison between statin drug types and the 

examination of the dose-response relationships, owing to the more scarce data on specific 

drug types or doses. Even though it could be justified that the value of a systematic review 

is not only to draw an evidence-based conclusion but also to reveal the current evidence 



223 

 

gap for future research,94, 96 performing the complex analyses with such sparse data, 

especially the dose-response meta-analysis, may be discouraged, if a preliminary 

inspection of existing data was conducted to understand the feasibility of using the data 

to achieve the objectives of these analyses. 

6.5.1.2 Difficulties in the potential application of the StatinMD model 

The main purpose of developing the StatinMD model was to provide a prediction tool 

to assist decision-making on statin treatment in clinical practice. When designing the 

modelling study, it was assumed that the model algorithm could be merged into the 

clinical system as a module, like the QRISK2 model for CVD risk implemented in the 

UK,5, 59 which could automatically capture the data in patients’ records and report the risk 

information through a few mouse clicks. With this expectation, the predictors in the 

StatinMD model were selected with consideration of the data availability and quality in 

primary care records in the UK and through an approach that maximised the 

comprehensiveness of the inclusion of predictors that were clinically important as judged 

by GPs. However, applying a prediction model to clinical practice is not straightforward, 

even though the model performs well. Designing a module in the clinical system to use 

the model algorithm in the UK needs collaboration with software developers and requires 

regulatory permission. This makes it difficult to implement the StatinMD model to assist 

decision-making in clinical practice and indeed very few published prediction models 

have been actually used in clinical practice.138, 401  

An alternative application could be a web-based risk calculator using the model 

algorithm, as created and shown in this thesis, which requires manual data input. The 

StatinMD model included 22 predictors, which may need considerable effort for data 

input when using the web-based calculator. Especially the predictor frailty index requires 
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additional calculation using another model.293 Therefore it is probably inefficient and 

impractical to use the risk calculator in clinical practice. If a web-based risk calculator 

was the expected application of the model, a different approach may be taken to select a 

smaller set of predictors and help make the application of the model easier. But even so, 

such risk calculators are still considered medical devices and require proper testing and 

regulatory permission for their clinical use.402 This is also the reason that the algorithm 

of the StatinMD model is not fully presented in this thesis and instead accessible from the 

Oxford University Innovation platform, which protects the algorithm from being 

converted into an application tool used in the public without proper testing.                          

6.5.1.3 Limited clinical utility of potential stratified statin treatment strategy 

Another purpose for developing the StatinMD model is to implement a potential 

stratified statin treatment strategy based on the stratification of the risk of serious muscle 

disorders in the population.63 However, only a very small proportion of the population 

eligible for statin treatment would be classified as high-risk individuals. For example, 

with a potential risk threshold of 10% for the 10-year risk, only 2% of the population was 

classified as high-risk. In addition, the classification accuracy indicated that the model 

was likely to miss some cases of serious muscle disorders, which means that the number 

of individuals who would actually benefit from being classified as high-risk for stratified 

treatment may be even smaller. As estimated in this thesis, using the model for risk 

stratification may have a net benefit of identifying only 5 high-risk individuals for 

interventions in 10,000 persons, compared to simply ignoring the risk and doing nothing 

in the population.  

As such, the clinical utility of the potential stratified statin treatment strategy would be 

very limited and provide little help to improve the use of statins in the whole population. 
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In the decision-making flowchart designed in this thesis, only the first two steps may be 

needed in most cases and the StatinMD model may be mainly used for supporting well-

informed patient-centred decision-making for low-risk individuals, rather than 

implementing a stratified treatment strategy.65 

6.5.2 The trade-off between methodology complexity and result 

improvement 

 A key strength in the development of the StatinMD model was that it took into account 

the competing risk to reduce the overestimation of the outcome risk.151 This was believed 

to be crucial because the competing risk, which was the risk of death from causes other 

than muscle disorders, was high in the study population (10-year incidence of 33% in the 

model derivation cohort). More importantly, overestimating the risk of serious muscle 

disorders is particularly unwanted for making a decision on statin treatment, given the 

widespread concerns about statin safety and the common poor adherence to statin 

treatment.34, 35 However, model predictions in the derivation and validation cohorts 

showed that the majority of the population had a very low risk of serious muscle disorders 

(the 10-year risk of 90% of the individuals was below 2%). Therefore the potential 

overestimation of the risk avoided by adjusting the competing risk may be very small and 

is unlikely to affect statin treatment decision-making in most people. 

On the other hand, the Fine-Gray model used in this thesis to address the competing 

risk is more complex than the basic Cox model. Due to the model complexity and the 

huge sample size in this thesis, the model derivation and validation both required 

intensive, time-consuming computation. As such, some compromises had to be made 

when performing the statistical modelling in R, such as the model diagnosis and 

specification discussed in the preceding sections.  
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It remains unknown to what degree the competing risk model has reduced the 

overestimation, unless a Cox model is also derived and validated through the same 

process, which requires substantial work. Given the potentially small improvement and 

the actual computation difficulties, using a more complex model may not be worth the 

additional effort. If a simpler model had been used, some compromises in the process of 

the model development may not have been required; it might have been possible to 

include the continuous and multi-categorical variables in their original forms (to avoid 

loss of information from categorisation or grouping); and interaction terms, such the use 

of statins and other medications that interact with statins, may be also considered to 

improve the prediction ability of the model. All of these may have resulted in a model 

that performs as well as the competing risk model.  

Similarly, examining the calibration of the StatinMD model at the individual level was 

more complicated than examining the calibration by risk groups, but the results did not 

actually change the conclusion about the overall validity of the model for clinical use. 

The most important information that the individual-level calibration added to the group-

level calibration was the potential overestimation of very high predicted risks from the 

model. As previously discussed, the individuals with such high risk accounted for a very 

small proportion of the population and it did not change the fact that the model is validated 

for use in most people as seen in the calibration by risk groups.  

Knowing the individual-level calibration across the full range of possible predicted 

risks may be more helpful when determining a threshold for risk stratification that may 

be located beyond the range of the group-level risks. However, as discussed above, it may 

be unnecessary to make a risk stratification for serious muscle disorders due to the limited 

clinical utility and the StatinMD model may be mainly used to better inform low-risk 

individuals who are well represented by the ten risk groups. For this purpose, examining 
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the calibration by risk groups may be sufficient to justify the clinical validity of the model. 

In fact, some widely used clinical prediction models, such as the QRISK2 model,59 were 

only examined for their calibration by risk group.       

Reflection on these suggests that theoretical superiority in methodology does not 

necessarily lead to pragmatic improvement in results. Although the use of all the complex 

analysis methods in this thesis was justified and did provide additional useful outputs, it 

may not be appropriate to claim that they are better than alternative methods. If simpler 

methods were chosen, the time and effort saved may be used to improve other aspects of 

this thesis. Perhaps it is possible to conduct additional studies, such as a cohort study of 

the associations between statins and serious adverse events, or the development of risk 

prediction models for other adverse events, which were proposed at the beginning of this 

project but not initiated due to all the time-consuming analyses included in this thesis. 

More efforts on patient and public involvement could also be made to add more clinical 

value to this thesis. 

6.6 Conclusions 

Based on current evidence from randomised controlled trials in patients without 

previous cardiovascular events, the increase of potential adverse events with statin 

treatment was small and did not outweigh the reduction of major cardiovascular events 

by statins. This should alleviate some concerns about statin safety in the public and 

reassure that the balance between potential benefits and harms of statins is favourable for 

treatment, supporting the clinical recommendations on the use of statins for primary 

prevention of CVD. Differences in the potential adverse effects between statin drug types 

and dose-response relationships in these adverse effects were inconclusive, suggesting 

that tailoring statin regimens to address safety concerns is currently not evidence-based.  
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The StatinMD model was designed to predict the risk of serious muscle disorders in 1, 

5, and 10 years in the population potentially eligible for statin treatment, based on 

personal characteristics that are routinely recorded in clinical practice. The model was 

derived and externally validated in millions of patients in primary care in the UK. The 

model showed a good ability to distinguish between individuals who will and will not 

develop serious muscle disorders and was able to predict the personalised risk accurately 

for the majority of the population. The model could be used to identify high-risk 

individuals for proper clinical actions to address the concern about serious muscle 

disorders during statin treatment and also help avoid unnecessary interventions in low-

risk individuals. The personalised risk information provided by the model could help 

better consider the trade-off between potential benefits and harms of statin treatment and 

assist the discussion between patients and doctors in clinical practice. This could lead to 

well-informed, patient-centred, and shared clinical decision-making on statin treatment 

and may eventually help improve the current low uptake of statins and poor adherence to 

statin treatment in the eligible population.  
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Appendix 1 Search strategies for previous systematic reviews of statins 

Database: MEDLINE/PubMed 

 

Search Queries: 

 

1 statin[Title] OR statins[Title] OR atorvastatin[Title] OR fluvastatin[Title] OR 

lovastatin[Title] OR pitavastatin[Title] OR pravastatin[Title] OR rosuvastatin[Title] OR 

simvastatin[Title] 

2 lipid lowering[Title] OR cholesterol lowering[Title] OR LDL lowering[Title] 

3 statin[Title/Abstract] OR statins[Title/Abstract] OR atorvastatin[Title/Abstract] OR 

fluvastatin[Title/Abstract] OR lovastatin[Title/Abstract] OR pitavastatin[Title/Abstract] OR 

pravastatin[Title/Abstract] OR rosuvastatin[Title/Abstract] OR simvastatin[Title/Abstract] 

4 2 AND 3 

5 1 OR 4 

6 systematic review[Title] OR meta analysis[Title] 

7 systematic review[Publication Type] OR meta analysis[Publication Type] 

8 6 OR 7  

9 5 AND 8  

10 adverse event*[Title/Abstract] OR adverse effect*[Title/Abstract] OR adverse 

outcome*[Title/Abstract] OR side effect*[Title/Abstract] OR unwanted 

effect*[Title/Abstract] OR unwanted outcome*[Title/Abstract] OR undesirable 

effect*[Title/Abstract] OR undesirable outcome*[Title/Abstract] OR unexpected 

effect*[Title/Abstract] OR unexpected outcome*[Title/Abstract] OR harm*[Title/Abstract] 

OR safety[Title/Abstract] OR toxicity[Title/Abstract] OR tolerance[Title/Abstract] 

11 statin induced[Title/Abstract] OR statin associated[Title/Abstract] OR statin 

related[Title/Abstract] 

12 myopathy[Title/Abstract] OR myalgia[Title/Abstract] OR myositis[Title/Abstract] OR 

rhabdomyolysis[Title/Abstract] OR muscle[Title/Abstract] OR muscular[Title/Abstract] 

13 diabetes[Title/Abstract] 

14 intracerebral haemorrhage[Title/Abstract] OR intracerebral hemorrhage[Title/Abstract] OR 

intracranial haemorrhage[Title/Abstract] OR intracranial hemorrhage[Title/Abstract] OR 

haemorrhagic stroke[Title/Abstract] OR hemorrhagic stroke[Title/Abstract] 

15 cataract[Title/Abstract] OR glaucoma[Title/Abstract] OR macular 

degeneration[Title/Abstract] 

16 liver[Title/Abstract] OR hepatic[Title/Abstract] 

17 kidney[Title/Abstract] OR renal[Title/Abstract] 

18 dementia[Title/Abstract] OR memory[Title/Abstract] OR cognition[Title/Abstract] OR 

cognitive[Title/Abstract] 



262 

 

19 10 OR 11 OR 12 OR 13 OR 14 OR 15 OR 16 OR 17 OR 18  

20 9 AND 19  

21 ezetimibe[Title/Abstract] OR fibrates[Title/Abstract] OR alirocumab[Title/Abstract] OR 

evolocumab[Title/Abstract] OR PCSK9[Title/Abstract]  

22 20 NOT 21  

23 letter[Publication Type] OR comment[Publication Type] OR editorial[Publication Type] 

OR congress[Publication Type] OR protocol[Title] 

24 21 NOT 23  

25 English[Language] 

26 "2010/01/01"[Date - Publication] : "2019/12/31"[Date - Publication] 

27 24 AND 25 AND 26  
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Appendix 2 Search strategies for clinical trials of statins 

Database: MEDLINE/PubMed 

Search Queries: 

1 "hydroxymethylglutaryl-coa reductase inhibitors"[MeSH Terms] 

2 statin[Title/Abstract] OR statins[Title/Abstract] OR atorvastatin[Title/Abstract] OR 

fluvastatin[Title/Abstract] OR lovastatin[Title/Abstract] OR pitavastatin[Title/Abstract] OR 

pravastatin[Title/Abstract] OR rosuvastatin[Title/Abstract] OR simvastatin[Title/Abstract] 

3 lipitor[Title/Abstract] OR lescol[Title/Abstract] OR mevacor[Title/Abstract] OR 

livalo[Title/Abstract] OR pravachol[Title/Abstract] OR crestor[Title/Abstract] OR 

zocor[Title/Abstract] 

4 1 OR 2 OR 3 

5 "randomized controlled trial"[Publication Type] OR "controlled clinical trial"[Publication 

Type] 

6 "randomized controlled trials as topic"[MeSH Terms] OR "controlled clinical trials as 

topic"[MeSH Terms] 

7 trial[Title/Abstract] AND (random*[Title/Abstract] OR control*[Title/Abstract] OR 

placebo[Title/Abstract]) 

8 5 OR 6 OR 7 

9 animals[MeSH Terms] NOT humans[MeSH Terms] 

10 8 NOT 9 

11 4 AND 10 

12 niacin[Title/Abstract] OR niaspan[Title/Abstract] OR bile acid[Title/Abstract] OR 

cholestyramine[Title/Abstract] OR colesevelam[Title/Abstract] OR 

colestipol[Title/Abstract] OR ezetimibe[Title/Abstract] OR fibrate[Title/Abstract] OR 

fibrates[Title/Abstract]OR fenofibrate[Title/Abstract] OR gemfibrozil[Title/Abstract] OR 

PCSK9[Title/Abstract] OR alirocumab[Title/Abstract] OR evolocumab[Title/Abstract] 

13 11 NOT 12 

14 comment[Publication Type] OR congress[Publication Type] OR duplicate 

publication[Publication Type] OR editorial[Publication Type] OR letter[Publication Type] 

OR meta analysis[Publication Type] OR news[Publication Type] OR published 

erratum[Publication Type] OR review[Publication Type] OR systematic review[Publication 

Type] 

15 protocol[Title] 

16 14 OR 15 

17 13 NOT 16 
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18 "2013/01/01"[Date - Publication] : "present"[Date - Publication] (updated on 1st August 

2020) 

19 17 AND 18 

 

Database: Embase (via Ovid) 

Search Queries: 

1 hydroxymethylglutaryl coenzyme a reductase inhibitor.sh. 

2 (statin? or atorvastatin or fluvastatin or lovastatin or pitavastatin or pravastatin or 

rosuvastatin or simvastatin).ti,ab. 

3 (lipitor or lescol or mevacor or livalo or pravachol or crestor or zocor).ti,ab. 

4 1 or 2 or 3 

5 limit 4 to (randomized controlled trial or controlled clinical trial) 

6 exp animals/ not exp humans/ 

7 5 not 6 

8 (niacin or niaspan or bile acid or cholestyramine or colesevelam or colestipol or ezetimibe 

or fibrate? or fenofibrate or gemfibrozil or PCSK9 or alirocumab or evolocumab).ti,ab. 

