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Popular science summary in Norwegian 

Hjerteinfarkt rammer omlag 12 000 mennesker i Norge hvert år og har betydelige negative 

konsekvenser for enkeltindividet, deres nærmeste, helsevesenet og samfunnet. Forhøyede 

kolesterolverdier har blitt identifisert som en av de mest sentrale årsakene til hjerteinfarkt og annen 

åreforkalkningssykdom i hjerte- og kar systemet. Det finnes i dag effektive legemidler som reduserer 

høyt kolesterol og bedrer prognosen til disse pasientene. Statiner utgjør den viktigste gruppen slike 

medikamenter. Store studier har gjentatte ganger vist at statiner effektivt reduserer risikoen for 

hjerteinfarkt og død både hos pasienter med etablert hjerte- og kar sykdom (sekundærforebyggende 

behandling) og blant de med høy risiko for slik sykdom (primærforebyggende behandling). 

Kombinasjonen av god effekt og lav pris gjør at statinene er svært kostnadseffektiv behandling. 

Statiner er derfor i dag en hjørnestensbehandling som anbefales sterkt til alle pasienter med etablert 

åreforkalkningssykdom. Det mest brukte statinet, atorvastatin, brukes i dag av ca. 380 000 

mennesker i Norge. 

Selv om statiner er svært effektive, er det mange pasienter som ikke tar medisinen som 

foreskrevet eller som slutter helt å ta de. Dette kalles redusert etterlevelse. Forekomsten av redusert 

etterlevelse med statinbehandling varierer betydelig mellom ulike studier (10-50%). Denne 

variasjonen skyldes sannsynligvis reelle forskjeller mellom ulike pasientgrupper og måletidspunkter, 

men det kan også skyldes at etterlevelse er definert forskjellig i ulike studier. Det er en utfordring i 

dag at vi mangler en felles definisjon av redusert etterlevelse og gode, objektive målemetoder som 

kan benyttes i klinisk praksis.  

En sentral årsak til redusert etterlevelse med statiner er at pasientene opplever bivirkninger. 

Selv om alvorlige bivirkninger er svært sjeldne, rapporterer 10-25% av pasientene muskelsymptomer 

(smerter, kramper, stivhet, stølhet, svakhet) når de bruker statiner. Dette kalles ofte statin-assosierte 

muskelsymptomer (SAMS). I store kliniske legemiddelstudier, der deltagerne trakk lodd til å enten få 

statin eller identisk placebotablett uten statin (blindet behandling), har man imidlertid ikke sett 
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forskjell i forekomsten av SAMS mellom placebo og statin. Denne forskjellen mellom klinisk praksis 

og funn i legemiddelstudier gjør at det har hersket usikkerhet rundt hvorvidt muskelsymptomene 

faktisk skyldes statinet eller om plagene har en annen årsak. 

I dette PhD prosjektet ønsket vi å utvikle en objektiv metode for å kunne måle etterlevelse til 

behandling med atorvastatin basert på konsentrasjonen av legemiddel i blodet (direkte måling). 

Videre undersøkte vi sammenhengen mellom etterlevelse målt med den nye direkte metoden, 

kolesterolverdier og selvrapporteringsverktøy for etterlevelse. Til slutt undersøkte vi effekten av 

atorvastatin på muskelsymptomer hos pasienter som tidligere hadde opplevd slike plager under 

behandling med atorvastatin for å avklare hvorvidt plagene skyldtes medisinen eller ikke. Alle 

pasientene som deltok i studiene hadde etablert åreforkalkning i hjertets kransårer, såkalt 

koronarsykdom. 

I første delarbeid undersøkte vi 25 pasienter som brukte ulike doser atorvastatin. 12 av 

pasientene ble instruert til å slutte med medisinen (redusert etterlevelse) og vi målte deretter 

konsentrasjonen av atorvastatin og dets nedbrytningsprodukter i blodet de påfølgende tre dagene. 

Blodprøvene ble sammenlignet med de øvrige pasientene som tok atorvastatin som foreskrevet 

(normal etterlevelse). Vi viste at summen av atorvastatin og nedbrytningsprodukter kunne skille 

redusert etterlevelse fra normal etterlevelse med høy grad av presisjon.  

I andre delarbeid benyttet vi metoden fra første delarbeid til å undersøke sammenhengen 

mellom direkte målt etterlevelse, tre ulike selvrapporterte mål for etterlevelse og kolesterolverdier 

hos 373 koronarpasienter som hadde deltatt i observasjonsstudiet NOR-COR. Alle pasientene hadde 

fått foreskrevet atorvastatin. På gruppenivå var det godt samsvar mellom grad av etterlevelse målt 

med den direkte metoden og kolesterolverdier. Det var imidlertid kun 22% til 40% av pasientene som 

hadde redusert etterlevelse målt direkte som også rapporterte lav etterlevelse på spørreskjemaet.  

I tredje delarbeid kartla vi 984 hjerteinfarktpasienter og fant at nesten ti prosent rapporterte 

om muskelbivirkninger som de mente var forårsaket av behandling med atorvastatin. Til sammen 77 
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pasienter med selv-opplevde muskelbivirkninger deltok deretter i et klinisk forsøk der de fikk 7 ukers 

behandling med atorvastatin 40 mg/dag og 7 ukers behandling med en identisk placebotablett. 

Rekkefølgen ble bestemt med loddtrekning og hverken deltagerne eller vi som administrerte studien 

visste hvilken behandling deltagerne fikk. Dette kalles en randomisert, dobbelblindet 

overkrysningsstudie. Pasientene besvarte et spørreskjema ved oppstart og rapporterte muskelplager 

ukentlig i en dagbok i hele studieperioden. Vi målte også nivåer av atorvastatin i blodprøver for å 

undersøke om dette kunne egne seg som test for å identifisere pasienter med reelle 

muskelbivirkninger.  På gruppenivå fant vi ingen forskjell i intensiteten av muskelsymptomer mellom 

periodene der de fikk behandling med atorvastatin og placebo. Noen pasienter opplevde mer plager 

under behandling med atorvastatin enn placebo, noen pasienter opplevde mer plager når de fikk 

behandling med placebo, mens de fleste opplevde like mye plager uavhengig av hvilken behandling 

de fikk. Det var ingen sammenheng mellom blodnivåer av atorvastatin eller dets 

nedbrytningsprodukter og muskelsymptomer ved behandling med atorvastatin. 

Konklusjoner: Vi har utviklet en ny metode som ser ut til være godt egnet til å måle 

etterlevelse til behandling med atorvastatin direkte i blodet. Metoden fanger sannsynligvis opp flere 

pasienter med redusert etterlevelse med statinbehandlingen enn spørreskjemaer. Hos pasienter som 

rapporterer muskelplager ved behandling med atorvastatin var det ingen sammenheng mellom 

atorvastatin og muskelsymptomer når dette ble testet i en randomisert og blindet studie. 

Avhandlingen har bidratt med nye metoder og ny kunnskap om etterlevelse og bivirkninger ved 

behandling med atorvastatin som på sikt kan bidra til å skreddersy og forbedre behandling og 

oppfølging av koronarpasienter med potensielle effekter på helse og livskvalitet.  
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Thesis summary 

Background 

Statins represent a cornerstone in the pharmacological prevention of coronary heart disease (CHD). 

Although highly efficacious and safe, poor adherence to treatment is common, contributing 

significantly to morbidity and mortality. There is no general agreement on the definition of poor 

adherence and valid methods to measure adherence are lacking. This reduces our ability to identify 

patients with poor adherence and thus implement evidence-based interventions shown to improve 

adherence. Statin-associated muscle symptoms (SAMS) are frequently reported by statin treated 

patients and constitute an important reason for poor adherence. However, it is uncertain to what 

extent these symptoms are caused by the statin as such complaints are reported at similar rates 

during treatment with statin and placebo in the hallmark statin randomized controlled trials (RCTs). 

The present PhD project therefore aimed to: i) develop an objective drug exposure variable (direct 

method) that allows discrimination among adherence, partial adherence and non-adherence to 

atorvastatin, ii) explore the relationship between the direct method, self-reported measures of 

adherence and blood lipid levels and, iii) to estimate the effect of atorvastatin on muscle symptom 

intensity in patients with subjective SAMS and determine the relationship with blood levels of 

atorvastatin and/or metabolites.  

Methods 

The studies comprising this thesis were conducted from 2011 to 2019 at Drammen and Vestfold 

hospitals, Norway. All study participants had established CHD and were using atorvastatin for 

secondary prevention. Atorvastatin and its major metabolites were measured at Oslo University 

hospital using a liquid chromatography and tandem mass spectrometry (LC-MS/MS) assay specifically 

designed for measuring adherence developed by our research group. 

 In paper one, 25 outpatients were recruited to a proof-of-concept clinical adherence study. 

Baseline adherence was ensured in all participants, and 12 (test group) were instructed to stop taking 
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atorvastatin to simulate non-adherence and return for blood sampling at the same time-point for 

three subsequent days. The remaining participants constitute the adherent control group. We 

explored individual metabolites and metabolites sums as measures of systemic atorvastatin 

exposure. Then, we compared blood concentrations between the test and control group at different 

time points to attempt to obtain cut-off values that allows discrimination between adherence (0-1 

doses omitted), partial adherence (≥2 doses omitted) and non-adherence (>3 doses omitted).  