9 7 not 8 

10 (abstract or conference abstract or "conference review" or editorial or erratum or letter or 

note or "review").pt. 

11 (comment* or protocol).ti. 

12 10 or 11 

13 9 not 12 

14 limit 13 to yr="2013 - Current" (updated on 1st August 2020) 

 

Database: CENTRAL (Cochrane Library) 

Search Queries: 

1 (statin OR statins OR atorvastatin OR fluvastatin OR lovastatin OR pitavastatin OR 

pravastatin OR rosuvastatin OR simvastatin) in Record Title 

2 (niacin or niaspan or bile acid or cholestyramine or colesevelam or colestipol or ezetimibe 

or fibrate or fibrates or fenofibrate or gemfibrozil or PCSK9 or alirocumab or evolocumab) 

in Title Abstract Keyword 

3 1 NOT 2 

With search limits: 

 Content type - Trials 

 Trials original publication year - from 2013 to 2020 (updated on 1st August 2020) 

 Search word variations - Yes 
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Appendix 3 Study eligibility criteria for the systematic review 

 Inclusion Criteria Exclusion Criteria 

Study design/ 

Settings 

Randomised controlled clinical trial 

 

 Study duration shorter than four 

weeks 

 Cross-over or self-controlled 

study designs 

 Re-analyses/subgroup analyses of 

the same trial data, or post-trial 

analyses of observational data 

from extended follow-up which 

did not adhere to the initial 

randomisation 

 Examination of the pleiotropy of 

statins for non-CVD conditions 

(e.g. cancer, chronic obstructive 

pulmonary disease, contrast-

induced nephropathy) 

 Uncompleted or withdrawn 

studies 

Participants  Adults (over 18 years old) without 

existing diagnoses of CVD, 

previous cardiovascular events, or 

history of cardiac surgery 

 If a small proportion of CVD 

patients was involved, the 

proportion should be no more 

than 30% 

Number of participants less than 100 

Interventions  Any of the seven types of statins 

in clinical use, including 

Atorvastatin, Fluvastatin, 

Lovastatin, Pitavastatin, 

Pravastatin, Rosuvastatin, and 

Simvastatin 

 Statins could be used in any doses 

 Statins could be applied as 

monotherapy or add-on treatment 

to other interventions 

Statins were used in combination with 

other lipid-lowering medications 

Comparators  Non-statin controls: placebo, 

usual care, non-pharmaceutical 

treatment (e.g. dietary 

management, physical exercise), 

or no treatment 

Comparison of different formulations 

(e.g. oral vs. topical) of one statin type 

at the same dose 
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 Statin comparators: different 

types or doses of statins 

Outcomes Primary outcomes: 

 Muscle symptoms 

 Muscle disorders 

 Live dysfunction 

 Renal insufficiency 

 Type 2 Diabetes 

 Eye conditions 

 

Secondary outcomes: 

 Myocardial infarction 

 Stroke 

 Death from CVD 

No desired outcome data available, 

either effect estimate with standard 

error for compared groups or 

number/rate of events in each group 
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Appendix 4 Risk of bias in each of the included studies 
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*The study numbers are corresponding to their ‘study ID’ in Table 3.1 in the main text.  
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Appendix 5 GRADE assessment of the significant comparisons in the network meta-analyses 

Outcome Treatment Comparator 
Direct Evidence Indirect Evidence Combined Evidence 

OR (95% CI) Quality OR (95% CI) Quality OR (95% CI) Quality 

Muscle Symptoms Rosuvastatin Control 1.08 (1.00, 1.16) Moderate b 1.53 (0.99, 2.35) Very Low a b e 1.09 (1.01, 1.16) Moderate * 

Liver Dysfunction Atorvastatin Control 1.30 (0.98, 1.72) Moderate b 2.98 (1.30, 6.83) Very Low a b e 1.41 (1.08, 1.85) Moderate * 

Liver Dysfunction Lovastatin Control 1.81 (1.24, 2.67) High \ \ 1.81 (1.23, 2.66) High 

Liver Dysfunction Lovastatin Fluvastatin \ \ 2.57 (1.11, 5.93) Low b e 2.57 (1.11, 5.93) Low  

Liver Dysfunction Lovastatin Pravastatin 1.01 (0.02, 51.64) Very Low a d e 1.83 (1.09, 3.08) Low b e 1.81 (1.08, 3.03) Low * 

Renal Insufficiency Rosuvastatin Control 1.13 (1.00, 1.28) Moderate c \ \ 1.13 (1.00, 1.28) Moderate 

Type 2 Diabetes Rosuvastatin Control 1.14 (1.00, 1.30) High \ \ 1.14 (1.00, 1.30) High 

Type 2 Diabetes Atorvastatin Pitavastatin 1.26 (0.34, 4.75) Low a e 1.50 (1.08, 2.09) Low a b 1.49 (1.08, 2.05) Low 

Type 2 Diabetes Rosuvastatin Pitavastatin \ \ 1.50 (1.16, 1.94) Low a b 1.50 (1.16, 1.94) Low 

Eye Conditions Rosuvastatin Control 1.26 (1.04, 1.52) High \ \ 1.26 (1.04, 1.52) High 

OR: odds ratio, CI: confidence interval 

a. Overall risk of bias due to more than 3 studies or more than half of the included studies presenting high risk of bias. 

b. Inconsistency due to different patient groups of specific conditions included in individual studies. 

c. Inconsistency due to different specific conditions reported in individual studies for the outcome. 

d. Indirectness due to included participants not representative of the targeted study population.   

e. Imprecision due to small sample size for direct comparison or for certain treatment comparisons that were involved in the indirect evidence. 

*  Combined evidence quality is determined by the higher level when the quality of direct and indirect evidence is not equal. 
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Appendix 6 Funnel plots of publication bias in pair-wise meta-analyses 

Primary (Safety) Outcomes: 

 Muscle Symptoms 

Test of funnel plot asymmetry: P = 0.3440 

 
 

 Muscle Disorders 

Test of funnel plot asymmetry: P = 0.9921 
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 Liver Dysfunction 

Test of funnel plot asymmetry: P = 0.5029 

 
 

 Renal Insufficiency 

Test of funnel plot asymmetry: the number of studies <10, no test was performed. 
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 Type 2 Diabetes 

Test of funnel plot asymmetry: the number of studies <10, no test was performed. 

 
 

 Eye Conditions 

Test of funnel plot asymmetry: the number of studies <10, no test was performed. 
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Secondary (Efficacy) Outcomes: 

 Myocardial Infarction 

Test of funnel plot asymmetry: P = 0.0360 

 
 

 Stroke 

Test of funnel plot asymmetry: P = 0.4983 
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 Death from CVD 

Test of funnel plot asymmetry: P = 0.6858 
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Appendix 7 Leave-one-out influence analyses for the pair-wise meta-analyses 

Primary (Safety) Outcomes: 

 Muscle Symptoms 

 
 

 Muscle Disorders 
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 Liver Dysfunction 

 

 Renal Insufficiency 

 

 Type 2 Diabetes 

 

 Eye Conditions 
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Secondary (Efficacy) Outcomes: 

 Myocardial Infarction 

 
 

 Stroke 
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 Death from CVD  
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Appendix 8 Sensitivity analyses for the pair-wise meta-analyses of the secondary 

outcomes 

Outcome 
Alternative Model 

of Meta-analysis 

Excluding Studies with 

CVD Patients 

Excluding Small 

Studies # 

Myocardial Infarction 0.67 (0.59, 0.76) 0.60 (0.50, 0.71) 0.72 (0.66, 0.78) 

Stroke 0.79 (0.69, 0.90) 0.65 (0.54, 0.78) \ 

Death from CVD 0.81 (0.70, 0.93) 0.70 (0.60, 0.81) \ 

# Sensitivity analysis by excluding small studies was conducted only for myocardial infarction, of which 

publication bias was detected in the main analysis; 5 studies with less than 200 participants in any arm 

were excluded.  
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Appendix 9 Networks of treatment comparisons in the network meta-analyses 
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Appendix 10 Q tests of global heterogeneity and inconsistency in network meta-analyses 

Outcome 

Total heterogeneity 

/inconsistency 
Within-design heterogeneity 

Between-design inconsistency 

(fixed-effect assumption) 

Between-design inconsistency  

(random-effect assumption) 

Q df P Q df P Q df P Q df P Tau2 

Muscle Symptoms 35.34 36 0.500 28.10 22 0.173 7.24 14 0.925 6.99 14 0.935 0.014 

Muscle Disorders 13.27 39 0.999 9.11 26 0.999 4.16 13 0.989 4.16 13 0.989 0 

Liver Dysfunction 22.22 35 0.954 10.34 21 0.974 11.88 14 0.616 11.88 14 0.616 0 

Renal Insufficiency 7.47 18 0.986 4.68 8 0.791 2.79 10 0.986 2.79 10 0.986 0 

Type 2 Diabetes 5.52 5 0.355 5.51 4 0.239 0.02 1 0.898 0.02 1 0.901 0.009 

Eye Conditions* 0.70 2 0.705 0.70 2 0.705 / / / / / / / 

* For eye conditions, there was no indirect comparison and only one type of study design (direct comparison) was involved in each treatment comparison. 
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Appendix 11 Results of the random-effects network meta-analyses 

 

Muscle Symptoms 

Control 
0.94 

(0.79, 1.12) 

1.01 

(0.85, 1.20) 

0.94 

(0.77, 1.14) 

1.43 

(0.89, 2.28) 

1.01 

(0.82, 1.25) 

0.92 

(0.86, 0.99) 

1.56 

(0.76, 3.22) 

1.06 

(0.89, 1.26) 
Atorvastatin 

1.07 

(0.84, 1.37) 

1.00 

(0.77, 1.29) 

1.51 

(0.94, 2.45) 

1.07 

(0.82, 1.40) 

0.98 

(0.82, 1.17) 

1.66 

(0.81, 3.39) 

0.99 

(0.83, 1.17) 

0.93 

(0.73, 1.19) 
Fluvastatin 

0.93 

(0.72, 1.20) 

1.41 

(0.85, 2.33) 

1.00 

(0.76, 1.31) 

0.91 

(0.76, 1.10) 

1.55 

(0.74, 3.25) 

1.07 

(0.88, 1.30) 

1.00 

(0.77, 1.30) 

1.08 

(0.83, 1.40) 
Lovastatin 

1.52 

(0.91, 2.53) 

1.08 

(0.81, 1.44) 

0.98 

(0.80, 1.21) 

1.67 

(0.79, 3.52) 

0.70 

(0.44, 1.12) 

0.66 

(0.41, 1.07) 

0.71 

(0.43, 1.17) 

0.66 

(0.40, 1.10) 
Pitavastatin 

0.71 

(0.45, 1.12) 

0.65 

(0.40, 1.04) 

1.10 

(0.51, 2.34) 

0.99 

(0.80, 1.22) 

0.93 

(0.72, 1.21) 

1.00 

(0.76, 1.31) 

0.93 

(0.70, 1.23) 

1.41 

(0.89, 2.23) 
Pravastatin 

0.91 

(0.73, 1.13) 

1.54 

(0.74, 3.22) 

1.08 

(1.01, 1.16) 

1.02 

(0.85, 1.23) 

1.10 

(0.91, 1.32) 

1.02 

(0.83, 1.25) 

1.55 

(0.96, 2.49) 

1.10 

(0.88, 1.37) 
Rosuvastatin 

1.70 

(0.82, 3.50) 

0.64 

(0.31, 1.32) 

0.60 

(0.30, 1.23) 

0.65 

(0.31, 1.36) 

0.60 

(0.28, 1.27) 

0.91 

(0.43, 1.95) 

0.65 

(0.31, 1.35) 

0.59 

(0.29, 1.22) 
Simvastatin 
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Muscle Disorders 

Control 
1.26 

(0.55, 2.90) 

0.74 

(0.16, 3.31) 

1.21 

(0.75, 1.95) 

0.93 

(0.13, 6.76) 

1.00 

(0.38, 2.63) 

1.06 

(0.56, 2.03) 

1.10 

(0.33, 3.63) 

0.79 

(0.34, 1.83) 
Atorvastatin 

0.58 

(0.11, 3.26) 

0.96 

(0.37, 2.49) 

0.74 

(0.11, 5.03) 

0.79 

(0.26, 2.42) 

0.84 

(0.36, 1.98) 

0.87 

(0.25, 3.12) 

1.36 

(0.30, 6.09) 

1.71 

(0.31, 9.52) 
Fluvastatin 

1.64 

(0.34, 7.94) 

1.27 

(0.11, 15.19) 

1.36 

(0.23, 8.09) 

1.44 

(0.28, 7.40) 

1.50 

(0.22, 10.17) 

0.83 

(0.51, 1.33) 

1.04 

(0.40, 2.70) 

0.61 

(0.13, 2.94) 
Lovastatin 

0.77 

(0.10, 5.89) 

0.83 

(0.28, 2.41) 

0.88 

(0.39, 1.96) 

0.91 

(0.25, 3.26) 

1.07 

(0.15, 7.76) 

1.35 

(0.20, 9.18) 

0.79 

(0.07, 9.48) 

1.30 

(0.17, 9.91) 
Pitavastatin 

1.07 

(0.15, 7.54) 

1.14 

(0.15, 8.54) 

1.18 

(0.13, 10.82) 

1.00 

(0.38, 2.63) 

1.26 

(0.41, 3.85) 

0.74 

(0.12, 4.40) 

1.21 

(0.41, 3.54) 

0.93 

(0.13, 6.58) 
Pravastatin 

1.06 

(0.35, 3.19) 

1.10 

(0.27, 4.54) 

0.94 

(0.49, 1.80) 

1.19 

(0.51, 2.78) 

0.69 

(0.14, 3.56) 

1.14 

(0.51, 2.54) 

0.88 

(0.12, 6.58) 

0.94 

(0.31, 2.82) 
Rosuvastatin 

1.04 

(0.30, 3.55) 

0.91 

(0.28, 2.99) 

1.14 

(0.32, 4.08) 

0.67 

(0.10, 4.55) 

1.10 

(0.31, 3.93) 

0.85 

(0.09, 7.75) 

0.91 

(0.22, 3.73) 

0.96 

(0.28, 3.30) 
Simvastatin 
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Liver Dysfunction 

Control 
0.72 

(0.55, 0.94) 

1.42 

(0.67, 2.98) 

0.56 

(0.38, 0.83) 

0.94 

(0.46, 1.95) 

0.98 

(0.69, 1.39) 

0.72 

(0.44, 1.18) 

0.78 

(0.31, 1.95) 

1.39 

(1.06, 1.82) 
Atorvastatin 

1.97 

(0.89, 4.35) 

0.79 

(0.49, 1.26) 

1.31 

(0.64, 2.69) 

1.36 

(0.89, 2.09) 

1 

(0.58, 1.73) 

1.09 

(0.43, 2.73) 

0.71 

(0.34, 1.48) 

0.51 

(0.23, 1.12) 
Fluvastatin 

0.40 

(0.17, 0.92) 

0.67 

(0.24, 1.88) 

0.69 

(0.30, 1.57) 

0.51 

(0.21, 1.24) 

0.55 

(0.17, 1.79) 

1.77 

(1.20, 2.61) 

1.27 

(0.80, 2.04) 