 In paper two, we performed a post-hoc analysis of the cross-sectional Norwegian Coronary 

Prevention (NOR-COR) study. In all, 373 patients answered a comprehensive self-report 

questionnaire containing three measures of adherence (Statin adherence past seven days, 8-item 

Morisky medication adherence scale (MMAS-8) and the Gehi et al. adherence question), underwent 

a clinical examination and had blood samples obtained median 16 month after a CHD event. At the 

time of data collection, none of the participants were aware that the blood samples later would be 

analyzed for adherence using the direct method. 

 In paper three, we identified 982 consecutive patients with previous or ongoing atorvastatin 

treatment. Of these, 97 (9.9%) reported SAMS and 77 were randomized to a double-blinded 

sequence of atorvastatin 40 mg/day and placebo lasting for 7 weeks each. Each treatment sequence 

was interrupted by a 1-week washout period. All participants had previous or ongoing muscle 

symptoms attributed to atorvastatin treatment. Muscle symptoms were recorded weakly in a diary 

on a 0 (no symptoms) to 10 (worst imaginable symptoms) visual-analogue scale (VAS). The primary 

outcome was the individual mean difference in muscle symptom intensity between the treatment 

periods. We also correlated blood concentrations of atorvastatin and/or metabolites to differences in 

muscular symptom intensity among patients with confirmed SAMS, defined as at least 25% and ≥1 

cm higher symptom intensity during atorvastatin than placebo, to evaluate these blood 

concentrations as possible markers of statin-dependent muscle symptoms.  
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Results 

In paper one, the sum of atorvastatin and all five metabolites were highly correlated to the ingested 

atorvastatin dose (Spearman’s rho 0.71, 95% CI 0.44 to 0.87). A dose-normalized cut-off value of 0.10 

nmol/L discriminated partial adherence from adherence with 92% sensitivity and 100% specificity. 

The metabolite 2-OH atorvastatin acid at a concentration of 0.014 mmol/L provided a suitable cut-off 

for non-adherence.     

 In paper two, 8% of the participants had reduced adherence (partial or non-adherence) as 

determined by the direct method developed in paper 1. Of these, 40%, 32% and 22% self-reported 

correspondingly on the statin adherence question, MMAS-8 and the Gehi et al. adherence question, 

respectively. The overall agreement between the direct method and the self-report measures of 

adherence was fair to moderate (Cohen’s kappa 0.2 for the MMAS-8 to 0.4 for the statin last week 

question). Participants classified with reduced adherence had higher low-density lipoprotein 

cholesterol (LDL-C) concentrations in blood than those classified as adherent (2.8 vs. 1.9 mmol/L, 

p<0.001).  

 In paper three, atorvastatin had no effect on the intensity of muscle symptoms (mean VAS 

difference (statin-placebo) 0.31, 95% CI -0.24 to 0.86). Twenty (28%) participants experienced more 

symptoms during atorvastatin than placebo, 39 (55%) had the same symptom intensity, and 12 (17%) 

experienced more symptoms during placebo than statin. There were no differences in 

pharmacogenetic, demographic or clinical factors between those who fulfilled our predefined 

definition of confirmed SAMS, and those who did not. In the participants with confirmed SAMS, we 

found no relationship between muscle symptom intensity and blood concentrations of atorvastatin 

and/or metabolites.   

Conclusions 

This thesis introduces a novel direct method with cut-off values allowing discrimination among 

adherence, partial adherence and non-adherence to atorvastatin therapy. The direct method reflects 
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blood lipid levels and the agreement with self-reported adherence measures was fair to moderate. 

Thus, the direct method reveals more patients with reduced adherence than self-report measures. In 

patients with previous or ongoing muscle complaints attributed to atorvastatin therapy, there were 

no effect of high-intensity atorvastatin on muscle symptom intensity upon blinded re-challenge. 

Blood concentrations of atorvastatin and/or metabolites were not useful as discriminators of statin-

dependent muscle symptoms. Overall, the thesis provides novel measurement methods and extends 

our understanding about adherence and side effects of atorvastatin in patients with CHD. This 

knowledge may contribute to individualize and improve current clinical practice for treatment and 

follow-up care for these patients with potential beneficial long-term effects.   
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1. Introduction 

1.1 History, biological and clinical effects of statins 

In 1976 Japanese biochemist Akira Endo (b. 1933) discovered ML 236B (compactin), a substance 

inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, the rate-limiting enzyme of 

the human cholesterol biosynthesis (1). Compactin development progressed during the late 70s, and 

studies showed significant cholesterol lowering effect in dogs and monkeys (2, 3). In 1980 Kendo, 

together with physician Akira Yamamoto, reported that compactin lowered blood cholesterol levels 

in a patient with familial hypercholesterolemia (4). Their work on compactin did never materialize 

into a commercially available drug due to allegations of increased incidence of lymphoma in dogs 

treated with very high doses (5). However, the cholesterol lowering properties of compactin sparked 

interest from several pharmaceutical companies, and in February of 1979 the pharmaceutical 

company Merck and Akira Endo both isolated compounds similar to compactin (6). The compounds 

turned out to be the same substance, later named lovastatin. After clinical testing of cholesterol 

lowering effects and safety, the first commercially available statin was born when the FDA approved 

lovastatin for clinical use in 1987. Early fungal metabolite-derived statins were then followed by the 

advent of synthetic statins, and in 2001 the FDA approved atorvastatin (7). Today, atorvastatin is one 

of the most commonly used prescription drugs worldwide.   

By competitive inhibition of HMG-CoA reductase, statins reduce hepatic cholesterol 

biosynthesis and increase the number of hepatic LDL receptors. In, turn this leads to an increase in 

the hepatic uptake of LDL-C and substantial reductions in LDL-C blood concentrations (8). 

Atorvastatin ≥40 mg/day typically reduce blood concentrations of LDL-C by approximately 50% and 

increase HDL-C by up to 10% (8-10). In addition to LDL-C lowering effects, statins also exert other 

potentially beneficial effects on the cardiovascular system, so called pleiotropic effects. These include 

improved endothelial function (11), anti-inflammatory effects (12, 13), and anti-thrombotic effects 

(14, 15).  
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LDL-C reductions by statins have consistently been shown to result in lower rates of 

cardiovascular events and mortality (16-18) and meta-analyses of randomized trials have found that 

a 1 mmol/L reduction in LDL-C results in a 20% average relative risk reduction for major vascular 

events (10). In a setting of secondary prevention, treating 10 patients for 5 years would typically 

prevent one patient from having a vascular event (10). Together with data from observational and 

genetic studies, statin RCTs have paved the way for establishing a causal relationship between LDL-C 

and atherosclerotic CVD (19).  

1.2 Statins in clinical practice 

Statins form the bedrock of modern pharmacological cardiovascular disease (CVD) prevention, and in 

patients with established CHD they have the highest level (1A) of recommendation (20). As statins 

are recommended to an increasing number of patients at risk of developing atherosclerotic disease 

and LDL-C treatment targets are continuously lowered, the number of statin users is rapidly 

increasing. Today, approximately 10% of the Norwegian population is prescribed a statin and 

atorvastatin is by far the most common with >380 000 users in 2020 (21).  

Despite the strong evidence supporting their use, 7-12% of Norwegian CHD patients from 

routine clinical practice do not use statin therapy at all and only 43% reached the previously 

recommended LDL-C treatment target of <1.8 mmol/L (22, 23). The large European survey 

EUROASPIRE IV found an even poorer goal attainment with 20% of CHD patients on statins reaching 

target LDL-C (24). Possible causes of poor LDL-C control may relate to the physician (prescribing to 

low doses, reduce doses or forget to intensify treatment when appropriate), the patient 

(pharmacokinetic or pharmacodynamics variations reducing statin effect or non-adherent behavior) 

or the treatment itself (side effects) (22). Poor self-reported adherence and statin side effects have 

been identified as the major factors associated with not reaching the recommended LDL-C treatment 

target in Norwegian CHD patients (22). Furthermore, Norwegian primary care physicians report 
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insufficient knowledge on how to deal with statin side effects as an important barrier to optimal 

secondary prevention of atherosclerotic CVD (25). 

1.3 Statin adherence 

Adherence has been defined by the WHO as “the extent to which a person’s behaviour – taking 

medication, following a diet, and/or executing lifestyle changes, corresponds with agreed 

recommendations from a health care provider” (26).  

In Europe, poor adherence to cardiovascular medications is estimated to cause 9% of all CVD 

events (27). Poor statin adherence is associated with an increased risk of adverse cardiovascular 

events, and for patients with CVD, a graded inverse association between adherence and mortality 

has been shown (28, 29). Hence, poor medication adherence is a public health concern increasing 

health care costs by billions of dollars annually (30, 31). 