2.51 

(1.09, 5.81) 
Lovastatin 

1.67 

(0.73, 3.80) 

1.73 

(1.03, 2.93) 

1.27 

(0.68, 2.39) 

1.39 

(0.52, 3.72) 

1.06 

(0.51, 2.19) 

0.76 

(0.37, 1.57) 

1.50 

(0.53, 4.25) 

0.60 

(0.26, 1.36) 
Pitavastatin 

1.04 

(0.50, 2.15) 

0.76 

(0.32, 1.82) 

0.83 

(0.27, 2.55) 

1.02 

(0.72, 1.45) 

0.73 

(0.48, 1.12) 

1.45 

(0.64, 3.30) 

0.58 

(0.34, 0.97) 

0.96 

(0.47, 1.99) 
Pravastatin 

0.73 

(0.40, 1.35) 

0.80 

(0.30, 2.10) 

1.39 

(0.85, 2.28) 

1.00 

(0.58, 1.72) 

1.97 

(0.81, 4.82) 

0.78 

(0.42, 1.47) 

1.31 

(0.55, 3.13) 

1.36 

(0.74, 2.49) 
Rosuvastatin 

1.09 

(0.39, 3.03) 

1.28 

(0.51, 3.18) 

0.92 

(0.37, 2.30) 

1.81 

(0.56, 5.88) 

0.72 

(0.27, 1.94) 

1.21 

(0.39, 3.71) 

1.25 

(0.48, 3.28) 

0.92 

(0.33, 2.56) 
Simvastatin 
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Renal Insufficiency 

Control 
0.83 

(0.51, 1.34) 

1.86 

(0.15, 22.49) 

0.48 

(0.13, 1.72) 

0.88 

(0.78, 1.00) 

0.85 

(0.24, 3.00) 
  

1.21 

(0.75, 1.97) 
Atorvastatin 

2.26 

(0.18, 27.72) 

0.58 

(0.16, 2.09) 

1.07 

(0.65, 1.76) 

1.03 

(0.29, 3.69) 
  

0.54 

(0.04, 6.47) 

0.44 

(0.04, 5.43) 
Pitavastatin 

0.26 

(0.02, 3.77) 

0.47 

(0.04, 5.71) 

0.46 

(0.04, 5.87) 
  

2.09 

(0.58, 7.53) 

1.73 

(0.48, 6.23) 

3.90 

(0.27, 57.31) 
Pravastatin 

1.85 

(0.51, 6.66) 

1.78 

(0.48, 6.63) 
  

1.13 

(1.00, 1.28) 

0.93 

(0.57, 1.54) 

2.11 

(0.18, 25.44) 

0.54 

(0.15, 1.95) 
Rosuvastatin 

0.96 

(0.27, 3.40) 
  

1.18 

(0.33, 4.15) 

0.97 

(0.27, 3.48) 

2.19 

(0.17, 28.23) 

0.56 

(0.15, 2.10) 

1.04 

(0.29, 3.67) 
Simvastatin   

 

Diabetes 

Control 
0.88 

(0.68, 1.14) 

1.02 

(0.72, 1.44) 

1.31 

(1.02, 1.68) 

1.04 

(0.85, 1.26) 

0.88 

(0.75, 1.02) 
  

1.13 

(0.88, 1.47) 
Atorvastatin 

1.16 

(0.75, 1.78) 

1.49 

(1.04, 2.11) 

1.18 

(0.85, 1.63) 

0.99 

(0.74, 1.34) 
  

0.98 

(0.69, 1.39) 

0.86 

(0.56, 1.33) 
Lovastatin 

1.28 

(0.84, 1.97) 

1.02 

(0.68, 1.52) 

0.86 

(0.59, 1.25) 
  

0.76 

(0.59, 0.98) 

0.67 

(0.47, 0.96) 

0.78 

(0.51, 1.20) 
Pitavastatin 

0.79 

(0.58, 1.09) 

0.67 

(0.50, 0.90) 
  

0.96 

(0.79, 1.17) 

0.85 

(0.61, 1.17) 

0.98 

(0.66, 1.47) 

1.26 

(0.92, 1.74) 
Pravastatin 

0.84 

(0.66, 1.08) 
  

1.14 

(0.98, 1.33) 

1.01 

(0.75, 1.36) 

1.17 

(0.80, 1.70) 

1.50 

(1.12, 2.01) 

1.19 

(0.92, 1.52) 
Rosuvastatin   
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Eye Conditions 

Control 
0.63 

(0.20, 1.92) 

0.82 

(0.40, 1.69) 

1.12 

(0.60, 2.11) 

0.79 

(0.66, 0.96) 
   

1.60 

(0.52, 4.89) 
Atorvastatin 

1.31 

(0.35, 4.97) 

1.79 

(0.50, 6.48) 

1.27 

(0.41, 3.95) 
   

1.22 

(0.59, 2.52) 

0.76 

(0.20, 2.90) 
Lovastatin 

1.37 

(0.52, 3.58) 

0.97 

(0.46, 2.05) 
   

0.89 

(0.47, 1.67) 

0.56 

(0.15, 2.02) 

0.73 

(0.28, 1.91) 
Pravastatin 

0.71 

(0.37, 1.37) 
   

1.26 

(1.04, 1.52) 

0.79 

(0.25, 2.46) 

1.03 

(0.49, 2.18) 

1.41 

(0.73, 2.73) 
Rosuvastatin    
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Appendix 12 Node-splitting analyses of inconsistency between direct and indirect evidence in the network meta-analyses 

A. Muscle Symptoms 

Treatment Comparator Direct Indirect NMA Direct/Indirect Z P 

Atorvastatin Control 1.11 (0.91, 1.34) 0.89 (0.61, 1.30) 1.06 (0.90, 1.26) 1.243 1.003 0.316 

Fluvastatin Control 0.99 (0.83, 1.17) \ 0.99 (0.83, 1.17) \ \ \ 

Lovastatin Control 1.07 (0.88, 1.31) \ 1.07 (0.88, 1.31) \ \ \ 

Pitavastatin Control \ 0.70 (0.44, 1.12) 0.70 (0.44, 1.12) \ \ \ 

Pravastatin Control 1.02 (0.82, 1.26) 0.67 (0.31, 1.47) 0.99 (0.81, 1.22) 1.513 -1.005 0.315 

Rosuvastatin Control 1.08 (1.00, 1.16) 1.53 (0.99, 2.35) 1.09 (1.01, 1.16) 0.705 1.565 0.118 

Simvastatin Control 0.33 (0.01, 8.22) 0.67 (0.32, 1.40) 0.64 (0.31, 1.32) 0.489 0.423 0.672 

Fluvastatin Atorvastatin \ 0.93 (0.73, 1.19) 0.93 (0.73, 1.19) \ \ \ 

Lovastatin Atorvastatin \ 1.01 (0.78, 1.31) 1.01 (0.78, 1.31) \ \ \ 

Pitavastatin Atorvastatin 0.54 (0.23, 1.25) 0.74 (0.41, 1.31) 0.66 (0.41, 1.06) 0.730 0.604 0.546 

Pravastatin Atorvastatin 1.11 (0.30, 4.17) 0.93 (0.71, 1.21) 0.93 (0.72, 1.21) 1.199 -0.263 0.792 

Rosuvastatin Atorvastatin 1.37 (0.93, 2.02) 0.95 (0.78, 1.16) 1.02 (0.86, 1.22) 1.438 -1.627 0.104 

Simvastatin Atorvastatin 0.51 (0.21, 1.21) 1.00 (0.28, 3.58) 0.60 (0.30, 1.23) 0.506 0.866 0.386 

Lovastatin Fluvastatin \ 1.09 (0.84, 1.41) 1.09 (0.84, 1.41) \ \ \ 

Pitavastatin Fluvastatin \ 0.71 (0.43, 1.16) 0.71 (0.43, 1.16) \ \ \ 

Pravastatin Fluvastatin \ 1.00 (0.77, 1.31) 1.00 (0.77, 1.31) \ \ \ 

Rosuvastatin Fluvastatin \ 1.10 (0.91, 1.32) 1.10 (0.91, 1.32) \ \ \ 

Simvastatin Fluvastatin \ 0.65 (0.31, 1.36) 0.65 (0.31, 1.36) \ \ \ 

Pitavastatin Lovastatin \ 0.65 (0.39, 1.08) 0.65 (0.39, 1.08) \ \ \ 
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Pravastatin Lovastatin \ 0.92 (0.69, 1.23) 0.92 (0.69, 1.23) \ \ \ 

Rosuvastatin Lovastatin \ 1.01 (0.82, 1.25) 1.01 (0.82, 1.25) \ \ \ 

Simvastatin Lovastatin \ 0.60 (0.28, 1.26) 0.60 (0.28, 1.26) \ \ \ 

Pravastatin Pitavastatin 1.15 (0.66, 2.02) 2.08 (0.97, 4.47) 1.41 (0.90, 2.22) 0.554 1.219 0.223 

Rosuvastatin Pitavastatin 1.01 (0.17, 5.96) 1.64 (1.01, 2.67) 1.55 (0.97, 2.48) 0.616 0.516 0.606 

Simvastatin Pitavastatin 1.42 (0.44, 4.56) 0.67 (0.25, 1.80) 0.91 (0.43, 1.95) 2.123 -0.962 0.336 

Rosuvastatin Pravastatin 1.43 (0.27, 7.67) 1.10 (0.88, 1.36) 1.10 (0.88, 1.36) 1.307 -0.311 0.756 

Simvastatin Pravastatin 0.24 (0.03, 2.20) 0.74 (0.34, 1.62) 0.65 (0.31, 1.35) 0.327 0.935 0.350 

Simvastatin Rosuvastatin 0.13 (0.01, 2.66) 0.64 (0.30, 1.35) 0.59 (0.29, 1.21) 0.208 0.998 0.318 
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B. Muscle Disorders 

Treatment Comparator Direct Indirect NMA Direct/Indirect Z P 

Atorvastatin Control 0.62 (0.21, 1.82) 0.99 (0.30, 3.20) 0.77 (0.35, 1.69) 0.625 -0.577 0.564 

Fluvastatin Control 1.29 (0.32, 5.24) \ 1.29 (0.32, 5.24) \ \ \ 

Lovastatin Control 0.84 (0.51, 1.36) \ 0.84 (0.52, 1.36) \ \ \ 

Pitavastatin Control \ 1.09 (0.16, 7.54) 1.09 (0.16, 7.54) \ \ \ 

Pravastatin Control 1.25 (0.42, 3.69) 0.55 (0.09, 3.31) 0.99 (0.40, 2.49) 2.275 -0.768 0.443 

Rosuvastatin Control 1.00 (0.50, 2.03) 0.74 (0.18, 3.07) 0.93 (0.50, 1.75) 1.362 -0.38 0.704 

Simvastatin Control 0.70 (0.11, 4.44) 1.14 (0.23, 5.79) 0.91 (0.28, 2.99) 0.609 0.394 0.693 

Fluvastatin Atorvastatin \ 1.68 (0.34, 8.38) 1.68 (0.34, 8.38) \ \ \ 

Lovastatin Atorvastatin 1.05 (0.02, 53.53) 1.10 (0.43, 2.82) 1.09 (0.43, 2.72) 0.958 0.021 0.984 

Pitavastatin Atorvastatin 2.00 (0.18, 22.15) 0.83 (0.04, 16.57) 1.42 (0.22, 9.23) 2.398 -0.447 0.655 

Pravastatin Atorvastatin 0.86 (0.15, 5.03) 1.80 (0.47, 6.87) 1.29 (0.45, 3.74) 0.476 0.656 0.512 

Rosuvastatin Atorvastatin 1.22 (0.40, 3.70) 1.36 (0.40, 4.67) 1.21 (0.53, 2.77) 0.892 0.135 0.892 

Simvastatin Atorvastatin 0.99 (0.22, 4.37) 0.81 (0.09, 7.71) 1.18 (0.33, 4.18) 1.217 -0.143 0.886 

Lovastatin Fluvastatin \ 0.65 (0.15, 2.84) 0.65 (0.15, 2.84) \ \ \ 

Pitavastatin Fluvastatin \ 0.84 (0.08, 9.17) 0.84 (0.08, 9.17) \ \ \ 

Pravastatin Fluvastatin \ 0.77 (0.14, 4.09) 0.77 (0.14, 4.09) \ \ \ 

Rosuvastatin Fluvastatin \ 0.72 (0.16, 3.34) 0.72 (0.16, 3.34) \ \ \ 

Simvastatin Fluvastatin \ 0.70 (0.11, 4.42) 0.70 (0.11, 4.42) \ \ \ 

Pitavastatin Lovastatin \ 1.30 (0.18, 9.54) 1.30 (0.18, 9.54) \ \ \ 

Pravastatin Lovastatin 0.99 (0.02, 50.38) 1.20 (0.41, 3.51) 1.19 (0.42, 3.33) 0.824 0.093 0.926 

Rosuvastatin Lovastatin \ 1.11 (0.51, 2.46) 1.11 (0.51, 2.46) \ \ \ 
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Simvastatin Lovastatin 1.03 (0.02, 52.32) 1.08 (0.27, 4.25) 1.09 (0.30, 3.90) 0.950 0.024 0.981 

Pravastatin Pitavastatin 1.44 (0.09, 23.13) 0.60 (0.04, 8.50) 0.91 (0.13, 6.20) 2.398 -0.447 0.655 

Rosuvastatin Pitavastatin \ 0.86 (0.12, 6.16) 0.86 (0.12, 6.16) \ \ \ 

Simvastatin Pitavastatin \ 0.83 (0.09, 7.42) 0.83 (0.09, 7.42) \ \ \ 

Rosuvastatin Pravastatin 2.30 (0.09, 56.57) 0.86 (0.28, 2.64) 0.94 (0.33, 2.70) 2.666 -0.567 0.571 

Simvastatin Pravastatin 2.51 (0.25, 24.95) 0.34 (0.05, 2.47) 0.92 (0.23, 3.70) 7.357 -1.289 0.197 

Simvastatin Rosuvastatin 1.64 (0.22, 12.44) 0.51 (0.10, 2.60) 0.98 (0.28, 3.34) 3.217 -0.880 0.379 
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C. Liver Dysfunction 

Treatment Comparator Direct Indirect NMA Direct/Indirect Z P 

Atorvastatin Control 1.30 (0.98, 1.72) 2.98 (1.30, 6.83) 1.41 (1.08, 1.85) 0.435 -1.860 0.063 

Fluvastatin Control 0.71 (0.34, 1.48) \ 0.71 (0.34, 1.48) \ \ \ 

Lovastatin Control 1.81 (1.24, 2.67) \ 1.81 (1.23, 2.66) \ \ \ 

Pitavastatin Control \ 1.04 (0.51, 2.12) 1.04 (0.51, 2.12) \ \ \ 

Pravastatin Control 1.08 (0.75, 1.55) 0.51 (0.17, 1.49) 1.00 (0.71, 1.41) 2.133 -1.302 0.193 

Rosuvastatin Control 1.49 (0.88, 2.54) 0.76 (0.20, 2.96) 1.39 (0.85, 2.28) 1.956 -0.902 0.367 

Simvastatin Control 1.74 (0.48, 6.28) 0.94 (0.25, 3.50) 1.30 (0.52, 3.21) 1.851 -0.656 0.512 

Fluvastatin Atorvastatin \ 0.50 (0.23, 1.10) 0.50 (0.23, 1.10) \ \ \ 

Lovastatin Atorvastatin 1.05 (0.02, 53.53) 1.29 (0.80, 2.06) 1.28 (0.80, 2.04) 0.815 0.101 0.919 

Pitavastatin Atorvastatin 0.70 (0.27, 1.82) 0.78 (0.27, 2.23) 0.74 (0.36, 1.49) 0.907 0.136 0.892 

Pravastatin Atorvastatin 0.20 (0.05, 0.88) 0.78 (0.51, 1.21) 0.71 (0.47, 1.08) 0.259 1.730 0.084 

Rosuvastatin Atorvastatin 0.62 (0.20, 1.89) 1.08 (0.59, 1.98) 0.98 (0.57, 1.69) 0.570 0.864 0.388 

Simvastatin Atorvastatin 0.40 (0.12, 1.40) 1.35 (0.36, 5.05) 0.92 (0.37, 2.29) 0.298 1.308 0.191 

Lovastatin Fluvastatin \ 2.57 (1.11, 5.93) 2.57 (1.11, 5.93) \ \ \ 

Pitavastatin Fluvastatin \ 1.48 (0.53, 4.13) 1.48 (0.53, 4.13) \ \ \ 

Pravastatin Fluvastatin \ 1.42 (0.62, 3.22) 1.42 (0.62, 3.22) \ \ \ 

Rosuvastatin Fluvastatin \ 1.97 (0.81, 4.81) 1.97 (0.81, 4.81) \ \ \ 

Simvastatin Fluvastatin \ 1.84 (0.57, 5.94) 1.84 (0.57, 5.94) \ \ \ 

Pitavastatin Lovastatin \ 0.57 (0.26, 1.29) 0.57 (0.26, 1.29) \ \ \ 

Pravastatin Lovastatin 0.99 (0.02, 50.38) 0.55 (0.33, 0.92) 0.55 (0.33, 0.92) 1.807 -0.292 0.770 

Rosuvastatin Lovastatin \ 0.77 (0.41, 1.43) 0.77 (0.41, 1.43) \ \ \ 
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Simvastatin Lovastatin 1.03 (0.02, 52.32) 0.71 (0.25, 1.97) 0.72 (0.27, 1.91) 1.447 -0.178 0.859 

Pravastatin Pitavastatin 0.89 (0.33, 2.40) 1.04 (0.38, 2.89) 0.96 (0.47, 1.96) 0.854 0.218 0.827 

Rosuvastatin Pitavastatin \ 1.34 (0.57, 3.15) 1.34 (0.57, 3.15) \ \ \ 

Simvastatin Pitavastatin 1.95 (0.04, 99.09) 1.20 (0.37, 3.82) 1.24 (0.41, 3.79) 1.633 -0.235 0.814 

Rosuvastatin Pravastatin 0.77 (0.02, 38.64) 1.44 (0.79, 2.64) 1.39 (0.76, 2.53) 0.531 0.313 0.755 

Simvastatin Pravastatin 2.51 (0.25, 24.95) 1.20 (0.35, 4.12) 1.30 (0.50, 3.38) 2.082 -0.551 0.581 

Simvastatin Rosuvastatin 4.92 (0.24, 102.75) 0.84 (0.25, 2.84) 0.93 (0.34, 2.58) 5.839 -1.057 0.290 
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D. Renal Insufficiency 

Treatment Comparator Direct Indirect NMA Direct/Indirect Z P 

Atorvastatin Control 1.30 (0.77, 2.19) 0.93 (0.24, 3.58) 1.23 (0.76, 1.99) 1.403 0.458 0.647 

Pitavastatin Control \ 0.54 (0.04, 6.44) 0.54 (0.04, 6.44) \ \ \ 

Pravastatin Control 5.23 (0.24, 112.06) 1.75 (0.39, 7.92) 2.03 (0.62, 6.66) 2.982 -0.627 0.531 

Rosuvastatin Control 1.13 (1.00, 1.28) 1.67 (0.46, 6.08) 1.13 (1.00, 1.28) 0.674 0.597 0.551 

Simvastatin Control 1.91 (0.21, 17.74) 1.00 (0.20, 5.07) 1.17 (0.35, 3.90) 1.909 -0.459 0.646 

Pitavastatin Atorvastatin 1.00 (0.02, 50.89) 0.48 (0.01, 29.90) 0.44 (0.04, 5.34) 2.067 -0.250 0.803 

Pravastatin Atorvastatin 1.65 (0.50, 5.50) \ 1.65 (0.50, 5.50) \ \ \ 

Rosuvastatin Atorvastatin 1.26 (0.39, 4.09) 0.86 (0.50, 1.48) 0.92 (0.56, 1.51) 1.460 -0.573 0.567 

Simvastatin Atorvastatin 1.41 (0.27, 7.25) 0.89 (0.06, 12.44) 0.95 (0.28, 3.25) 1.583 -0.290 0.772 

Pravastatin Pitavastatin \ 3.79 (0.26, 54.47) 3.79 (0.26, 54.47) \ \ \ 

Rosuvastatin Pitavastatin 3.06 (0.12, 76.02) 1.85 (0.03, 113.22) 2.11 (0.18, 25.28) 1.658 -0.190 0.850 

Simvastatin Pitavastatin 1.95 (0.04, 99.09) 2.37 (0.08, 66.88) 2.18 (0.17, 27.82) 0.826 0.073 0.942 

Rosuvastatin Pravastatin 0.87 (0.17, 4.50) 0.43 (0.07, 2.70) 0.56 (0.17, 1.82) 2.012 -0.556 0.578 

Simvastatin Pravastatin 0.58 (0.16, 2.14) \ 0.58 (0.16, 2.14) \ \ \ 

Simvastatin Rosuvastatin 0.66 (0.11, 3.96) 1.25 (0.23, 6.69) 1.04 (0.31, 3.44) 0.526 0.513 0.608 
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E. Type 2 Diabetes 

Treatment Comparator Direct Indirect NMA Direct/Indirect Z P 

Atorvastatin Control 1.14 (0.90, 1.44) 0.96 (0.25, 3.67) 1.14 (0.9, 1.43) 1.191 0.251 0.802 

Lovastatin Control 0.98 (0.71, 1.36) \ 0.98 (0.71, 1.36) \ \ \ 

Pitavastatin Control 0.76 (0.60, 0.95) 0.90 (0.24, 3.47) 0.76 (0.61, 0.96) 0.840 0.251 0.802 

Pravastatin Control 0.97 (0.81, 1.16) \ 0.97 (0.81, 1.16) \ \ \ 

Rosuvastatin Control 1.14 (1.00, 1.30) \ 1.14 (1.00, 1.30) \ \ \ 

Lovastatin Atorvastatin \ 0.86 (0.58, 1.29) 0.86 (0.58, 1.29) \ \ \ 

Pitavastatin Atorvastatin 0.79 (0.21, 2.98) 0.67 (0.48, 0.92) 0.67 (0.49, 0.92) 1.191 -0.251 0.802 

Pravastatin Atorvastatin \ 0.85 (0.64, 1.15) 0.85 (0.64, 1.15) \ \ \ 

Rosuvastatin Atorvastatin \ 1.01 (0.77, 1.31) 1.01 (0.77, 1.31) \ \ \ 

Pitavastatin Lovastatin \ 0.78 (0.52, 1.16) 0.78 (0.52, 1.16) \ \ \ 

Pravastatin Lovastatin \ 0.99 (0.68, 1.44) 0.99 (0.68, 1.44) \ \ \ 

Rosuvastatin Lovastatin \ 1.17 (0.82, 1.66) 1.17 (0.82, 1.66) \ \ \ 

Pravastatin Pitavastatin \ 1.27 (0.95, 1.70) 1.27 (0.95, 1.70) \ \ \ 

Rosuvastatin Pitavastatin \ 1.50 (1.16, 1.94) 1.50 (1.16, 1.94) \ \ \ 

Rosuvastatin Pravastatin \ 1.18 (0.95, 1.47) 1.18 (0.95, 1.47) \ \ \ 
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F. Eye Conditions 

Treatment Comparator Direct Indirect NMA Direct/Indirect Z P 

Atorvastatin Control 1.60 (0.52, 4.89) \ 1.60 (0.52, 4.89) \ \ \ 

Lovastatin Control 1.23 (0.60, 2.53) \ 1.23 (0.60, 2.53) \ \ \ 

Pravastatin Control 0.89 (0.47, 1.67) \ 0.89 (0.47, 1.67) \ \ \ 

Rosuvastatin Control 1.26 (1.04, 1.52) \ 1.26 (1.04, 1.52) \ \ \ 

Lovastatin Atorvastatin \ 0.77 (0.20, 2.92) 0.77 (0.20, 2.92) \ \ \ 

Pravastatin Atorvastatin \ 0.56 (0.15, 2.02) 0.56 (0.15, 2.02) \ \ \ 

Rosuvastatin Atorvastatin \ 0.79 (0.25, 2.46) 0.79 (0.25, 2.46) \ \ \ 

Pravastatin Lovastatin \ 0.72 (0.28, 1.89) 0.72 (0.28, 1.89) \ \ \ 

Rosuvastatin Lovastatin \ 1.02 (0.49, 2.16) 1.02 (0.49, 2.16) \ \ \ 

Rosuvastatin Pravastatin \ 1.41 (0.73, 2.73) 1.41 (0.73, 2.73) \ \ \ 
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Appendix 13 Dose-response curves of the adverse effects of individual statins 

Muscle Symptoms 
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Appendix 14 List of the ICD codes for the outcome (serious muscle disorders) 

Code Description 

359.4 Toxic myopathy 

359.7 Inflammatory and immune myopathies, not elsewhere classified 

359.8 Other myopathies 

359.9 Myopathy, unspecified 

G72  Other myopathies 

G72.0 Drug-induced myopathy 

G72.2 Myopathy due to other toxic agents 

G72.4 Inflammatory and immune myopathies, not elsewhere classified 

G72.8 Other specified myopathies 

G72.9 Myopathy, unspecified 

M60 Myositis 

M60.1 Interstitial myositis 

M60.8 Other myositis 

M60.9 Myositis, unspecified 

M62 Other disorders of muscle 

M62.0 Separation of muscle (nontraumatic) 

M62.1 Other rupture of muscle (nontraumatic) 

M62.4 Contracture of muscle 

M62.5 Muscle wasting and atrophy, not elsewhere classified 

M62.8 
Other specified disorders of muscle (including muscle weakness, 

rhabdomyolysis, muscle spasm) 

M62.9 Disorder of muscle, unspecified 
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Appendix 15 Search strategy for the literature on risk factors of muscle disorders 

Database: MEDLINE/PubMed 

Search Queries: 

1 "myalgia*"[Title] OR "myopath*"[Title] OR "rhabdomyolysis"[Title] OR "muscle 

pain*"[Title] OR "muscle weakness*"[Title] OR "muscle stiffness*"[Title] OR "muscle 

symptom*"[Title] OR "muscle dysfunction*"[Title] OR "muscle disorder*"[Title] OR 

"muscle disease*"[Title] OR "muscle problem*"[Title] 

2 "risk factor*"[Title/Abstract] OR "predictor*"[Title/Abstract] OR "predictive 

factor*"[Title/Abstract] OR "association*"[Title/Abstract] 

3 "review"[Title/Abstract] OR "overview"[Title/Abstract] OR "guideline"[Title/Abstract] 

4 "0000/00/00"[Date - Publication] : "2020/12/31"[Date - Publication] (from database 

initiation) 

5 1 AND 2 AND 3 AND 4 
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Appendix 16 Selection of the literature on risk factors of muscle disorders 

 
 



304 

 

Appendix 17 Identified risk factors from the included literature 

No. Reference Reported Risk Factors 

1 Guis S, Mattéi JP, Lioté F. Drug-induced and toxic 

myopathies. Best Pract Res Clin Rheumatol 

2003;17(6):877-907. 

age, renal diseases, hypothyroidism, diabetes, liver diseases, grapefruit juice, venoms, 

bacterial toxins, organophosphates, denatured/rerefined rapeseed oil, L-tryptophane 

contaminant product, aluminium hydroxide-containing vaccines, herbs, nutritional 

supplements, myotoxic drugs, statin-interactive drugs 

2 Saleh FG, Seidman RJ. Drug-induced myopathy and 

neuropathy. J Clin Neuromuscul Dis 2003;5(2):81-92. 

myotoxic drugs 

3 Kuncl RW. Agents and mechanisms of toxic myopathy. 

Curr Opin Neurol 2009;22(5):506-15. 

myotoxic drugs 

4 Chatzizisis YS, Koskinas KC, Misirli G, et al. Risk factors 

and drug interactions predisposing to statin-induced 

myopathy: implications for risk assessment, prevention 

and treatment. Drug Saf 2010;33(3):171-87. 

age, gender, ethnicity, alcohol consumption, exercise, genetic predispositions, frailty, 

body frame, history of major trauma, history of major surgery, renal diseases, 

hypothyroidism, diabetes, inherited muscle diseases, liver diseases, serious infections, 

acquired muscle diseases, grapefruit juice, red rice fungus, statin-interactive drugs 

5 Valiyil R, Christopher-Stine L. Drug-related myopathies 

of which the clinician should be aware. Curr Rheumatol 

Rep 2010;12(3):213-20. 

red rice fungus, myotoxic drugs 

6 Abd TT, Jacobson TA. Statin-induced myopathy: a review 

and update. Expert Opin Drug Saf 2011;10(3):373-87. 

age, gender, alcohol consumption, exercise, genetic predispositions, BMI, frailty, body 

frame, family history of statin intolerance, previous myopathy, history of major surgery, 

renal diseases, hypothyroidism, inherited muscle diseases, grapefruit juice, statin-

interactive drugs 

7 Feng Q, Wilke RA, Baye TM. Individualized risk for 

statin-induced myopathy: current knowledge, emerging 

age, gender, ethnicity, alcohol consumption, exercise, family history of statin 

intolerance, previous myopathy, history of major trauma, previous CK elevation, 
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challenges and potential solutions. Pharmacogenomics 

2012;13(5):579-94. 

previous unexplained cramp, renal diseases, hypothyroidism, diabetes, inherited muscle 

diseases, serious infections, malignant hyperthermia, hyperuricaemia, statin-interactive 

drugs 

8 Mohassel P, Mammen AL. The spectrum of statin 

myopathy. Curr Opin Rheumatol 2013;25(6):747-52. 

gender, alcohol consumption, genetic predispositions, BMI, family history of statin 

intolerance, previous myopathy, renal diseases, hypothyroidism, liver diseases, statin-

interactive drugs 

9 Ungprasert P, Bethina NK, Jones CH. Malignancy and 

idiopathic inflammatory myopathies. N Am J Med Sci 

2013;5(10):569-72. 

cancers 

10 Keen HI, Krishnarajah J, Bates TR, et al. Statin 

myopathy: the fly in the ointment for the prevention of 

cardiovascular disease in the 21st century? Expert Opin 

Drug Saf 2014;13(9):1227-39. 

age, gender, ethnicity, alcohol consumption, genetic predispositions, BMI, frailty, 

family history of statin intolerance, renal diseases, hypothyroidism, diabetes, inherited 

muscle diseases, liver diseases, vitamin D deficiency, statin-interactive drugs 

11 Degens H, Gayan-Ramirez G, van Hees HW. Smoking-

induced skeletal muscle dysfunction: from evidence to 

mechanisms. Am J Respir Crit Care Med 

2015;191(6):620-5. 