Prevalence estimates for statin adherence vary significantly across populations and methods 

used for measuring adherence and the definition applied (32, 33). Poor adherence is undoubtedly 

common and has been described as a pandemic (34). In patients using statins for the secondary 

prevention of CHD, international registry data shows adherence rates of 50-80% approximately one 

year after a CHD event (35-37). Even in well-conducted statin RCTs, treatment discontinuation 

occurred in 7-42% of participants (38, 39). In the cross-sectional NOR-COR study, 8% of Norwegian 

CHD patients reported not taking their statin every day and a Norwegian registry study found that 

16% were no longer prescribed a statin 1 year after an acute CHD event (22, 40).  

There are several methods for measuring adherence in studies and clinical practice, however, 

the lack of an agreed definition of poor adherence and a “gold standard” for measuring adherence 

make comparisons difficult (41). Methods are typically divided into direct and indirect methods (31). 

Table 1 provides a summary of common measurement methods and their major strengths and 

limitations. The direct methods are more objective, but often more costly an impractical in routine 
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clinical practice. The indirect methods are often simpler and easily applicable in clinical practice, 

however they tend to be more inaccurate and prone to bias (31, 42).  

Table 1 – Overview of common methods for measuring adherence to medication (adapted from (31, 

42)) 

Method Strengths Limitations Parameter measured 

Direct methods    

Measurement of drug 

and metabolites 

 Accurate 

 Proves 

ingestion of 

drug 

 Fast and easy 

for patients 

and health 

care provider 

 Price  

 Individual 

differences in drug 

metabolism 

 Drugs may be 

detected long 

after stopping due 

to long half-lives 

 “White coat 

adherence”a 

 Invasive 

 Drug 

concentration 

Direct observed 

therapy 

 Most accurate 

 

 Only possible for 

hospitalized or 

institutionalized 

patients 

 Patients may hide 

pills in their 

mouth 

 Number of 

doses ingested 

Indirect methods 

Pill counts  Simple to 

perform 

 Easy to 

manipulate by the 

 Number of 

doses missed 
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 Quantifiable patient (pill 

dumping) 

Self-report 

questionnaires 

 Simple 

 Easily available 

in the clinical 

setting 

 Inexpensive 

 Results easy to 

manipulate by the 

patient 

 Recall bias 

 Pre-defined cut-

off value 

defining 

adherence 

dichotomously  

Electronic databases 

and registries 

 Objective 

 Data is easily 

obtained 

 Prescription fill 

rates do not mean 

drug is ingested 

 Risk of 

misclassification; 

varying data 

quality 

 

 Medication 

possession ratio 

 Proportion of 

days covered 

Clinical response to 

treatment (i.e. 

biological effects) 

 Simple and 

often 

performed as a 

part of routine 

follow-up 

 Clinical response 

may be affected 

by other factors 

than the 

treatment in 

question 

 Dependent on 

response 

assessed (e.g. 

LDL-C or blood 

pressure) 

Electronic monitoring 

devices 

 Precise 

 Results easy to 

quantify 

 Provides 

information on 

patterns of 

 Expensive 

 Patients aware of 

monitoring 

 Does not verify 

actual drug intake 

 Overall 

percentage of 

doses taken 
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medication 

taking 

    

a Patients improving their adherence around the time of measuring 

  

For statins, LDL-C has been recommended as a measure of adherence (43). This is appealing 

as LDL-C is often measured during follow-up of patients with CHD and thus readily available. 

However, there are considerable variations in LDL-C response between statin treated patients, also in 

patients with high self-reported adherence (44, 45). Furthermore, a baseline statin-naïve LDL-C 

concentration, which is required for a meaningful assessment of change in LDL-C concentration, is 

not always available for CHD patients. 

The term adherence contain three key aspects of patients’ behavior taking medications: 

initiation (accepting and starting treatment), execution (delayed or omitted intake), and persistence 

(intermittent or permanent stopping treatment). It is therefore difficult to obtain a single valid 

measurement method embracing all aspects of such a complex and dynamic phenomenon. In routine 

care, clinical judgement represents the most common way by which healthcare providers assess 

adherence to medication. Unfortunately, clinicians perform poorly at this task and tend to 

underestimate poor adherence (46).  

Barriers preventing adherence to medication are often divided into factors related to the patient 

(socioeconomic status, education, age/gender, cultural/experiential beliefs, forgetfulness, cognitive 

decline, psychological factors), the healthcare system (communication, prescription practices, 

cultural/experiential beliefs, poor screening tools, time, care transitions, poor reimbursement 

systems) or the treatment itself (complexity, costs, side effects) (34). For statins, one of the most 

important reasons for poor adherence is muscle side effects perceived to be caused by the statin (47, 

48). To obtain a better understanding of the complex problem of statin adherence and to develop 
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effective interventions improving adherence, we need objective measurement methods and further 

knowledge about muscle side effects (49). 

1.4 Blood concentration of atorvastatin – a useful marker of adherence? 

Atorvastatin is administered in its acid form and following extensive first-pass metabolism by the gut 

and liver, the oral bioavailability is approximately 15% (50). Doses range from 10 to 80 mg and the 

systemic half-life of atorvastatin is around 14 hours (8). Hepatic uptake is mediated primarily by an 

organic-anion-transporting polypeptide (OATP), a protein coded by the SLCO1B1-gene (51). The 

genetic variant rs4149056 (c.521T>C or *5) is associated with reduced SLCO1B1 activity and thereby 

higher blood levels of atorvastatin (52). In vivo, atorvastatin is converted into hydroxyl and lactone 

forms. Hydroxylation is catalyzed by CYP3A4 (Figure 1), an enzyme showing high inter-individual 

variation in activity (53). Lactone and acid forms undergo interconversions through intermediate acyl 

glucuronides (54). Clearance of atorvastatin is mainly hepatic (50). 

 



23 
 

Figure 1 – Metabolism of atorvastatin in vivo 

In light of lacking objective methods for measuring adherence to atorvastatin and its metabolism, our 

group developed an assay for quantifying the total exposure to atorvastatin and its five major 

metabolites using LC-MS/MS methodology (55). The method addresses issues of preanalytical 

stability (acid to lactone interconversions) by using the sums of acid and lactone forms and easy 

sample handling at ambient temperature makes it feasible for measuring adherence (55). However, 

an algorithm with cut-off values corresponding to clinically meaningful adherence is required prior to 

use in future research and clinical practice.   

1.5 Side effects of statins 

Several large-scale randomized trials have shown that statins have a low risk of serious side effects 

(10). However, increases in HbA1c, slight excess risk of cerebral hemorrhage and rare muscle side 

effects with large increases in blood CK concentrations are adverse statin evidenced by RCTs (9, 17, 

56). Furthermore, an excess increase in liver transaminases occurs with certain statins, including 

atorvastatin (57).  

 Myopathy, characterized by proximal muscle symptoms and four to 10-fold increases in 

blood CK concentrations from the upper normal limit, occur in approximately 1 per 10 000 statin-

treated individuals per year (58). Rhabdomyolysis, a more severe form of myopathy with increases in 

CK by more than 40 times the upper normal limit, occurs even more rarely with an estimated 

incidence of 2-3/100 000 patients treated per year (58). The risk of myopathy is increased with high-

dose regimens (ie. simvastatin 80 mg, which is no longer recommended) and typically resolve upon 

stopping treatment (59).  

Proposed mechanisms by which statins may cause muscle symptoms include changes in the 

stability and fluidity of muscle cell membranes, protein signaling, impaired mitochondrial function 

and reduced cell-membrane cholesterol content (60). Previous studies have also suggested a 
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relationship between elevated levels of statin metabolites, in particular lactone metabolites, and 

muscle side effects of statins (61-63).  

Other muscle symptoms, collectively called SAMS, include pain, aching, weakness, stiffness, 

cramps and tenderness typically occurring upon statin initiation or an increase in dose (47). SAMS 

differs from myopathy and rhabdomyolysis in that symptoms are accompanied by normal or only 

slightly increased blood CK concentrations (<4-10 times the upper normal limit). In open non-

randomized studies, SAMS are reported by 10-25% of statin users and occur more often in statin 

treated individuals than those who are not (64-67). In blinded RCTs, however, SAMS occur with 

similar frequency in statin and placebo treated individuals (57). On one hand, inherent biases of 

observational studies hamper their ability to establish causal relationships. On the other hand, statin 

RCTs may have limitations in detecting side effects due to run-in periods, strict selection of 

participants and poor measures of muscle symptoms. Furthermore, patients expecting side effects 

may be more likely to experience them, a phenomenon known as the nocebo effect. For statins, this 

effect is well established, and likely contributes to the discrepancy in SAMS incidence between RCT 

and observational studies (68). Along these lines, a Danish study found that negative coverage of 

statins in the media was associated with treatment discontinuation and an increase in CVD events 

whereas the opposite was observed with positive media coverage (69).  

 To confirm whether the statin causes subjective muscle symptoms, blinded crossover trials 

exposing participants to statin and placebo in random order, may be useful. A small randomized trial, 

(n=8) exposing participants with SAMS to several periods of statin or placebo, found no relationship 

between muscle symptom intensity and the statin (70). Two larger crossover RCTs designed to test 

the effect of non-statin therapies in selected SAMS patients, confirmed a relationship between the 

drug and muscle symptoms in 36 to 43% of participants. Thus, to what extent, if any, statins cause 

muscle symptoms without objective signs of myonecrosis, remains uncertain. Although algorithms to 
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diagnose and manage patients with SAMS have been proposed, the lack of a clinically useful 

biomarker makes the clinical management of these patients challenging (47, 71, 72).  