smoking 

12 Chavez LO, Leon M, Einav S, et al. Beyond muscle 

destruction: a systematic review of rhabdomyolysis for 

clinical practice. Crit Care 2016;20(1):135. 

alcohol consumption, exercise, history of major trauma, hypothyroidism, diabetes, 

inherited muscle diseases, serious infections, malignant hyperthermia, electrolyte 

imbalance, hypertension, sickle-cell disease, venoms, myotoxic drugs 

13 Chiu N, Chiu L, Chow R, et al. Taxane-induced arthralgia 

and myalgia: A literature review. J Oncol Pharm Pract 

2017;23(1):56-67. 

myotoxic drugs 
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14 Colmenares EW, Pappas AL. Proton Pump Inhibitors: 

Risk for Myopathy? Ann Pharmacother 2017;51(1):66-71. 

myotoxic drugs 

15 Adler BL, Christopher-Stine L. Triggers of inflammatory 

myopathy: insights into pathogenesis. Discov Med 

2018;25(136):75-83. 

serious infections, cancers 

16 Nguyen KA, Li L, Lu D, et al. A comprehensive review 

and meta-analysis of risk factors for statin-induced 

myopathy. Eur J Clin Pharmacol 2018;74(9):1099-109. 

age, gender, genetic predispositions, previous CK elevation, renal diseases, diabetes, 

vitamin D deficiency, CVD, hypertension 

17 Fonseca J, Nellessen AG, Pitta F. Muscle Dysfunction in 

Smokers and Patients With Mild COPD: A 

SYSTEMATIC REVIEW. J Cardiopulm Rehabil Prev 

2019;39(4):241-52. 

smoking, COPD 

18 Lowe K, Kubra KT, He ZY, et al. Vitamin D 

Supplementation to Treat Statin-Associated Muscle 

Symptoms: A Review. Sr Care Pharm 2019;34(4):253-57. 

vitamin D deficiency 

19 Gupta R, Alcantara R, Popli T, et al. Myopathy 

Associated With Statins and SGLT2 - A Review of 

Literature. Curr Probl Cardiol 2020;46(4):100765. 

statin-interactive drugs 

20 Nikolic D, Banach M, Chianetta R, et al. An overview of 

statin-induced myopathy and perspectives for the future. 

Expert Opin Drug Saf 2020;19(5):601-15. 

age, gender, alcohol consumption, exercise, genetic predispositions, BMI, renal 

diseases, hypothyroidism, diabetes, inherited muscle diseases, liver diseases, vitamin D 

deficiency, malignant hyperthermia, statin-interactive drugs 
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Appendix 18 Criteria for evidence assessment of identified risk factors 

 Adequacy of the evidence 

For each risk factor, the supporting evidence was regarded as adequate or inadequate according 

to the number of articles reporting this risk factor: 

 Adequate evidence: there were 3 or more selected articles reporting the risk factor; 

 Inadequate evidence: less than 3 articles reporting the risk factor.  

 Likelihood of the association 

The likelihood of the association between a risk factor and muscle disorders in each of the 

articles reporting this risk factor was assessed to be high, moderate, or low according to the 

following criteria: 

 High likelihood: the association was reported with a significant RR or OR >1.5 or a well-

established biological mechanism; 

 Moderate likelihood: the association was reported with a significant RR or OR <1.5 or a 

possible biological mechanism; 

 Low likelihood: the association was reported without any statistical measurement or 

supporting mechanism (with empirical explanation only). 

The overall likelihood of each risk factor was then determined by the highest level of its 

likelihood assessed in the individual relevant articles, to avoid omitting any potential predictors 

of muscle disorders.     

 Overall strength of evidence 

The overall strength of evidence supporting each risk factor was graded as strong, moderate, or 

weak, based on the evidence adequacy and association likelihood: 

 Strong evidence: an association of high likelihood with adequate evidence; 

 Moderate evidence: an association of high likelihood with inadequate evidence, or an 

association of moderate likelihood with adequate evidence; 

 Weak evidence: an association of moderate likelihood with inadequate evidence, or an 

association of low likelihood. 
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Appendix 19 Evidence assessment of identified risk factors 

Category Risk Factor No. of 

References 

Evidence 

Adequacy 

No. of High-

likelihood 

Association 

No. of Moderate-

likelihood 

Association 

No. of Low-

likelihood 

Association 

Overall 

Likelihood of 

Association 

Overall 

Strength of 

Evidence 

Demographics 

  

Age 7 Adequate 2 1 4 High Strong 

Gender 7 Adequate 2 0 5 High Strong 

Ethnicity 3 Adequate 2 0 1 High Strong 

Health 

Behaviour/ 

Status 

  

Alcohol consumption 7 Adequate 0 2 5 Moderate Moderate 

Smoking 2 Inadequate 0 1 1 Moderate Weak 

Exercise 5 Adequate 0 0 5 Low Weak 

BMI 4 Adequate 0 0 4 Low Weak 

Body frame 2 Inadequate 0 0 2 Low Weak 

Frailty 3 Adequate 0 0 3 Low Weak 

Genetic predispositions 6 Adequate 3 0 3 High Strong 

Comorbidities/ 

Medical 

History 

  

Family history of statin 

intolerance 

4 Adequate 2 0 2 High Strong 

History of major trauma 3 Adequate 0 1 2 Moderate Moderate 

History of major 

surgery 

2 Inadequate 0 0 2 Low Weak 

Previous muscle 

problems 

5 Adequate 3 0 2 High Strong 

Previous CK elevation 2 Inadequate 2 0 0 High Moderate 
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Inherited muscle 

diseases 

6 Adequate 2 0 4 High Strong 

CVD 2 Inadequate 1 0 1 High Moderate 

Hypertension 1 Inadequate 1 0 0 High Moderate 

Diabetes 7 Adequate 1 1 5 High Strong 

Liver diseases 5 Adequate 0 1 4 Moderate Moderate 

Renal diseases 8 Adequate 2 1 5 High Strong 

COPD 1 Inadequate 0 0 1 Low Weak 

Hypothyroidism 8 Adequate 2 0 6 High Strong 

Hyperuricaemia 1 Inadequate 0 1 0 Moderate Weak 

Vitamin D deficiency 4 Adequate 0 2 2 Moderate Moderate 

Serious infections 4 Adequate 0 1 3 Moderate Moderate 

Electrolyte imbalance 1 Inadequate 0 0 1 Low Weak 

Malignant hyperthermia 3 Adequate 0 0 3 Low Weak 

Sickle-cell disease 1 Inadequate 0 0 1 Low Weak 

Cancers 2 Inadequate 0 0 2 Low Weak 

Medications 

  

Statin-interactive drugs 8 Adequate 6 2 0 High Strong 

Myotoxic drugs 7 Adequate 4 3 0 High Strong 

Food/ 

Chemicals/ 

Environment 

  

Grapefruit juice 3 Adequate 0 1 2 Moderate Moderate 

Red rice fungus 2 Inadequate 0 1 1 Moderate Weak 

Denatured/refined 

rapeseed oil 

1 Inadequate 0 0 1 Low Weak 

Nutritional supplements 1 Inadequate 0 0 1 Low Weak 
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Herbs 1 Inadequate 0 0 1 Low Weak 

Organophosphates 1 Inadequate 0 0 1 Low Weak 

L-tryptophane 

contaminant product 

1 Inadequate 0 0 1 Low Weak 

Aluminium hydroxide-

containing vaccines 

1 Inadequate 0 0 1 Low Weak 

Bacterial toxins 1 Inadequate 0 0 1 Low Weak 

Venoms 2 Inadequate 0 0 2 Low Weak 
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Appendix 20 Criteria for clinical evaluation of identified risk factors and specific 

medication 

 For identified risk factors 

1. Clinical importance 

The clinical importance of each identified risk factor was evaluated by two GPs as high, 

moderate, or low. Discrepancies between the two GPs were resolved through discussion among 

the GPs and the author to reach a consensus. Additional risk factors suggested by the GPs and 

considered with high clinical importance were added to the list of potential risk factors.  

2. Population/Clinical prevalence of comorbidities 

For each of the identified and suggested comorbidities, their prevalence in the population was 

sought from published studies, national surveys, and disease registries. A disease with a 

population prevalence below 0.05% was regarded as a rare condition. Where the population 

prevalence data were unavailable, the clinical prevalence of the comorbidities in primary care 

was judged by the GPs to determine if they were uncommon conditions. 

 For specific medications 

1. Severity and likelihood of interaction with statins 

A list of specific statin-interactive drugs were identified from the British National Formulary 

(BNF) clinical guidance, including the particular types of statins that each drug interfere with 

and the severity of each interaction. The overall likelihood of interaction with statins of each 

drug was determined by the number of statin types that the drug has potential severe interaction 

with: 

 High likelihood: potential severe interaction with 3 or more types of statins; 

 Moderate likelihood: potential severe interaction with 1 or 2 types of statins; 

 Low likelihood: no severe interaction with any statin types. 

2. Likelihood of association with muscle disorders 

Specific drugs with myotoxicity were identified from the selected articles in the literature 

review. The likelihood of the association of each drug with muscle disorders was assessed to be 

high, moderate, or low by a pharmacist and the author, based on the evidence from the literature 

and clinical opinions from the pharmacist. Discrepancies were resolved through discussion 

between the pharmacist and the author. 

3. Clinical usage in the UK 

For the drugs with high likelihood of interaction with statins and those with high likelihood of 

association with muscle disorders, their number of annual prescriptions was sought by searching 

the OpenPrescribing platform. Drugs with annual prescriptions less than 10000 items were 

regarded as uncommonly used in the UK. Where the prescription data were unavailable, the 

clinical usage of the drugs in primary care was judged by the pharmacist to determine if they 

were not used or rarely used in primary care in the UK. 
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Appendix 21 Clinical evaluation of identified risk factor and specific medications 

A. Clinical evaluation of identified risk factors 

Category Risk Factor Clinical 

Importance 

(GP1) 

Clinical 

Importance 

(GP2) 

Clinical 

Importance 

(Consensus) 

Population 

Prevalence Data 

Population 

Prevalence Level 

Clinical 

Prevalence Level 

Demographics 

  

Age High High High NA NA NA 

Gender High Low Moderate NA NA NA 

Ethnicity Low Low Low NA NA NA 

Health 

Behaviour/ 

Status 

  

Alcohol consumption Moderate Moderate Moderate NA NA NA 

Smoking High Moderate High NA NA NA 

Exercise Low Moderate Moderate NA NA NA 

BMI Moderate Low Moderate NA NA NA 

Body frame Moderate Low Moderate NA NA NA 

Frailty Moderate High High NA NA NA 

Genetic 

predispositions 

Moderate Moderate Moderate NA NA NA 

Comorbidities/ 

Medical 

History 

  

Family history of 

statin intolerance 

Moderate High High Unavailable Unknown Uncommon 

History of major 

trauma 

Low High Moderate Unavailable Unknown Uncommon 
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History of major 

surgery 

Low Moderate Moderate Unavailable Unknown Uncommon 

Previous muscle 

problems 

High High High Unavailable Unknown Moderate 

Previous CK elevation Moderate High High Unavailable Unknown Uncommon 

Inherited muscle 

diseases 

Moderate High High <0.05% 1 Rare \ 

CVD Low Moderate Moderate 3% 2 Moderate \ 

Hypertension Low Low Low 14% 2 Common \ 

Diabetes Moderate Low Moderate 7% 2 Moderate \ 

Liver diseases Moderate Moderate Moderate 20% 3 Common \ 

Renal diseases Moderate Moderate Moderate 4% 2 Moderate \ 

COPD Low High Moderate 2% 2 Moderate \ 

Hypothyroidism Moderate Low Moderate 5% 4 Moderate \ 

Hyperuricaemia Low High Moderate 2.5% (gout) 5 Moderate \ 

Vitamin D deficiency Moderate High High 4%-29% (varying 

by season) 6 

Common \ 

Serious infections Low Low Low Unavailable Unknown Uncommon 

Electrolyte imbalance Low Low Low Unavailable Unknown Uncommon 

Malignant 

hyperthermia 

Low Moderate Moderate <0.05% 1 Rare \ 
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Sickle-cell disease Low High Moderate <0.05% 1 Rare \ 

Cancers Low Moderate Moderate Varying by 

specific type 

Unknown Uncommon 

Medications 

  

Statin-interactive 

drugs 

High High High NA NA NA 

Myotoxic drugs High High High NA NA NA 

Food/ 

Chemicals/ 

Environment 

  

Grapefruit juice Low Low Low NA NA NA 

Red rice fungus Low Low Low NA NA NA 

Denatured/refined 

rapeseed oil 

Low Low Low NA NA NA 

Nutritional 

supplements 

Moderate Low Moderate NA NA NA 

Herbs Moderate Low Moderate NA NA NA 

Organophosphates Low Low Low NA NA NA 

L-tryptophane 

contaminant products 

Low Low Low NA NA NA 

Aluminium hydroxide-

containing vaccines 

Low Low Low NA NA NA 

Bacterial toxins Low Moderate Moderate NA NA NA 

Venoms Low Low Low NA NA NA 
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Additional 

Suggested  

Risk Factors 

  

Rheumatic arthritis 

(RA) 

High High High Unavailable Unknown Moderate 

Degenerative joint 

disorders 

High High High Unavailable Unknown Common 

Vitamin B12 

deficiency 

High Moderate Moderate Unavailable Unknown Moderate 

Deprivation Moderate Moderate Moderate NA NA NA 

1 National Organization for Rare Disorders database (https://rarediseases.org/for-patients-and-families/information-resources/rare-disease-information)  

2 Quality and Outcomes Framework 2019-2020 

(https://app.powerbi.com/view?r=eyJrIjoiMDZiMmI2MzEtMWVjZC00YTVlLWI5NjEtMTNkODM3M2M0NDk3IiwidCI6IjUwZjYwNzFmLWJiZmUtNDAxYS04ODA

zLTY3Mzc0OGU2MjllMiIsImMiOjh9)  

3 British Liver Trust (https://britishlivertrust.org.uk/information-and-support/living-with-a-liver-condition/liver-conditions/non-alcohol-related-fatty-liver-disease/)  

4 National Institute for Health and Care Excellence (NICE) Guideline [NG145] (https://www.nice.org.uk/guidance/ng145/chapter/Context) 

5 Kuo C, Grainge MJ, Mallen C, et alRising burden of gout in the UK but continuing suboptimal management: a nationwide population studyAnnals of the Rheumatic 

Diseases 2015;74:661-667. 