1.6 Summary of knowledge gaps and rationale for the thesis 

To quantify and understand the challenge of poor adherence to statins, valid measurement methods 

are required. Our group has recently developed a direct method allowing precise measurement of 

atorvastatin and five metabolites in blood. It is unknown whether the direct method is feasible and 

valid for assessing adherence in clinical practice and cut-off values reflecting clinically relevant 

adherence are therefore required. Moreover, the relationship between the direct method and 

indirect measures of statin adherence (i.e. LDL-C and self-report measures) remains to be 

determined. Novel measurement methods and improved understanding of the adherence 

phenomenon may provide insight into potentially modifiable factors associated with non-adherent 

behavior, and pave way for novel interventions to improve statin adherence. Previous studies have 

identified muscle side effects as an important reason for poor statin adherence. The discrepancies 

between observational and RCT data regarding statin use and SAMS, remain a concern, and the 

extent to which high-intensity statins cause muscle symptoms in patients with SAMS is unknown. 

Finally, if the SAMS phenomenon is caused by the statin, diagnostic biomarkers are yet to be 

identified.  
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2. Aims and hypothesis of the thesis 

The overall aim of this thesis is to provide new insight about adherence to atorvastatin treatment, 

muscle side effects and their relation to blood concentrations of atorvastatin and metabolites. In 

turn, this may translate into clinically useful tools to personalize and improve statin management.  

2.1 Aims and hypothesis for paper 1 

To develop a drug exposure variable with cut-off values that may discriminate adherence from 

reduced adherence (partial and non-adherence) to atorvastatin treatment in patients with CHD. 

Based on the pharmacokinetics of atorvastatin in blood, we hypothesized that adherence could be 

discriminated from reduced adherence after omitting two or more doses. 

2.2 Aims and hypothesis for paper 2 

To evaluate the relationship between directly measured atorvastatin adherence, self-reported 

adherence measures, and blood cholesterol concentrations in patients with CHD.  To compare the 

proportion with reduced statin adherence measured by indirect and direct methods, and to identify 

clinical and psychosocial factors associated with non-adherence as determined by the direct method. 

We hypothesized that the direct method would identify more patients with reduced adherence than 

self-report questionnaires and correlate better to LDL-C concentrations. Furthermore, we 

hypothesized that potentially modifiable determinants of reduced adherence could be identified by 

using the direct method.   

2.3 Aims and hypothesis for paper 3 
 

First, to determine the effect of atorvastatin on muscle symptom intensity in CHD patients with 

subjective muscle symptoms self-attributed to atorvastatin. Second, to determine the relationship 

between blood concentrations of atorvastatin and muscle symptom intensity, and to evaluate the 

diagnostic properties of blood concentration of atorvastatin for classification of truly statin-

dependent muscle symptoms. We hypothesized that 30-40% of the patients would report 
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significantly higher muscle symptom intensity during treatment with atorvastatin compared to 

placebo. We also hypothesized that this subgroup of the SAMS population would have higher levels 

of atorvastatin and/or metabolites that their counterparts without placebo-controlled SAMS.  
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3. Materials and methods 

This thesis is based on three different studies: A proof-of-concept pharmacokinetic adherence study, 

a cross-sectional study and a randomized crossover trial. There are important differences in the 

methods used between the three studies. Therefore, I have decided to describe overlapping methods 

between studies first before describing study-specific methods. 

3.1 Population and setting 

We recruited study participants from two secondary care Norwegian hospitals, Drammen and 

Vestfold. The total catchment area of these hospitals has approximately 410 000 inhabitants 

comprising 7.6% of the Norwegian population. The catchment area constitute both rural and city 

areas and is representative of Norwegian economy, age distribution, morbidity and mortality (73). All 

participants had established CHD and the vast majority had experienced a myocardial infarction. 

Flow-chart and key baseline characteristics for all participants is provided in Figure 2 and Table 2 

below. 
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Table 2 – Baseline characteristics of all study participants 

 

 

3.2 Quantification of atorvastatin in blood 

To quantify atorvastatin we applied liquid chromatography coupled to tandem mass spectrometry 

(LC-MS/MS). LC-MS/MS is currently the gold standard method for bioanalysis of pharmaceuticals, as 

it allows fast, highly selective and accurate quantification of drugs and metabolites. It is therefore 

routinely used in clinical practice for therapeutic drug monitoring worldwide. A brief description of 

LC-MS/MS methodology is provided below.  

Liquid chromatography separates compounds in a flowing liquid (mobile phase) based on 

their physical and chemical interaction with an immobile material (stationary phase). The 

fundamental purpose of liquid chromatography is compound separation. However, liquid 

chromatography also allows to some extent identification of different chemicals through analysis of 

the time used by the chemical to pass through the stationary phase, known as retention time. The 

retention time may be manipulated through selection of different compositions of the mobile phase 

and different types of stationary phases. After compound separation (i.e. clean-up for practical 

Characteristic  

Paper 1 (n=24) 

 

Paper 2 (n=373) 

 

Paper 3 (n=77) 

Age, mean (SD) 66.1 (10.6) 63.0 (9.1) 63.7 (9.5) 

Female gender, n (%) 5 (20.8) 70 (18.8) 26 (33.8) 

Low educationa, n (%) - 245 (65.7) 49 (63.6) 

Myocardial infarction as index event, n (%) 20 (83.3) 321 (86.1) 64 (83.1) 

LDL-C in mmol/L, mean (SD) 2.2 (0.6) 1.9 (0.7) 2.5 (1.1) 

Prescribed statin at baseline, n (%) 24 (100) 373 (100) 68 (88.3) 

Self-perceived SAMS, n (%) 4 (16.7) 25 (6.7) 77 (100) 

a Defined as completion of primary and secondary school only. 
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purposes) by liquid chromatography, the compounds are vaporized and charged by electrospray 

ionization. Sophisticated mass spectrometry quadrupoles then select ions of interest based on their 

mass to charge ratio. The selected ions are fragmented in a collision cell and the daughter ions pass 

through to the detector and are quantified. The process consisting of liquid chromatography and 

tandem mass spectrometry with fragmentation thus results in very high analytical selectivity.  

In a method development preface, our group established an assay allowing fast and reliable 

quantification of the acid and lactone form of atorvastatin (parent drug), ortho‐ (2‐OH) and para‐ (4‐

OH) hydroxyl atorvastatin (55). The assay is accurate (92-110%) and precise (≤8.1%) over a wide 

range of concentrations and validated according to the EMA Guideline on bioanalytical method 

validation (74). To explore the relationship with muscular side effects in paper 3, we also 

semiquantified atorvastatin acylglucuronide by calibration towards the instrument response of 

atorvastatin acid (not validated).  

The interpretation of the LC-MS/MS analyses of atorvastatin were based on either 

quantification of individual metabolites or metabolite sums. Using metabolite sums has the 

advantage of counteracting preanalytical instability of lactone forms (55) and presumably variations 

in drug metabolism.   

All LC-MS/MS analyses (Transcend II LX-2 TSQ Quantiva, Thermo Fisher Scientific) in the 

studies constituting this thesis were performed at the Department of Pharmacology at Oslo 

University hospital.  

3.3 Study variables 

Table 3 – Overview of baseline study variables 

Variable Description Paper 

Acute myocardial infarction Hospital medical records. 2,3 

Age Hospital medical records in all papers. 1,2,3 
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ALT Analyzed on a clinical chemistry analyzed (Architect ci16200, 

Abbot Laboratories) at Drammen Hospital 

1,3 

Anxiety or depression 

(diagnosis) 

Hospital medical records. 3 

Arthrosis Self-report questionnaire. 3 

Atorvastatin dose Self-report questionnaire and hospital medical records, 

crosschecked against electronic prescription module where 

applicable.  

1,2 

Albumin Analyzed on a clinical chemistry analyzer (Architect ci16200, 

Abbot Laboratories) at Drammen Hospital 

1 

Any side-effects attributed to 

cardiovascular drugs 

Self-report questionnaire. 2 

Bergen Insomnia Scale Self-report questionnaire. 6 items about sleep onset, 

maintenance of sleep and early morning wakening (75) 

2 

Body weight measured Nearest 0.5 kg in light clothes without shoes (SECA 264, DE). 1,2 

Body weight, self-reported Self-report questionnaire. 3 

Body mass index Weight in kg/height in meters2.  2,3 

High sensitivity C-reactive 

protein 

Analyzed on a clinical chemistry analyzer (Architect ci16200, 

Abbot Laboratories) at Drammen Hospital 

2,3 

Creatinine As above. 3 

Creatinine kinase As above. 1,3 

Charlston comorbidity index Hospital medical records. Summarizes 16 somatic comorbidities 

and age category (76) 

2 

Current smoking Self-report questionnaire. 2,3 

CYP3A4 (*22, rs35599367) Analyzed at Oslo University hospital for paper 1 and Drammen 

hospital for paper 3 (Light Cycler® 480, Roche Diagnostics) 

1,3 

CYP3A5 (*3, rs776746) As above. 1,3 
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Diabetes mellitus Hospital medical records. Includes type 1 and 2 diagnosis or 

treatment with antidiabetic medication.  