6 National Diet and Nutrition Survey (https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/772434/NDNS_UK_Y1-

9_report.pdf)  
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B. Clinical evaluation of specific statin-interactive drugs 

Interactive Drug Atorva-

statin 

Fluva-

statin 

Prava-

statin 

Rosuva-

statin 

Simva-

statin 

No. of 

Severe 

Interactions 

Interaction 

Likelihood 

No. of 

Annual 

Prescriptions 

Clinical Usage 

(Prescription 

Data) 

Clinical Usage 

(Pharmacist 

Evaluation) 

Amiodarone Moderate Severe \ \ Severe 2 Moderate \ \ \ 

Aprepitant Severe \ \ \ \ 1 Moderate \ \ \ 

Amlodipine \ \ \ \ Mild 0 Low \ \ \ 

Antacids \ \ \ Moderate \ 0 Low \ \ \ 

Apalutamide \ \ \ Mild Moderate 0 Low \ \ \ 

Aprepitant \ \ \ \ Severe 1 Moderate \ \ \ 

Atazanavir Severe \ \ Severe Severe 3 High Unavailable Unknown Rare use in 

primary care 

Bempedoic acid \ \ \ \ Moderate 0 Low \ \ \ 

Bezafibrate Severe Severe Severe Severe Severe 5 High 446102 Common \ 

Bosentan Mild \ \ \ Moderate 0 Low \ \ \ 

Carbamazepine Moderate \ \ \ Severe 1 Moderate \ \ \ 

Ceftobiprole Moderate Moderate Moderate Moderate Moderate 0 Low \ \ \ 

Ciclosporin Severe Severe Severe Severe Severe 5 High 78252 Common \ 

Ciprofibrate Severe Severe Severe Severe Severe 5 High 29116 Common \ 

Clarithromycin Severe \ Severe \ Severe 3 High 2152224 Common \ 
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Clopidogrel \ \ \ Moderate \ 0 Low \ \ \ 

Cobicistat Severe \ \ \ Severe 2 Moderate \ \ \ 

Colchicine Severe Severe Severe Severe Severe 5 High 473565 Common \ 

Crizotinib Severe \ Moderate \ Severe 2 Moderate \ \ \ 

Dabrafenib Mild \ \ \ Moderate 0 Low \ \ \ 

Danazol Severe \ \ \ Severe 2 Moderate \ \ \ 

Daptomycin Severe Severe Severe Severe Severe 5 High 34 Uncommon \ 

Darolutamide Severe Severe Moderate Severe Moderate 3 High Unavailable Unknown Rare use in 

primary care 

Darunavir Severe \ \ Severe Severe 3 High 52 Uncommon \ 

Dasabuvir \ \ \ Moderate \ 0 Low \ \ \ 

Dasatinib \ \ \ \ Moderate 0 Low \ \ \ 

Diltiazem Severe \ \ \ Severe 2 Moderate \ \ \ 

Dronedarone Severe \ \ Severe Severe 3 High 23377 Common \ 

Efavirenz Mild \ \ \ Moderate 0 Low \ \ \ 

Elbasvir Moderate Moderate \ Moderate Moderate 0 Low \ \ \ 

Elexacaftor Moderate \ Moderate Moderate Moderate 0 Low \ \ \ 

Eltrombopag Moderate Moderate Moderate Moderate Moderate 0 Low \ \ \ 

Enzalutamide \ \ \ \ Severe 1 Moderate \ \ \ 

Erythromycin Severe \ Severe \ Severe 3 High 557568 Common \ 
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Eslicarbazepine Moderate \ \ \ Moderate 0 Low \ \ \ 

Ezetimibe Severe Severe Severe Severe Severe 5 High 1788039 Common \ 

Fenofibrate Severe Severe Severe Severe Severe 5 High 557325 Common \ 

Filgotinib Moderate \ Moderate Moderate Moderate 0 Low \ \ \ 

Fluconazole Severe Severe \ \ Severe 3 High 552789 Common \ 

Fosamprenavir Severe \ \ Severe Severe 3 High Unavailable Unknown Rare use in 

primary care 

Fosphenytoin Moderate \ \ \ Moderate 0 Low \ \ \ 

Fostamatinib \ \ \ Moderate Moderate 0 Low \ \ \ 

Fusidate Severe Severe Severe Severe Severe 5 High 45855 Common \ 

Gemfibrozil Severe Severe Severe Severe Severe 5 High 10303 Common \ 

Glecaprevir +  

Pibrentasvir 

Severe Moderate Moderate Moderate Moderate 1 Moderate \ \ \ 

Grapefruit Mild \ \ \ Severe 1 Moderate \ \ \ 

Grazoprevir Moderate Moderate \ Moderate Moderate 0 Low \ \ \ 

Idelalisib Severe \ \ \ Severe 2 Moderate \ \ \ 

Imatinib Severe \ \ \ Severe 2 Moderate \ \ \ 

Isavuconazole Moderate Moderate \ Moderate Severe 1 Moderate \ \ \ 

Itraconazole Moderate \ \ \ Severe 1 Moderate \ \ \ 

Ketoconazole Moderate \ \ \ Severe 1 Moderate \ \ \ 
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Ledipasvir Mild Moderate Moderate Severe Moderate 1 Moderate \ \ \ 

Leflunomide Moderate Moderate Moderate Moderate Moderate 0 Low \ \ \ 

Letermovir Severe Moderate Moderate Severe Severe 3 High Unavailable Unknown Rare use in 

primary care 

Lomitapide Mild \ \ \ Moderate 0 Low \ \ \ 

Lopinavir-Ritonavir Severe \ \ Severe Severe 3 High 7 Uncommon \ 

Miconazole Severe Severe \ \ Severe 3 High 605936 Common \ 

Mitotane \ \ \ \ Severe 1 Moderate \ \ \ 

Netupitant Severe \ \ \ Severe 2 Moderate \ \ \ 

Nevirapine Mild \ \ \ Moderate 0 Low \ \ \ 

Nicotinic acid Severe Severe Severe Severe Severe 5 High 16 Uncommon \ 

Nilotinib Severe \ \ \ Severe 2 Moderate \ \ \ 

Osimertinib \ \ \ Moderate \ 0 Low \ \ \ 

Paritaprevir Severe \ \ \ Severe 2 Moderate \ \ \ 

Paritaprevir + 

Ritonavir + 

Ombitasvir  

\ Moderate Moderate Moderate \ 0 Low \ \ \ 

Pazopanib Moderate \ Moderate Moderate Moderate 0 Low \ \ \ 

Phenytoin Moderate \ \ \ Moderate 0 Low \ \ \ 

Phenindione \ \ \ Severe \ 1 Moderate \ \ \ 
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Pibrentasvir + 

Glecaprevir 

\ Moderate Moderate Moderate Moderate 0 Low \ \ \ 

Posaconazole Severe \ \ \ Severe 2 Moderate \ \ \ 

Ranolazine Moderate \ \ \ Moderate 0 Low \ \ \ 

Regorafenib Moderate Moderate \ Moderate \ 0 Low \ \ \ 

Ribociclib \ \ Moderate Moderate Moderate 0 Low \ \ \ 

Rifampicin Moderate Moderate \ \ Moderate 0 Low \ \ \ 

Ritonavir Severe \ \ Severe Severe 3 High 55 Uncommon \ 

Sacubitril-Valsartan Severe Severe Severe Severe Severe 5 High 140746 Common \ 

Saquinavir Severe \ \ Severe Severe 3 High 6 Uncommon \ 

Sarilumab Moderate \ \ \ Moderate 0 Low \ \ \ 

St John's wort Mild \ \ \ Moderate 0 Low \ \ \ 

Tedizolid Moderate Moderate \ Moderate \ 0 Low \ \ \ 

Teriflunomide Moderate Moderate Moderate Moderate Moderate 0 Low \ \ \ 

Ticagrelor \ \ \ \ Moderate 0 Low \ \ \ 

Tipranavir Severe \ \ Severe Severe 3 High Unavailable Unknown Rare use in 

primary care 

Tivozanib \ \ \ Moderate \ 0 Low \ \ \ 

Tocilizumab Moderate \ \ \ Moderate 0 Low \ \ \ 

Velpatasvir \ \ \ Severe Severe 2 Moderate \ \ \ 
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Venetoclax Moderate Moderate Moderate Moderate Moderate 0 Low \ \ \ 

Verapamil Severe \ \ \ Severe 2 Moderate \ \ \ 

Voriconazole Severe \ \ \ Severe 2 Moderate \ \ \ 

Voxilaprevir + 

Sofosbuvir + 

Velpatasvir 

Moderate Moderate Moderate Severe Moderate 1 Moderate \ \ \ 
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C. Clinical evaluation of specific myotoxic drugs 

Myotoxic Drugs Likelihood of 

Association 

(Assessor 1) 

Likelihood of 

Association 

(Assessor 2) 

Likelihood of 

Association 

(Consensus) 

No. of Annual 

Prescriptions 

Clinical Usage 

(Prescription Data) 

Clinical Usage 

(Pharmacist Evaluation) 

Gemfibrozil Moderate Moderate Moderate 10303 Common \ 

Bezafibrate Moderate Moderate Moderate 446102 Common \ 

Fenofibrate Moderate Moderate Moderate 557325 Common \ 

Ciprofibrate Moderate Moderate Moderate 29116 Common \ 

Clofibrate Moderate Moderate Moderate Unavailable Unknown Not marketed in the UK 

Niacin Low Low Low \ \ \ 

Ezetimibe Low Low Low \ \ \ 

Metoprolol Low Low Low \ \ \ 

Minoxidil Low Low Low \ \ \ 

Enalapril Low Low Low \ \ \ 

Perhexiline Low High Moderate Unavailable Unknown Not marketed in the UK 

Penicillin Low Low Low \ \ \ 

Nifuroxazide Low Low Low \ \ \ 

Sulfonamides  

(no specified drugs) 

Low Low Low \ \ \ 

Fluoroquinolones Low Low Low \ \ \ 
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Voriconazole Low Moderate Moderate 622 Uncommon \ 

Chloroquine High Low Moderate 1908 Uncommon \ 

Hydroxychloroquine Moderate Low Moderate 1160249 Common \ 

Zidovudine High High High 6 Uncommon \ 

Clevudine Low High Moderate Unavailable Unknown Not marketed in the UK 

Interferons  

(no specified drugs)  

Low Moderate Moderate Unavailable Unknown No/Rare use in primary care 

Ciclosporin High Low Low \ \ \ 

Tacrolimus Moderate Low Low \ \ \ 

Adalimumab Low Low Low \ \ \ 

Infliximab Low Low Low \ \ \ 

Leflunomide Moderate Moderate Moderate 179744 Common \ 

Sulfasalazine Low Moderate Low \ \ \ 

Azathioprine Low Moderate Low \ \ \ 

Sodium 

Aurothiomalate 

Low High Moderate 2975 Uncommon \ 

Mycophenolate 

Mofetil 

Low Low Low \ \ \ 

Immune Checkpoint 

Inhibitors  

(no specified drugs) 

Low Moderate Moderate Unavailable Unknown No/Rare use in primary care 
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Colchicine High High High 473565 Common \ 

Diclofenac Low Moderate Low \ \ \ 

Phenylbutazone Low Low Low \ \ \ 

Ibuprofen Low Moderate Low \ \ \ 

Triamcinolone High High High 282870 Common \ 

Betamethasone High High High 3875186 Common \ 

Dexametasone High High High 2144697 Common \ 

Niflumic Acid Low Low Low \ \ \ 

Diphenhydramine Low Low Low \ \ \ 

Omeprazole Moderate Moderate Moderate 31732881 Common \ 

Esomeprazole Moderate Moderate Moderate 1932194 Common \ 

Lansoprazole Moderate Moderate Moderate 26016659 Common \ 

Rabeprazole Moderate Moderate Moderate 363374 Common \ 

Phenelzine Low Low Low \ \ \ 

Diazepam Low Moderate Moderate 4942895 Common \ 

Neuroleptics  

(no specified drugs) 

Low Moderate Low \ \ \ 

Chlorpromazine Low Low Low \ \ \ 

Carbimazole Low Low Low \ \ \ 

Propylthiouracil Low Low Low \ \ \ 



325 

 

Penicillamine Moderate Moderate Moderate 9279 Uncommon \ 

Tiopronin Low Moderate Moderate 52 Uncommon \ 

Pamidronate Low High Low \ \ \ 

Zoledronate Low High Low \ \ \ 

Paracetamol Low Low Low \ \ \ 

Topical Menthol Low Low Low \ \ \ 

Opioids (Morphine) Low Moderate Low \ \ \ 

Anesthetics  

(no specified drugs) 

Low High Moderate Unavailable Unknown No/Rare use in primary care 

Diuretics  

(no specified drugs) 

Low Moderate Low \ \ \ 

Vasopressin  Low Low Low \ \ \ 

Emetine Moderate High High Unavailable Unknown Not marketed in the UK 

Etretinate Low Moderate Low \ \ \ 

Vincristine  Low High Moderate Unavailable Unknown No/Rare use in primary care 

Methotrexate Low High Moderate Unavailable Unknown No/Rare use in primary care 

Cyclophosphamide Low High Moderate Unavailable Unknown No/Rare use in primary care 

Cytarabine Low High Moderate Unavailable Unknown No/Rare use in primary care 

Docetaxel Low High Moderate Unavailable Unknown No/Rare use in primary care 

Paclitaxel Low High Moderate Unavailable Unknown No/Rare use in primary care 
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Cocaine Low Moderate Low \ \ \ 

Lysergic Acid 

Diethylamide (LSD) 

Low Low Low \ \ \ 

Ecstasy Low Moderate Low \ \ \ 

Heroin Low Moderate Low \ \ \ 
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Appendix 22 CPRD data quality assessment for identified and suggested risk factors 

Category Risk Factor Data Quality Reason 

Demographics 

  

Age Acceptable 
 

Gender Acceptable 
 

Ethnicity Acceptable   

Health Behaviour/Status 

  

Alcohol consumption Acceptable 
 

Smoking Acceptable 
 

Exercise Unacceptable Not well recorded in primary care 

BMI Acceptable 
 

Body frame Unacceptable Unavailable in CPRD data 

Frailty Acceptable 
 

Genetic predispositions Unacceptable Unavailable in CPRD data 

Comorbidities/Medical History 

  

Family history of statin intolerance Unacceptable Not well recorded in primary care 

History of major trauma Unacceptable Not well recorded in primary care 

History of major surgery Unacceptable Not well recorded in primary care 

Previous muscle problems Acceptable 
 

Previous CK elevation Unacceptable Not well recorded in primary care 

Inherited muscle diseases Unacceptable Not well recorded in primary care 

CVD Acceptable 
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Hypertension Acceptable 
 

Diabetes Acceptable 
 

Liver diseases Acceptable 
 

Renal diseases Acceptable 
 

Hypothyroidism Acceptable 
 

Hyperuricaemia Acceptable 
 

Vitamin D deficiency Acceptable 
 

COPD Acceptable 
 

Serious infections Acceptable 
 

Electrolyte imbalance Unacceptable Not well recorded in primary care 

Malignant hyperthemia Unacceptable Not well recorded in primary care 

Sickle-cell disease Unacceptable Not well recorded in primary care 

Cancers Acceptable   

Medications 

  

Statin-interactive drugs Acceptable 
 

Myotoxic drugs Acceptable   

Food/Chemicals/Environment 

  

Grapefruit juice Unacceptable Unavailable in CPRD data 

Red rice fungus Unacceptable Unavailable in CPRD data 

Denatured/refined rapeseed oil Unacceptable Unavailable in CPRD data 

Nutritional supplements Unacceptable Unavailable in CPRD data 



329 

 

Herbs Unacceptable Unavailable in CPRD data 

Organophosphates Unacceptable Unavailable in CPRD data 

L-tryptophane contaminant products Unacceptable Unavailable in CPRD data 

Aluminium hydroxide-containing vaccines Unacceptable Unavailable in CPRD data 

Bacterial toxins Unacceptable Unavailable in CPRD data 

Venoms Unacceptable Unavailable in CPRD data 

Additional Suggested Risk Factors 

  

RA Acceptable 
 

Degenerative joint disorders Acceptable 
 

Vitamin B12 deficiency Acceptable 
 

Deprivation Acceptable   
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Appendix 23 Criteria for final selection of candidate risk factors and specific 

medications 

 For candidate risk factors, the final selection followed the process below: 

1. From all the risk factors identified in the literature review or suggested by the GPs, those 

with unacceptable data quality in CPRD were first excluded; 

2. Comorbidities that are rare or uncommon conditions in primary care were further excluded; 

3. Among the remaining factors, those with strong or moderate strength of evidence on their 

associations with muscle disorders or those with high or moderate clinical importance were 

finally selected. 