2,3 

Estimated glomerular filtration 

rate 

Analyzed on a clinical chemistry analyzer (Architect ci16200, 

Abbot Laboratories) at Drammen hospital 

3 

Heart failure (HF) Hospital medical records. Includes HF with reduced and 

preserved ejection fraction as defined in (77). 

3 

Hospital Anxiety and Depression 

Scale 

Self-report questionnaire. 14 items on symptoms of anxiety 

(HADS-A) and depression (HADS-D) (78). 

2 

Hypo- or hyperthyroidism Hospital medical records. Diagnosis or treatment with thyrostatic 

or hormone substitution. 

3 

Lactate dehydrogenase Analyzed on a clinical chemistry analyzer (Architect ci16200, 

Abbot Laboratories) at Drammen Hospital. 

1,3 

Low-density lipoprotein 

cholesterol 

Non-fasting venous blood samples collected in an EDTA tube. 

Analyzed on a clinical chemistry analyzer (Architect ci16200, 

Abbot Laboratories) at Drammen Hospital. 

1,2,3 

Low education Self-report questionnaire. Defined as completion of primary and 

secondary school only. 

2,3 

Low-physical activity Self-report questionnaire. Defined as physical activity less than 

30 min of moderate intensity 2–3 times weekly. 

3 

Moderate- or low-intensity 

statin therapy 

Self-report questionnaire crosschecked against hospital medical 

records and electronic prescription module. High-intensity statin 

therapy refers to regimens known to lower LDL-C on average 

50% (79). All other statin regimens are considered low- or 

moderate intensity statin therapy. 

3 

Number of concomitant 

medications 

Self-report questionnaires and hospital medical records. 1 

NSAIDSs or analgesics Self-report questionnaire. 3 

Physical activity As above. 3 
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Previous atorvastatin 

discontinuation due to side 

effects 

As above. 3 

SLCO1B1 (*5, c521T>C) Analyzed at Oslo University hospital for paper 1 and Drammen 

hospital for paper 3 (Light Cycler® 480, Roche Diagnostics) 

1,3 

Time since last coronary event Hospital medical records.  3 

Type D negative affectivity 

score 

Part of a DS-14 questionnaire with 14 items (80). 7 items on the 

negative affectivity subscale. 

2 

Type D social inhibition score Part of a DS-14 questionnaire with 14 items (80). 7 items on the 

social inhibition subscale. 

2 

Stroke/transitory ischemic 

attack 

Hospital medical records. Diagnosis. 3 

Systolic blood pressure Validated digital sphygmomanometer (Welch Allyn WA Connex 

ProBP 3400) (81). Measured by trained cardiac nurse.  

2 

 

3.4 Statistics 
 

Descriptive statistics are presented as mean (SD) for normally distributed data, otherwise median 

(range, interquartile range) was used. Categorical data are presented as numbers (proportion in %). 

To compare mean differences across two groups, the student’s t test with adjustment for unequal 

variance was applied to apparently normally distributed data. If markedly skewed data, 

transformations (log, ln) were attempted (assessed visually by Quantile-Quantile plots). If normality 

was not obtained, non-parametric methods of hypothesis testing were applied. Differences between 

categorical data were assessed by chi-square tests or the Fischer mid-p test. Diagnostic performances 

were assessed by Receiver Operating Characteristics (ROC) curves. P-values reported are two-sided 

and if less than 0.05 the corresponding difference is considered statistically significant. All statistical 

analyses were reviewed (paper 1 and 2), or conducted (paper 3) by a biostatistician. Analyses were 

performed using SPSS version 25/26, Stata/SE 16.0 and/or Matlab R 2014A. 
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3.5 Study-specific methods in paper 1 

3.5.1 Population 

Twenty-five CHD patients treated with atorvastatin 10 mg (N=5), 20 mg (N=6), 40 mg (N=7) and 80 

mg (N=7) were recruited from the outpatient clinic at Drammen hospital in January 2018. Exclusion 

criteria were: i) CHD event within 2 years prior to inclusion, ii) symptoms of unstable CHD, iii) known 

difficulties with blood sampling, iv) likely not able to comply with the test procedure as assessed by 

the study physicians. We excluded one participant from the analyses due to non-adherence to the 

study protocol. Key baseline characteristics of the participants are shown in Table 2. 

3.5.2 Design 

The study was designed as a proof-of-concept clinical adherence study aimed to develop a variable 

representative of atorvastatin exposure and to provide cut-off values that could discriminate among 

adherence, partial adherence and non-adherence. Prior to study start, all patients participated in a 

meeting were thorough information regarding the background, aims and study protocol were 

provided prior to signing of an informed consent. To ensure steady state concentrations of 

atorvastatin prior to study start, we emphasized the importance of administering atorvastatin once 

daily between seven and 10 AM for at least 7 days prior to study start. All participants reported statin 

intake in a diary. At the first day of the study blood samples were collected one hour (t-1) and 

immediately before (t0) observed intake of atorvastatin (directly observed therapy – DOT) to exclude 

the possibility of an unscheduled morning dose (increase in drug concentration between t-1 and t0). 

After the DOT, participants were consecutively assigned to the test or control group ensuring equal 

distribution of dosages in each group. The test group was then instructed to simulate reduced 

adherence by stopping intake of atorvastatin, and return for blood samples at exact same time point 

for three consecutive days. At day 4, the test group underwent a second DOT study to simulate 

escape dosing in non-adherent patients. Stability of lactone forms is improved by handling the blood 

samples at very low temperatures(55). However, this has disadvantages with regard to practical 
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handling in routine clinical practice. We therefore also handled a set of samples in ambient 

temperature to assess the cut-off values in samples handled according to this more practical 

procedure. Flow of participants and the test procedure is illustrated in Figure 3. 

 

Figure 3 – Illustration of test procedure and participant flow in Paper 1 

3.5.3 Defining partial and non-adherence 
 

There is no consensus as to a definition of partial adherence and non-adherence in the statin 

literature. Hence, we agreed on selected presets to align cut-offs prior to data analyses based on the 

clinical and research experience of senior members of the NOR-COR group. First, to avoid adherent 

patients misclassified as partially adherent, we allowed omission of a single dose. Second, the cut-off 

between adherence and partial adherence should correspond to at least two days without drug 

intake. Third, the cut-off for non-adherence should correspond to more than three consecutive days 

without drug intake. These presets applied to the general pharmacokinetics of atorvastatin and its 

major metabolites may allow identification of degrees of adherence, which may prove to be clinically 

relevant. 
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3.5.4 Comparator 

We compared blood concentrations of atorvastatin and five metabolites between the test group, 

simulating reduced adherence, and the adherent control group at the different time points. To 

account for preanalytical instability of lactone forms as well pharmacokinetic differences between 

patients, sums of metabolites were assessed as potential discriminators between adherence and 

partial adherence. Due to practical issues of study implementation, the study took place for five 

weekdays. Thus, empirical data on patients omitting doses for more than three days were not 

available. As a pragmatic approach to obtain a cut-off value for non-adherence corresponding to 

more than three days without drug intake, we extrapolated metabolite concentrations based on the 

observed half-life of individual metabolites. The instrument response corresponding to these 

estimated concentrations were assessed as potential discriminators between partial and non-

adherence. 

3.5.5 Statistics 

As the participants were consecutively assigned to the test and control group on the basis of 

atorvastatin dose, hypothesis testing was therefore conducted to assess between-group differences 

in important baseline characteristics. Due to the small sample size, we used the Fischer mid-p test to 

assess differences in categorical data between the test and control group. Differences in blood 

concentrations of atorvastatin and metabolites were assessed by Mann-Whitney U test for unrelated 

samples, and for paired samples the Wilcoxon signed rank test was used. As a we did not expect a 

linear relationship between dose and systemic exposure to atorvastatin (82), we estimated this 

relationship by Spearman rank correlation coefficients. ROC-curve analyses were performed to 

identify cut-off values for partial adherence. 

We calculated the elimination rate constant, and further on, the individual half-lives of 

atorvastatin and metabolites based on linear regression of the Ln-transformed blood concentrations 

vs. time.  
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3.6 Study specific methods in paper 2 

3.6.1 Population 

To address the aims of paper 2, we selected the Vestfold cohort from the NOR-COR study as only 

blood from these patients had been bio-banked. The NOR-COR study took place in 2014-2015 and 

included patients aged 18-80 years with a first or recurrent diagnosis or treatment of a CHD event 

(index event) (83). Patients were chronologically identified from hospital discharge lists from 2011-

2014. This was done to allow time for adequate follow up after the index event (cardiac 

rehabilitation, titration of medication etc.), and to harmonize with previous and ongoing European 

surveys of cardiovascular risk factors (24). Finally, the choice of population allowed inclusion of 

participants within a relatively short time frame. Exclusion criteria in the NOR-COR study were: (i) a 

diagnosis of type 2 myocardial infarction, (ii) not able to understand the Norwegian language, (iii) 

cognitive impairment including living in nursing homes, (iv) psychosis, (v) drug abuse and (vi) short 

life expectancy (83). We included all participants prescribed atorvastatin at the index event and no 

information of change in statin treatment at follow up.  