  

 For specific medications, the final selection used the criteria below: 

1. Statin-interactive drugs were selected if they had high likelihood of interactions and 

common clinical usage in the UK; 

2. Myotoxic drugs were selected if they had strong or moderate strength of evidence on their 

associations with muscle disorders and common clinical usage in the UK. 
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Appendix 24 Final selection of candidate risk factors and specific medications 

A. Final selection of candidate risk factors 

Category Risk Factor Strength of 

Evidence 

Clinical 

Importance 

Population/Clinical 

Prevalence 

Data Quality Selection 

Demographics 

  

Age Strong High NA Acceptable Selected 

Gender Strong Moderate NA Acceptable Selected 

Ethnicity Strong Low NA Acceptable Selected 

Health 

Behaviour/Status 

  

Alcohol consumption Moderate Moderate NA Acceptable Selected 

Smoking Weak High NA Acceptable Selected 

Exercise Weak Moderate NA Unacceptable 
 

BMI Weak Moderate NA Acceptable Selected 

Body frame Weak Moderate NA Unacceptable 
 

Frailty Weak High NA Acceptable Selected 

Genetic predispositions Strong Moderate NA Unacceptable   

Comorbidities/ 

Medical History 

  

Family history of statin intolerance Strong High Uncommon Unacceptable 
 

History of major trauma Moderate Moderate Uncommon Unacceptable 
 

History of major surgery Weak Moderate Uncommon Unacceptable 
 

Previous muscle problems Strong High Moderate Acceptable Selected 

Previous CK elevation Moderate High Uncommon Unacceptable 
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Inherited muscle diseases Strong High Rare Unacceptable 
 

CVD Moderate Moderate Moderate Acceptable Selected 

Hypertension Moderate Low Common Acceptable Selected 

Diabetes Strong Moderate Moderate Acceptable Selected 

Liver diseases Moderate Moderate Common Acceptable Selected 

Renal diseases Strong Moderate Moderate Acceptable Selected 

COPD Weak Moderate Moderate Acceptable Selected 

Hypothyroidism Strong Moderate Moderate Acceptable Selected 

Hyperuricaemia Weak Moderate Moderate Acceptable Selected 

VitaminD deficiency Moderate High Common Acceptable Selected 

Serious infections Moderate Low Uncommon Acceptable 
 

Electrolyte imbalance Weak Low Uncommon Unacceptable 
 

Malignant hyperthemia Weak Moderate Rare Unacceptable 
 

Sickle-cell disease Weak Moderate Rare Unacceptable 
 

Cancers Weak Moderate Uncommon Acceptable   

Medications 

  

Statin-interactive drugs Strong High NA Acceptable Selected 

Myotoxic drugs Strong High NA Acceptable Selected 

Food/Chemicals/ 

Environment 

Grapefruit juice Moderate Low NA Unacceptable 
 

Red rice fungus Weak Low NA Unacceptable 
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  Denatured/refined rapeseed oil Weak Low NA Unacceptable 
 

Nutritional supplements Weak Moderate NA Unacceptable 
 

Herbs Weak Moderate NA Unacceptable 
 

Organophosphates Weak Low NA Unacceptable 
 

L-tryptophane contaminant product Weak Low NA Unacceptable 
 

Aluminium hydroxide-containing vaccines Weak Low NA Unacceptable 
 

Bacterial toxins Weak Moderate NA Unacceptable 
 

Venoms Weak Low NA Unacceptable   

Additional Suggested  

Risk Factors 

  

RA NA High Moderate Acceptable Selected 

Degenerative joint disorders NA High Common Acceptable Selected 

Vitamin B12 deficiency NA Moderate Moderate Acceptable Selected 

Deprivation NA Moderate NA Acceptable Selected 
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B. Final selection of statin-interactive drugs 

Interactive Drug Likelihood of Interaction Clinical Usage Selection 

Amiodarone Moderate \ 
 

Aprepitant Moderate \ 
 

Amlodipine Low \ 
 

Antacids Low \ 
 

Apalutamide Low \ 
 

Aprepitant Moderate \ 
 

Atazanavir High Rare use in primary care 
 

Bempedoic acid Low \ 
 

Bezafibrate High Common Selected 

Bosentan Low \ 
 

Carbamazepine Moderate \ 
 

Ceftobiprole Low \ 
 

Ciclosporin High Common Selected 

Ciprofibrate High Common Selected 

Clarithromycin High Common Selected 

Clopidogrel Low \ 
 

Cobicistat Moderate \ 
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Colchicine High Common Selected 

Crizotinib Moderate \ 
 

Dabrafenib Low \ 
 

Danazol Moderate \ 
 

Daptomycin High Uncommon 
 

Darolutamide High Rare use in primary care 
 

Darunavir High Uncommon 
 

Dasabuvir Low \ 
 

Dasatinib Low \ 
 

Diltiazem Moderate \ 
 

Dronedarone High Common Selected 

Efavirenz Low \ 
 

Elbasvir Low \ 
 

Elexacaftor Low \ 
 

Eltrombopag Low \ 
 

Enzalutamide Moderate \ 
 

Erythromycin High Common Selected 

Eslicarbazepine Low \ 
 

Ezetimibe High Common Selected 
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Fenofibrate High Common Selected 

Filgotinib Low \ 
 

Fluconazole High Common Selected 

Fosamprenavir High Rare use in primary care 
 

Fosphenytoin Low \ 
 

Fostamatinib Low \ 
 

Fusidate High Common Selected 

Gemfibrozil High Common Selected 

Glecaprevir+Pibrentasvir Moderate \ 
 

Grapefruit Moderate \ 
 

Grazoprevir Low \ 
 

Idelalisib Moderate \ 
 

Imatinib Moderate \ 
 

Isavuconazole Moderate \ 
 

Itraconazole Moderate \ 
 

Ketoconazole Moderate \ 
 

Ledipasvir Moderate \ 
 

Leflunomide Low \ 
 

Letermovir High Rare use in primary care 
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Lomitapide Low \ 
 

Lopinavir-Ritonavir High Uncommon 
 

Miconazole High Common Selected 

Mitotane Moderate \ 
 

Netupitant Moderate \ 
 

Nevirapine Low \ 
 

Nicotinic acid High Uncommon 
 

Nilotinib Moderate \ 
 

Osimertinib Low \ 
 

Paritaprevir Moderate \ 
 

Paritaprevir + Ritonavir + Ombitasvir  Low \ 
 

Pazopanib Low \ 
 

Phenytoin Low \ 
 

Phenindione Moderate \ 
 

Pibrentasvir + Glecaprevir Low \ 
 

Posaconazole Moderate \ 
 

Ranolazine Low \ 
 

Regorafenib Low \ 
 

Ribociclib Low \ 
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Rifampicin Low \ 
 

Ritonavir High Uncommon 
 

Sacubitril-Valsartan High Common Selected 

Saquinavir High Uncommon 
 

Sarilumab Low \ 
 

St John's wort Low \ 
 

Tedizolid Low \ 
 

Teriflunomide Low \ 
 

Ticagrelor Low \ 
 

Tipranavir High Rare use in primary care 
 

Tivozanib Low \ 
 

Tocilizumab Low \ 
 

Velpatasvir Moderate \ 
 

Venetoclax Low \ 
 

Verapamil Moderate \ 
 

Voriconazole Moderate \ 
 

Voxilaprevir + Sofosbuvir + Velpatasvir Moderate \ 
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C. Final selection of myotoxic drugs 

Myotoxic Drug Likelihood of Association Clinical Usage Selection 

Gemfibrozil Moderate Common Selected 

Bezafibrate Moderate Common Selected 

Fenofibrate Moderate Common Selected 

Ciprofibrate Moderate Common Selected 

Clofibrate Moderate Not marketed in the UK 
 

Niacin Low \ 
 

Ezetimibe Low \   

Metoprolol Low \ 
 

Minoxidil Low \ 
 

Enalapril Low \   

Perhexiline Moderate Not marketed in the UK   

Penicillin Low \ 
 

Nifuroxazide Low \ 
 

Sulfonamides (no specified drugs) Low \ 
 

Fluoroquinolones Low \   

Voriconazole Moderate Uncommon   

Chloroquine Moderate Uncommon 
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Hydroxychloroquine Moderate Common Selected 

Zidovudine High Uncommon 
 

Clevudine Moderate Not marketed in the UK 
 

Interferons (no specified drugs)  Moderate Rare use in primary care   

Ciclosporin Low \ 
 

Tacrolimus Low \ 
 

Adalimumab Low \ 
 

Infliximab Low \ 
 

Leflunomide Moderate Common Selected 

Sulfasalazine Low \ 
 

Azathioprine Low \ 
 

Sodium Aurothiomalate Moderate Uncommon 
 

Mycophenolate Mofetil Low \ 
 

Immune Checkpoint Inhibitors (no specified drugs) Moderate Rare use in primary care   

Colchicine High Common Selected 

Diclofenac Low \ 
 

Phenylbutazone Low \ 
 

Ibuprofen Low \ 
 

Triamcinolone High Common Selected 
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Betamethasone High Common Selected 

Dexametasone High Common Selected 

Niflumic Acid Low \   

Diphenhydramine Low \   

Omeprazole Moderate Common Selected 

Esomeprazole Moderate Common Selected 

Lansoprazole Moderate Common Selected 

Rabeprazole Moderate Common Selected 

Phenelzine Low \   

Diazepam Moderate Common Selected 

Neuroleptics (no specified drugs) Low \ 
 

Chlorpromazine Low \   

Carbimazole Low \ 
 

Propylthiouracil Low \   

Penicillamine Moderate Uncommon 
 

Tiopronin Moderate Uncommon   

Pamidronate Low \ 
 

Zoledronate Low \   

Paracetamol Low \ 
 



342 

 

Topical Menthol Low \ 
 

Opioids (Morphine) Low \   

Anesthetics (no specified drugs) Moderate Rare use in primary care   

Diuretics (no specified drugs) Low \   

Vasopressin  Low \   

Emetine High Not marketed in the UK   

Etretinate Low \   

Vincristine  Moderate Rare use in primary care 
 

Methotrexate Moderate Rare use in primary care 
 

Cyclophosphamide Moderate Rare use in primary care 
 

Cytarabine Moderate Rare use in primary care 
 

Docetaxel Moderate Rare use in primary care 
 

Paclitaxel Moderate Rare use in primary care   

Cocaine Low \ 
 

Lysergic Acid Diethylamide (LSD) Low \ 
 

Ecstasy Low \ 
 

Heroin Low \   
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Appendix 25 Schoenfeld residuals* plots for the 24 candidate predictor variables 

Age  Gender Ethnicity 

   

Deprivation  Alcohol consumption Smoking status 

   

BMI level Frailty index CVD 

   

Hypertension Diabetes  Mild liver disease 
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Kidney disease Rheumatic arthritis Previous muscle problems 

   

Degenerative joint disorders COPD Hyperuricaemia 

   

Hypothyroidism  Vitamin D deficiency Vitamin B12 deficiency 

   

Statins  Statin-interactive drugs Myotoxic drugs 

   

*The red dots represent the Schoenfeld residuals for each candidate predictor variable from the initial 

competing risk model, based on the complete-case data that included 4597 outcome events (serious 

muscle disorders) at 2601 time points throughout the 10 years. The blue lines were the LOESS smoothed 

curves showing the associations between the residuals and time.    
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Appendix 26 Examination of linearity of the relationship between the continuous 

variables and the outcome 

Variable: Age 

 
 

Variable: Frailty index (FI) 
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Appendix 27 Comparison of the imputed data and the observed data 

Ethnicity 
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Alcohol consumption 
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Smoking status 
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BMI level 
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Appendix 28 Predictor coefficients in the initial model 

Candidate Predictor Coefficient (SE) SHR (95% CI) 

Demographics   

Age   

Age FP1 3.809 (0.170) 45.12 (32.31 - 63.00) 

Age FP2 3.275 (0.175) 26.44 (18.76 - 37.25) 

Gender   

Male   

Female 0.590 (0.033) 1.80 (1.69 - 1.93) 

Ethnicity   

White   

Black 0.030 (0.160) 1.03 (0.75 - 1.41) 

South Asian -0.043 (0.124) 0.96 (0.75 - 1.22) 

Mixed and other 0.150 (0.109) 1.16 (0.94 - 1.44) 

Deprivation   

Level 1 (least deprived)   

Level 2 0.103 (0.043) 1.11 (1.02 - 1.21) 

Level 3 0.138 (0.042) 1.15 (1.06 - 1.25) 

Level 4 0.179 (0.041) 1.20 (1.10 - 1.29) 

Level 5 (most deprived) 0.163 (0.046) 1.18 (1.08 - 1.29) 

Health Status Indicators   

Alcohol consumption   

Non-drinker/Ex-drinker   

General drinker -0.173 (0.032) 0.84 (0.79 - 0.90) 

High-risk drinker -0.430 (0.075) 0.65 (0.56 - 0.75) 

Smoking status   

Non-smoker   

Ex-smoker 0.289 (0.033) 1.34 (1.25 - 1.42) 

Current smoker 0.205 (0.041) 1.23 (1.13 - 1.33) 

BMI level   

Normal   

Underweight 0.099 (0.104) 1.10 (0.90 - 1.35) 

Overweight 0.137 (0.033) 1.15 (1.07 - 1.22) 
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Obese 0.393 (0.043) 1.48 (1.36 - 1.61) 

Morbidly obese 0.486 (0.067) 1.63 (1.42 - 1.85) 

Frailty index 0.368 (0.026) 1.44 (1.37 - 1.52) 

Comorbidities   

CVD -0.384 (0.043) 0.68 (0.63 - 0.74) 

Hypertension -0.128 (0.033) 0.88 (0.83 - 0.94) 

Diabetes -0.218 (0.047) 0.80 (0.73 - 0.88) 

Mild liver diseases 0.685 (0.182) 1.98 (1.39 - 2.83) 

Kidney diseases 0.296 (0.051) 1.34 (1.22 - 1.48) 

Rheumatic arthritis 0.454 (0.068) 1.58 (1.38 - 1.80) 

Previous muscle problems 1.830 (0.032) 6.24 (5.86 - 6.63) 

Degenerative joint disorders 0.312 (0.032) 1.37 (1.28 - 1.46) 

COPD -0.111 (0.064) 0.90 (0.79 - 1.02) 

Hyperuricaemia 0.070 (0.055) 1.07 (0.96 - 1.20) 

Hypothyroidism 0.254 (0.045) 1.29 (1.18 - 1.41) 

Vitamin D deficiency 0.976 (0.112) 2.66 (2.13 - 3.31) 