3.6.2 Design and study assessments 
 

NOR-COR was a cross sectional study with a retrospective component. All participants answered a 

comprehensive self-report questionnaire, underwent a clinical examination and blood sampling at 

median 16 (range 2-36) months after the index event. The self-report questionnaire contained three 

measures of adherence: The MMAS-8, The Gehi et al. adherence question and a single question 

about statin adherence in the past seven days prior to participation. The MMAS-8 is a commonly 

used general measure of medication adherence. It consist of eight items that mainly capture non-

adherent behavior. A score of less than six out of 8 points is considered to be consistent with 

reduced adherence (84). The Gehi et al. adherence question is a single question about medication 

adherence in the past month: “In the past month, how often did you take your medications as the 

doctor prescribed?” Possible responses were “All of the time” (100%), “Nearly all of the time” (90%), 
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“Most of the time” (75%), “About half the time” (50%), or “Less than half of the time” (<50%). For the 

present comparison with the direct method, participants responding “most of the time” or rarer, 

were classified with reduced adherence (85). Both the MMAS-8 and the Gehi et al. adherence 

question have previously been shown to predict clinical cardiovascular outcomes using the same cut-

off values (84, 86). With the statin adherence question, we asked: “In the past seven days, how often 

did you take your statin as prescribed?” Possible responses were “Every day”, “6/7 days”, “5/7 days”, 

“4/7 days” or “<4/7 days”. Participants responding “5/7 days” or rarer were classified with reduced 

adherence as this corresponds to our definition of partial adherence in paper 1. In order to 

characterize the study population and to identify potentially modifiable factors associated with 

reduced adherence, we also explored several demographic, clinical and psychosocial variables as 

described in Table 3. 

3.6.3 Comparator  
 

We compared the resulting adherence classification between the self-report measures and the direct 

method developed in paper 1. The direct method allows discrimination among adherence, partial 

adherence (≥2 consecutive doses omitted) and non-adherence (>3 consecutive doses omitted). 

However, in the present study we merged participants classified with reduced adherence together 

with those classified as non-adherent. This was done for two reasons: First, there is no established 

and corresponding definition for partial adherence for the self-report measures. Second, the cut-off 

value for non-adherence by the direct method has important limitations due to its semiquantative 

nature. LDL-C concentrations in blood was compared among participants according to the 

classification of adherence by the different measurement methods. Furthermore, to validate our cut-

offs developed in paper one, we also compared LDL-C among patients classified as adherent, partially 

adherent and non-adherent by the direct method.   
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3.6.4 Statistics 

Differences in mean LDL-C concentrations among participants classified as adherent, partially 

adherent and non-adherent were tested using one-way ANOVA. Differences in clinical and 

psychosocial factors between participants classified with adherence vs. reduced adherence were 

explored with descriptive statistics and hypothesis testing as described under 3.4. Agreement 

between adherence classification by the direct method and the self-report measures were described 

with percentage agreement as well as by Cohen’s kappa (≤0 - no agreement to 1 – perfect 

agreement). Calculation of kappa values was conducted using VassarStats: Website for statistical 

computing (87). 

3.7 Study specific methods in paper 3 

3.7.1 Population 

We consecutively screened hospital discharge lists of patients with a diagnosis of a first or recurrent 

CHD event from Drammen and Vestfold hospitals between 2016 and 2019. In all, 2272 hospital 

medical records were examined and patients were excluded based on the study exclusion criteria as 

illustrated in Figure 2. The exclusion criteria included peripheral artery disease, any contraindication 

for atorvastatin, myopathy or liver failure with previous statin treatment (CK >10 x upper limit of 

normal range, ALT >3 x upper limit of normal range), short life-expectancy, unable to understand 

Norwegian, premenopausal females (childbearing potential) and/or participation in another 

randomized trial. Finally, we excluded patients with any condition or situation, which in the 

investigator’s opinion could put the subject at significant risk, confound the study results, interfere 

significantly with the subject participation in the study, or render informed consent unfeasible.  

After the initial screening of hospital medical records, we invited 982 potential participants to 

a telephone interview to assess potential eligibility. One hundred seven patients fulfilling eligibility 

criteria; self-reported muscle symptoms attributed to ongoing or previous treatment with 

atorvastatin, were invited to participate. In all, nine patients did not show up to baseline. At baseline, 
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all potential participants underwent an interview with two study physicians. The interview focused 

on the temporal relation between symptoms and atorvastatin exposure as well as a review of 

potential exclusion criteria prior to randomization. Eighteen patients were excluded at the baseline 

interview and three refused to participate allowing us to randomize 77 patients. 

3.7.2 Design and intervention 

3.7.2.1 The randomized trial – MUscle Side Effects of atorvastatin (MUSE) 

The study was a randomized, double blinded, crossover study designed to test the effect of 

atorvastatin 40 mg on the intensity of muscle symptoms in CHD patients with previous subjective 

muscle symptoms attributed to atorvastatin. The MUSE study design, methods and pilot results are 

thoroughly elaborated in a separate publication (88). Participants were randomly assigned to seven 

weeks of atorvastatin in treatment period 1 and 7 weeks of placebo in period 2, or vice-versa (AB-BA 

crossover design). An overview of the design is provided in Figure 4 below. Participants experiencing 

intolerable muscle symptoms were allowed to discontinue their allocated treatment prior to seven 

weeks. However, we encouraged continuation for at least three weeks to ensure adequate data for 

assessment of the primary outcome.  
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Figure 4 – Overview of study design and participant flow in Paper 3 

3.7.2.2 The control group 

The study also included an age and sex matched control group of CHD patients without any history of 

muscle complaints despite treatment with atorvastatin ≥40 mg. This group was assigned to seven 

weeks of open-label treatment with atorvastatin 40 mg to compare blood concentrations of 

atorvastatin and metabolites with the participants in randomized trial. 

3.7.3 Data collection 

Intensity of muscle symptoms (pain, tenderness, stiffness, cramps or weakness) was registered by 

the participants weekly in a diary on a VAS scale (0 – no symptoms to 10 – worst imaginable 

symptoms). On the last day of each treatment period, we obtained blood samples immediately prior 

to the next scheduled dose (C0 – trough concentration) and two hours after observed tablet intake 

(C2 – peak concentration). Participants were allowed a light meal prior to sampling of C0 samples but 

fasted between observed tablet intake and blood sampling at C2. We measured adherence to the 
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allocated treatment by counting remaining pills in returned containers (proportion of days covered 

(PDC) = (1 – number of remaining pills/number of pills delivered to patient) x 100%). We also 

measured adherence directly in blood by the direct method developed in paper 1 (classified as non-

adherent at the end of the placebo period and adherent at the end of the atorvastatin period). 

3.7.4 Randomization and blinding 

We used an electronic randomization system to randomize participants 1:1 to double-blinded 

treatment with atorvastatin or matching placebo. Block sizes of four and six in random order, 

stratified according to study site and previous discontinuation of atorvastatin, were used to minimize 

the risk of imbalance between groups as the trial included a relatively low number of participants. 

The capsules, containing atorvastatin or placebo, were identical in appearance. We collected the 

containers at the end of the first treatment periods ot avoid participants attempting to compare 

capsules between the treatment periods. Results of all laboratory tests, including LDL-C, CK and ALT, 

were unavailable to all participants and the study personnel within the trial period. 

3.7.5 Outcomes 

The primary outcome was the individual difference in muscle symptom intensity between the 

treatment periods – defined as the difference between the VAS scores for the mean of the last three 

weeks of the atorvastatin period and the mean of the last three weeks of the placebo period.  

Secondary outcomes: 

 Proportion with confirmed SAMS – 25% higher individual mean VAS-score during the 

atorvastatin period than the placebo period, and ≥1 cm absolute difference. 

 Relationship between muscle symptom intensity and systemic exposure to atorvastatin - 

correlation between individual differences in mean muscle symptom intensity and 

concentrations of atorvastatin and metabolites in blood among patients with confirmed 

SAMS. 
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 Diagnostic properties of atorvastatin and metabolites for classification of truly statin 

dependent muscle symptoms – sensitivity, specificity and area under the ROC curve of blood 

concentrations of atorvastatin and metabolites for the classification of confirmed SAMS.  

 Differences in mean blood concentrations of atorvastatin and metabolites in RCT participants 

defined as non-SAMS and the control group. 

 Adherence to allocated treatment – pill counts (proportion of days covered) and direct 

measurement in blood at the end of each treatment period.  

3.7.6 Statistics 

We based our sample size calculation on the ability to detect a one cm difference in VAS score 

between the treatment period with atorvastatin and the period with placebo. In a previous study, a 

1.3 cm change in VAS score, corresponded to ‘a little more’ or ‘a little less’ symptoms (lower limit of 

the 95% CI at 1 cm, SD 1.7 cm) (89). For 90% power to detect a difference of 1.0 (SD 2.5), using a one-

sample T test, and for 80% power to detect a difference of 40% SAMS under statins vs. 15% SAMS 

under placebo, a sample size of n=68 was needed (McNemars test for paired probabilities). We 

planned to include 80 participants, thereby accounting for potential dropouts and protocol 

deviations. All statistical analyses were pre-specified, except where noted in the paper, and 

described in detail in the Statistical Analysis Plan (90). The primary outcome (95% CI) was estimated 

by linear regression with change in symptom intensity between treatment periods as the dependent 

variable and previous atorvastatin discontinuation and study site as covariates. As there is only one 

primary analysis in the trial, all other analyses are considered supportive or exploratory. The 

relationship between muscle symptom intensity and blood concentrations of atorvastatin and 

metabolites was estimated using Spearman rank correlation coefficients. 
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4. Results 

4.1 Paper 1 

Baseline clinical and demographic characteristics were not different between the test and control 

groups (p-values ranged from 0.15 to 0.94). The sum of atorvastatin and all metabolites correlated to 

a high degree with the atorvastatin dose administered as shown in Table 4. 

Table 4 – Correlation between blood plasma concentration of atorvastatin and/or metabolites and 

atorvastatin dose in Paper 1 

Analyte Spearman’s rho 95% CI 

ATV acid (parent drug) 0.598 0.257 – 0.806 

ATV acid and lactone 0.587 0.241 – 0.800 

2OH ATV acid and lactone 0.752 0.501 – 0.886 

4OH ATV acid and lactone 0.713 0.435 – 0.867 

ATV acid + 2OH ATV acid and lactone 0.697 0.409 – 0-858 

ATV acid + 4OH ATV acid and lactone 0.626 0.298 – 0.821 

ATV acid + all five metabolites 0.714 0.437 – 0.867 

Obtained using Spearman’s correlation using t0 samples handled at low temperature. ATV, atorvastatin; 2OH, ortho-

hydroxyl, 4OH, para-hydroxyl. 

 

Calculated half-lives were median 14 (range 11-24) hours for atorvastatin acid, 13 (10-20) hours for 

atorvastatin lactone, 15 (12-48) hours for 2-OH atorvastatin acid, 15 (11-37) hours for 2-OH 

atorvastatin lactone, 21 (14-42) hours for 4-OH atorvastatin acid, and 19 (13-40) hours for 4-OH 

atorvastatin lactone.  

The dose-normalized atorvastatin plus metabolites concentrations separated all subjects in 

the partially adherent test group from the adherent controls at 0.18 (nmol/L)/mg after 3 days 

without atorvastatin for the samples handled in ambient temperature (Figure 5). To minimize the risk 
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of classifying adherent patients as partially adherent, we suggest a cut-off value of 0.10 (nmol/L)/mg 

(Figure 5). 2-OH atorvastatin acid with instrument response corresponding to a standardized 

concentration threshold at 0.0.14 nmol/L was the most appropriate discriminator for non-adherence 

(not shown in figure). After stopping drug intake, the estimated time to reach this threshold was 

median 3.8 days (range 2.2 to 14 days) for the 10 mg dose, 4.3 days (2.8-16) for the 20 mg dose, 5.0 

days (3.3-18) for the 40 mg dose, and 5.6 days (3.8-20) for the 80 mg dose. 

 

Figure 5 - Tukey box‐and‐whisker plots of dose‐normalized concentration sums of atorvastatin acid 

and five metabolites (nM/mg) in the completely adherent control group and the test group omitting 

drug intake over a period of 3 days. Blue boxes represent samples handled in low temperature and 

red boxes ambient temperature.  
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4.2 Paper 2 

Key baseline characteristics of all participants are provided in table 2. The direct method classified 

344 (92.2%) participants as adherent whereas 29 (7.8%) participants were classified with reduced 

adherence. In patients classified as adherent by the direct method, 21% (n=73) reported side effects 

attributed to their cardiovascular drugs, whereas 41% (n=12) classified with reduced adherence 

reported such side effects (p=0.007). Otherwise, there were no differences in clinical, 

sociodemographic or psychological characteristics between these groups. Overall agreement 

between the direct method and self-reported adherence was fair to moderate (Figure 6).  

Figure 6 – Agreement between directly measured adherence to atorvastatin and self-report 

adherence measures in Paper 2. Blue colors represents the direct method, red colors represents the 

self-report measures. 

In participants classified with reduced adherence by the direct method, 40%, 32% and 22% were also 

classified with reduced adherence by the statin adherence question, MMAS-8 and the Gehi et al. 
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question, respectively. For participants classified as adherent by the direct method, 96%, 95% and 

94% reported accordingly on the statin adherence question, MMAS-8 and the Gehi et al. question.  

Blood LDL-C concentrations were higher in patients with reduced adherence (mean 2.8 

mmol/L [SD 1.0]) compared to those classified as adherent (mean 1.9 mmol/L [SD 0.6]) by the direct 

method (p<0.001). Participants self-reporting reduced adherence to statin therapy the past seven 

days (n=19, 5.5%) had higher LDL-C than those reporting to be adherent (mean 2.8 mmol/L [SD 1.0] 

vs. 1.9 mmol/L [SD 1.0], p=0.001). For the Gehi et al. adherence question, participants reporting 

reduced adherence to medication (n=11, 3%) had higher LDL-C than those reporting to be adherent 

(mean 3.2 mmol/L [SD 1.1] vs. 1.9 mmol/L [SD 1.0], p=0.004). LDL-C in participants classified with 

reduced adherence by MMAS-8 was not different from those classified as adherent (mean 2.1 

mmol/L [SD 0.8] vs. 1.9 mmol/L [SD 1.0], p=0.07). 

The non-participants (rest of the NOR-COR cohort) had a less favorable cardiovascular risk 

profile including poorer LDL-C control, higher hs-CRP and more comorbidities than the study 

participants (Table 5). 

Table 5 – Key baseline characteristics of non-participants and participants in the present sub-study. 

Characteristic Non-participants 

(N=754, 66.9%) 

Present sub-study 

(N=373, 33.1%) 

p-value 

Sociodemographic factors    

   Female, n (%) 169 (22.4) 70 (18.8) 0.105 

   Age in years, mean (SD) 62.0 (9.8) 60.9 (9.2) 0.054 

Clinical factors    

   Acute myocardial infarction, n (%) 573 (76.0) 321 (86.1) <0.001 

   >1 coronary event prior to the index event, n (%) 254 (33.7) 85 (22.8) 0.001 

   LDL-C in mmol/L, mean (SD) 2.2 (0.8) 1.9 (0.7) 0.001 

   Charlston comorbidity score, mean (SD) 4.2 (1.5) 3.9 (1.3) 0.006 
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   C-reactive protein, median (IQR) 1.7 (0.9-3.0) 1.4 (0.6-2.7) 0.010 

   Diabetes, n (%) 149 (19.8) 43 (11.5) <0.001 

   Physical activity <1 time per week, n (%) 146 (19.8) 52 (13.9) 0.023 

Psychological factors 

   HADS-A, mean (SD) 4.8 (3.8) 4.7 (3.7) 0.833 

   HADS-D, mean (SD) 4.0 (3.3) 3.6 (3.1) 0.052 

   Bergen insomnia scale, mean (SD) 14.2 (11.0) 13.4 (10.4) 0.281 

   Type D social inhibition score, mean (SD) 7.5 (5.6) 7.7 (5.7) 0.432 

   Type D negative affectivity score, mean (SD) 7.1 (5.9) 6.8 (5.9) 0.459 

HADS-A: Hospital Anxiety and Depression scale – anxiety subscale; HADS-D: Hospital Anxiety and Depression scale – depression 

subscale 

 

 

4.3 Paper 3 
 

2272 consecutive hospital medical records were screened to identify 982 possibly eligible CHD 

patients. These patients were screened for SAMS through invitation letters and telephone interviews. 

All participants reporting previous or ongoing muscle symptoms attributed to atorvastatin treatment 

during telephone interviews were invited to baseline (n=107). Ninety-seven patients (9.9%) still 

reported SAMS at baseline and 77 were randomized. Seventy-one participants completed the trial. 

The participant flow-chart is shown in Figure 2. 

Adherence to allocated intervention was confirmed by pills counts (99% of pills removed 

from containers) and by the direct method (one patient excluded from per protocol analyses due to 

atorvastatin present in blood during placebo period). Table 6 shows balanced key baseline 

characteristics by randomized treatment sequences among participants who completed the trial. 