Vitamin B12 deficiency 0.506 (0.072) 1.66 (1.44 - 1.91) 

Concomitant Medications   

Statin-interactive drugs 0.219 (0.037) 1.24 (1.16 - 1.34) 

Myotoxic drugs 0.714 (0.030) 2.04 (1.93 - 2.16) 

Statin Treatment   

No statins   

Atorvastatin 0.567 (0.056) 1.76 (1.58 - 1.97) 

Rosuvastatin 0.711 (0.129) 2.04 (1.58 - 2.62) 

Simvastatin 0.455 (0.042) 1.58 (1.45 - 1.71) 

Fluvastatin/Pravastatin 0.324 (0.099) 1.38 (1.14 - 1.68) 
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Appendix 29 Predictor coefficient estimates from individual imputed datasets 

Predictor 
Subdistribution Hazard Ratio (SHR) 

Estimate1 Estimate2 Estimate3 Estimate4 Estimate5 Estimate6 Estimate7 Estimate8 Estimate9 Estimate10 

Demographics           

Age           

Age_FP1 43.69 44.16 44.12 44.34 44.55 44.72 44.45 44.33 44.62 43.39 

Age_FP2 25.57 25.89 25.84 25.96 26.00 26.12 25.97 25.92 26.05 25.41 

Gender           

Male           

Female 1.80 1.81 1.80 1.80 1.80 1.80 1.80 1.79 1.80 1.80 

Ethnicity           

White           

Black 1.00 1.05 1.08 0.95 1.12 1.00 1.02 1.01 1.08 1.05 

South Asian 0.91 1.01 0.97 1.04 0.94 0.94 0.91 0.95 0.94 1.02 

Mixed and other 1.16 1.24 1.15 1.18 1.18 1.19 1.09 1.13 1.22 1.13 

Deprivation           

Level 1 (least deprived)           

Level 2 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11 1.11 

Level 3 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15 
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Level 4 1.19 1.19 1.19 1.20 1.19 1.20 1.19 1.19 1.19 1.19 

Level 5 (most deprived) 1.17 1.17 1.17 1.18 1.17 1.18 1.17 1.17 1.17 1.17 

Health Indicators           

Alcohol consumption           

Non/Ex-drinker           

General drinker 0.84 0.84 0.85 0.85 0.84 0.84 0.84 0.84 0.84 0.85 

High-risk drinker 0.65 0.68 0.66 0.67 0.65 0.65 0.67 0.63 0.64 0.64 

Smoking           

Non-smoker           

Ex-smoker 1.34 1.33 1.32 1.32 1.33 1.32 1.33 1.32 1.33 1.33 

Current smoker 1.24 1.21 1.22 1.21 1.21 1.20 1.21 1.20 1.22 1.24 

BMI level           

Normal           

Underweight 1.11 1.07 1.09 1.07 1.09 1.11 1.09 1.16 1.10 1.05 

Overweight 1.15 1.14 1.14 1.16 1.15 1.14 1.16 1.16 1.13 1.17 

Obese 1.49 1.50 1.51 1.48 1.47 1.46 1.48 1.52 1.45 1.49 

Morbidly obese 1.64 1.61 1.62 1.64 1.58 1.66 1.62 1.65 1.62 1.68 

Frailty Index 1.43 1.44 1.44 1.44 1.44 1.43 1.43 1.43 1.43 1.44 

Comorbidities           

Cardiovascular diseases 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 
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Hypertension 0.89 0.88 0.88 0.88 0.89 0.89 0.88 0.88 0.89 0.88 

Diabetes 0.81 0.80 0.81 0.81 0.81 0.81 0.81 0.81 0.81 0.80 

Mild liver diseases 1.99 1.98 1.99 1.99 1.99 1.99 1.99 1.99 1.98 1.99 

Kidney diseases 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.35 

Rheumatic arthritis 1.58 1.58 1.58 1.58 1.57 1.57 1.57 1.57 1.57 1.58 

Previous muscle problems 6.25 6.24 6.24 6.24 6.24 6.25 6.25 6.24 6.25 6.24 

Degenerative joint disorders 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 

Hypothyroidism 1.29 1.29 1.29 1.29 1.29 1.29 1.29 1.29 1.30 1.29 

Vitamin D deficiency 2.70 2.61 2.64 2.61 2.65 2.65 2.70 2.66 2.65 2.63 

Vitamin B12 deficiency 1.66 1.65 1.66 1.65 1.66 1.65 1.66 1.66 1.66 1.66 

Concomitant Medications           

Statin-interactive drugs 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 1.24 

Myotoxic drugs 2.04 2.04 2.04 2.04 2.04 2.04 2.04 2.04 2.04 2.04 

Statin Treatment           

No statins           

Atorvastatin 1.76 1.76 1.77 1.77 1.77 1.77 1.77 1.76 1.77 1.76 

Rosuvastatin 2.03 2.04 2.04 2.04 2.04 2.04 2.04 2.04 2.04 2.04 

Simvastatin 1.57 1.57 1.57 1.57 1.58 1.58 1.58 1.57 1.58 1.57 

Fluvastatin/Paravastatin 1.39 1.38 1.38 1.39 1.39 1.38 1.39 1.39 1.39 1.38 
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Appendix 30 Measurements of the prediction performance of the StatinMD model in individual imputed datasets 

A. Internal Validation 

Measures Estimate1 Estimate2 Estimate3 Estimate4 Estimate5 Estimate6 Estimate7 Estimate8 Estimate9 Estimate10 

c-index           

1-Year 0.792 0.791 0.789 0.790 0.790 0.789 0.790 0.790 0.789 0.790 

5-Year 0.788 0.789 0.788 0.788 0.788 0.788 0.788 0.789 0.788 0.789 

10-Year 0.775 0.775 0.775 0.775 0.775 0.774 0.775 0.775 0.775 0.775 

D statistic (SE)           

1-Year 
2.246 

(0.078) 

2.243 

(0.078) 

2.232 

(0.080) 

2.235 

(0.079) 

2.231 

(0.079) 

2.231 

(0.079) 

2.234 

(0.080) 

2.237 

(0.079) 

2.233 

(0.079) 

2.242 

(0.079) 

5-Year 
2.202 

(0.036) 

2.205 

(0.035) 

2.197 

(0.035) 

2.197 

(0.035) 

2.200 

(0.035) 

2.197 

(0.035) 

2.200 

(0.035) 

2.201 

(0.035) 

2.199 

(0.035) 

2.206 

(0.035) 

10-Year 
2.016 

(0.023) 

2.014 

(0.023) 

2.013 

(0.023) 

2.012 

(0.023) 

2.013 

(0.023) 

2.011 

(0.023) 

2.013 

(0.023) 

2.016 

(0.023) 

2.012 

(0.023) 

2.014 

(0.023) 

E/O ratio 

1-Year 0.984 0.984 0.984 0.984 0.984 0.984 0.984 0.984 0.984 0.984 

5-Year 0.927 0.927 0.927 0.927 0.927 0.927 0.927 0.927 0.928 0.927 

10-Year 0.862 0.862 0.862 0.862 0.862 0.862 0.862 0.862 0.862 0.862 
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Calibration slope (SE) 

1-Year 
1.071 

(0.022) 

1.071 

(0.022) 

1.069 

(0.023) 

1.07 

(0.022) 

1.069 

(0.022) 

1.068 

(0.022) 

1.069 

(0.022) 

1.070 

(0.022) 

1.069 

(0.022) 

1.072 

(0.022) 

5-Year 
1.067 

(0.011) 

1.068 

(0.011) 

1.066 

(0.011) 

1.066 

(0.011) 

1.067 

(0.011) 

1.066 

(0.011) 

1.067 

(0.011) 

1.067 

(0.011) 

1.066 

(0.011) 

1.068 

(0.011) 

10-Year 
1.009 

(0.008) 

1.009 

(0.008) 

1.008 

(0.008) 

1.008 

(0.008) 

1.008 

(0.008) 

1.008 

(0.008) 

1.008 

(0.008) 

1.009 

(0.008) 

1.008 

(0.008) 

1.009 

(0.008) 

𝑹𝑫
𝟐             

1-Year 0.546 0.546 0.543 0.544 0.543 0.543 0.544 0.544 0.543 0.546 

5-Year 0.536 0.537 0.535 0.535 0.536 0.535 0.536 0.536 0.536 0.537 

10-Year 0.492 0.492 0.492 0.491 0.492 0.491 0.492 0.492 0.491 0.492 
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B. External Validation 

Measures Estimate1 Estimate2 Estimate3 Estimate4 Estimate5 Estimate6 Estimate7 Estimate8 Estimate9 Estimate10 

c-index           

1-Year 0.840 0.840 0.839 0.838 0.840 0.839 0.840 0.840 0.839 0.840 

5-Year 0.806 0.806 0.806 0.806 0.807 0.806 0.806 0.807 0.806 0.805 

10-Year 0.782 0.782 0.782 0.782 0.782 0.782 0.782 0.783 0.782 0.782 

D statistic (SE)           

1-Year 
2.659 

(0.041) 

2.661 

(0.041) 

2.657 

(0.042) 

2.654 

(0.041) 

2.662 

(0.041) 

2.659 

(0.042) 

2.661 

(0.041) 

2.662 

(0.041) 

2.656 

(0.042) 

2.661 

(0.041) 

5-Year 
2.419 

(0.022) 

2.420 

(0.022) 

2.420 

(0.023) 

2.418 

(0.023) 

2.422 

(0.023) 

2.419 

(0.023) 

2.417 

(0.023) 

2.422 

(0.023) 

2.418 

(0.023) 

2.415 

(0.023) 

10-Year 
2.177 

(0.018) 

2.174 

(0.019) 

2.176 

(0.019) 

2.174 

(0.019) 

2.178 

(0.019) 

2.177 

(0.019) 

2.174 

(0.019) 

2.180 

(0.019) 

2.174 

(0.019) 

2.172 

(0.019) 

E/O ratio 

1-Year 1.677 1.677 1.677 1.677 1.678 1.677 1.677 1.677 1.677 1.678 

5-Year 1.172 1.171 1.172 1.172 1.172 1.172 1.172 1.172 1.171 1.172 

10-Year 0.869 0.869 0.869 0.869 0.869 0.869 0.869 0.869 0.869 0.869 
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Calibration slope (SE) 

1-Year 
1.146 

(0.010) 

1.146 

(0.010) 

1.145 

(0.010) 

1.145 

(0.010) 

1.147 

(0.010) 

1.146 

(0.010) 

1.146 

(0.010) 

1.146 

(0.010) 

1.145 

(0.010) 

1.146 

(0.010) 

5-Year 
1.113 

(0.006) 

1.113 

(0.006) 

1.113 

(0.006) 

1.113 

(0.006) 

1.114 

(0.006) 

1.113 

(0.006) 

1.113 

(0.006) 

1.114 

(0.006) 

1.113 

(0.006) 

1.113 

(0.006) 

10-Year 
1.063 

(0.005) 

1.062 

(0.005) 

1.063 

(0.005) 

1.063 

(0.005) 

1.063 

(0.005) 

1.063 

(0.005) 

1.062 

(0.005) 

1.063 

(0.005) 

1.062 

(0.005) 

1.062 

(0.005) 

𝑹𝑫
𝟐             

1-Year 0.628 0.628 0.628 0.627 0.629 0.628 0.628 0.628 0.627 0.628 

5-Year 0.583 0.583 0.583 0.583 0.583 0.583 0.583 0.583 0.583 0.582 

10-Year 0.531 0.530 0.531 0.530 0.531 0.531 0.530 0.531 0.530 0.530 
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Appendix 31 Predicted and observed risks in the ten risk groups in the calibration plots 

A. Internal Validation 

Risk Group 

(low to high) 

1-Year Risk 5-Year Risk 10-Year Risk 

Predicted Risk 
Observed Risk  

(95% CI) 
Predicted Risk 

Observed Risk  

(95% CI) 
Predicted Risk 

Observed Risk  

(95% CI) 

1st  0.01 0.02 (0.01-0.02) 0.03 0.07 (0.06-0.08) 0.07 0.12 (0.10-0.13) 

2nd  0.01 0.02 (0.01-0.02) 0.05 0.07 (0.06-0.08) 0.13 0.16 (0.14-0.18) 

3rd  0.01 0.01 (0.01-0.02) 0.07 0.06 (0.05-0.07) 0.17 0.16 (0.14-0.18) 

4th  0.02 0.02 (0.01-0.02) 0.08 0.06 (0.05-0.07) 0.20 0.18 (0.16-0.20) 

5th  0.02 0.01 (0.01-0.02) 0.09 0.06 (0.05-0.08) 0.23 0.21 (0.18-0.23) 

6th  0.02 0.01 (0.01-0.02) 0.11 0.09 (0.07-0.10) 0.27 0.25 (0.22-0.28) 

7th  0.03 0.02 (0.01-0.02) 0.13 0.12 (0.10-0.14) 0.33 0.35 (0.32-0.39) 

8th  0.03 0.03 (0.02-0.04) 0.17 0.15 (0.13-0.17) 0.44 0.41 (0.37-0.45) 

9th  0.05 0.04 (0.03-0.05) 0.27 0.24 (0.22-0.27) 0.67 0.62 (0.57-0.67) 

10th  0.21 0.23 (0.21-0.25) 1.12 1.17 (1.11-1.22) 2.73 2.66 (2.56-2.77) 
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B. External Validation 

Risk Group 

(low to high) 

1-Year Risk 5-Year Risk 10-Year Risk 

Predicted Risk 
Observed Risk  

(95% CI) 
Predicted Risk 

Observed Risk  

(95% CI) 
Predicted Risk 

Observed Risk  

(95% CI) 

1st  0.01 0.01 (0.01-0.02) 0.03 0.06 (0.05-0.07) 0.08 0.12 (0.11-0.13) 

2nd  0.01 0.01 (0.01-0.02) 0.06 0.06 (0.06-0.07) 0.14 0.13 (0.12-0.14) 

3rd  0.01 0.01 (0.01-0.01) 0.07 0.06 (0.05-0.07) 0.18 0.14 (0.13-0.15) 

4th  0.02 0.01 (0.01-0.02) 0.08 0.07 (0.06-0.07) 0.21 0.15 (0.14-0.16) 

5th  0.02 0.01 (0.01-0.02) 0.10 0.08 (0.07-0.09) 0.24 0.19 (0.17-0.21) 

6th  0.02 0.02 (0.02-0.03) 0.11 0.12 (0.11-0.13) 0.27 0.26 (0.24-0.28) 

7th  0.02 0.05 (0.04-0.05) 0.13 0.17 (0.16-0.18) 0.33 0.35 (0.32-0.37) 

8th  0.03 0.06 (0.05-0.06) 0.17 0.22 (0.20-0.24) 0.42 0.44 (0.42-0.47) 

9th  0.05 0.07 (0.06-0.07) 0.25 0.29 (0.27-0.31) 0.62 0.60 (0.57-0.63) 

10th  0.21 0.42 (0.40-0.44) 1.09 1.46 (1.42-1.50) 2.62 2.61 (2.55-2.68) 
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Appendix 32 Decision curves of the StatinMD model among the statins users in the 

external validation cohort 

A. 1-year risk classification   

 

 

B. 5-year risk classification 
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C. 10-year risk classification 

 
 

  

 

 