Table 6 – Key baseline characteristics of participants according to randomized treatment sequence in 

Paper 3 
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Characteristic Atorvastatin  

placebo 

N=36, (50.7%) 

Placebo  

atorvastatin 

N=35 (49.3%) 

Total 

(N=71) 

Demographics    

   Age (years), mean, (SD)   63.8 (7.8) 63.1 (11.0) 63.5 (9.5) 

   Female, n (%) 12 (33.3) 11 (31.4) 23 (32.4) 

   Low educationa, n (%) 21 (58.3) 24 (68.6) 45 (63.4) 

Index coronary diagnosis    

   Myocardial infarction, n (%) 30 (83.3) 30 (85.7) 60 (84.5) 

   Time since last coronary event, months, mean (SD) 25.0 (16.4) 20.4 (10.0) 22.7 (13.7) 

Statin treatment and history of intolerance     

   Previous atorvastatin discontinuation due to side 

effects, n (%) 

13 (36.1) 13 (37.1) 26 (36.6) 

   Moderate or low intensity statin therapyb, n (%) 19 (52.8) 12 (34.3) 31 (43.7) 

   No ongoing statin therapy, n (%) 5 (13.9) 3 (8.6) 8 (11.3) 

   Total number of statins used previously, mean (SD) 1.36 (0.64) 1.31 (0.58) 1.34 (0.61) 

   Used 2 different statins previously, n (%) 7 (19.4) 7 (20.0) 14 (19.7) 

   Used 3 different statins previously, n (%)  3 (8.3) 2 (5.7) 5 (7.0) 

Laboratory tests    

   Low density lipoprotein cholesterol (mmol/L), mean 

(SD) 

2.50 (1.19) 2.29 (0.85) 2.40 (1.03) 

   Creatine kinase (U/L), mean (SD) 136 (99) 146 (94) 141 (96) 

   Alanine aminotransferase (U/L), mean (SD) 34.8 (16.5) 35.5 (23.8) 35.1 (20.3) 

   High-sensitivity C-Reactive Protein (mg/L), mean (SD) 3.62 (8.08) 2.39 (0.85) 3.01 (6.03) 

Comorbidities    

   >1 previous coronary event, n (%) 10 (27.8) 16 (45.7) 26 (36.6) 

   Heart failure, n (%) 8 (22.2) 6 (17.1) 12 (16.9) 

   Arthrosis, n (%) 15 (41.7) 10 (32.3) 25 (37.3) 
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Concomitant medication used regularly    

   Total number of concomitant drugs, n (SD) 5.3 (2.3) 5.5 (1.9) 5.4 (2.1) 

   NSAIDs or analgesics, n (%) 7 (19.4) 5 (14.3) 12 (16.9) 

NSAIDS: Non-steroidal anti-inflammatory drugs 

aLow education was defined by completion of primary and secondary school only. 

bHigh-intensity statin therapy means drug regimens that are known to lower LDL cholesterol on average by 

approximately 50%: (i.e. ≥40 mg atorvastatin/day or ≥20 mg rosuvastatin/day). All the other drug regimens were 

considered as low- or moderate-intensity statin treatment. 

 

 Atorvastatin did not affect the intensity of muscle symptoms (Figure 7). Among the 71 

patients who completed the trial 20 (28%) had more symptoms during treatment with atorvastatin 

(confirmed SAMS), 39 (55%) had similar symptom intensity during both periods, and 12 (17%) had 

more muscle symptoms during the placebo period. 

  

Figure 7 – Effect of atorvastatin on muscle symptom intensity in Paper 3. ATV, atorvastatin; FAS, full 

analysis set, PPS, per-protocol set; SAMS, statin-associated muscle symptoms. 

 Among participants with confirmed SAMS, there were no correlation between muscle 

symptom intensity and blood plasma concentrations of atorvastatin and/or metabolites (Spearmans 

rho ≤0.4 for all. Clinical and pharmacogentic characteristics did not differ among participants 
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classified with confirmed SAMS, non-SAMS and the control group without any history of muscle 

symptoms (Table 7). 

Table 7 - Characteristics of participants in the crossover trial and the control group in Paper 3 

Characteristic Confirmed SAMS 

n=20 (28.1%) 

Non-SAMS 

n=51 (71.8%) 

Control group 

n=40 

Baseline characteristics    

Women, n (%) 7 (35.0) 16 (31.4) 12 (30.0) 

Age (years), mean (SD) 64.1 (11.0) 63.2 (8.9) 64.2 (8.6) 

Previous atorvastatin discontinuation, n (%) 8 (40.0) 28 (54.9) 0 (0) 

High intensity statin at baseline, n (%) 12 (60.0) 28 (54.9) 38 (95.0) 

Body mass index (kg/m2), mean (SD) 27.6 (4.1) 28.5 (4.4) 28.3 (4.1) 

High physical activity, n (%) 12 (60.0) 27 (54.0) 23 (57.5) 

Alanine aminotransferase (U/L), mean (SD) 30.7 (14.9) 36.9 (21.9) 41.6 (23.4) 

Creatinine (µmol/L) 84.7 (40.6) 81.9 (16.5) 82.3 (35.6) 

Estimated GFR (ml/min/1.73m2), mean (SD) 78.7 (18.2) 78.5 (12.8) 78.6 (17.4) 

Total number of concomitant drugs, n (SD) 5.9 (2.5) 5.2 (1.9) 5.3 (1.6) 

Regular use of analgesics, n (%) 4 (20.0) 11 (21.6) 3 (7.5) 

CYP3A4 *1/*1, n (%) 17 (85.0) 47 (92.2) 37 (92.5) 

CYP3A4 *1/*22, n (%) 3 (15.0) 4 (7.8) 3 (7.5) 

CYP3A4 *22/*22, n (%) 0 (0) 0 (0) 0 (0) 

CYP3A5 *1/*1, n (%) 0 (0) 0 (0) 0 (0) 

CYP3A5 *1/*3, n (%) 3 (15.0) 6 (11.8) 7 (17.5) 

CYP3A5 *3/*3, n (%) 17 (85.0) 45 (88.2) 33 (82.5) 

SLCO1B1 *1/*1, n (%) 17 (85.0) 37 (72.6) 26 (65.0) 

SLCO1B1 *1/*5, n (%) 3 (15.0) 14 (27.5) 13 (32.5) 

SLCO1B1 *5/*5, N (%) 0 (0) 0 (0) 1 (2.5) 

Characteristics during the treatment period 

on atorvastatin 
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Alanine aminotransferase (U/L), mean (SD) 29.9 (14.4)a 33.5 (17.1) 45.0 (59.7) 

Creatine Kinase (U/L), mean (SD) 102 (41.1) 152 (83.6) 128 (77.6) 

Lactate Dehydrogenase (mmol/L), mean (SD) 165 (35.0) 180 (37.2) 181 (28.3) 

SD: standard deviation; nM: nano-mol; C: concentration; CI: confidence interval 

aOne patient with an adverse reaction (i.e. elevation of alanine aminotransferase >10 x upper normal limit) at the end 

of the atorvastatin treatment period was excluded from this analysis. 
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5. Discussion 

5.1 Summary of main findings 

Poor statin adherence represent a major public health concern in the prevention of CHD. Valid 

methods for measuring adherence and more knowledge of statin side effects are of utmost 

importance to quantify, understand and address this challenge. The present PhD-project has 

developed a novel way of directly measuring adherence to atorvastatin, the most commonly used 

statin, based on blood concentrations of the parent drug and its major metabolites. We have shown 

that the direct method may classify patients as adherent, partially adherent or non-adherent with 

high sensitivity and specificity.  

Applying this method in a cohort of 373 Norwegian CHD patients, we have shown that only 

22-40% of patients detected as having reduced adherence with the direct method, responded 

correspondingly on anonymous self-report questionnaires. On the other hand, 90% of the 

participants that were tested adherent by the novel direct method, self-reported being adherent to 

their statin in the past seven days.  

Finally, we estimated a prevalence of 10% SAMS in an outpatient CHD population. In a 

crossover RCT, atorvastatin 40 mg did not affect the intensity of muscle symptoms in these patients.  

There were no correlation between levels of atorvastatin in blood and muscle symptoms on the 

subgroup classified with confirmed SAMS. Altogether, these results suggest that muscle symptoms 

have causes other than the statin in most patients.  

5.2 Directly measuring statin adherence 

Given valid assays and criteria to translate the outcome into terms of adherence, 

measurement of drug blood concentrations provides proof of actual drug intake and thereby 

eliminate the most important limitations of indirect measures (Table 1). For atorvastatin, several 

assays have been described (91-93), and employed to determine adherence (93, 94). However, to 
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interpret these results, an understanding of measured concentrations in relation to drug intake is 

required. In paper one, we estimated that atorvastatin and/or metabolites are detected for several 

weeks after the last dose had been ingested. Classifying adherence by presence or absence of the 

drug in blood, solely, is therefore likely to provide suboptimal sensitivity in a clinical setting given the 

high detection sensitivity of modern LC-MS/MS and the half-life of atorvastatin. Further, as the limit 

of detection will vary between and within laboratories, such a dichotomous approach has limitations 

concerning standardization, as the limit of detection will vary between laboratories. The method 

developed in paper one takes direct measurement of atorvastatin adherence a step further, allowing 

a more fine-tuned assessment of adherence that relates to a number of days without drug intake. It 

is uncertain to what extent differentiation between partial adherence (2 or 3 days omitted) and non-

adherence (>3 days omitted) represent a clinically meaningful entity, and whether the suggested cut-

offs reflect long-term adherence. We did, however, find that partially adherent patients had 

significantly higher concentrations of LDL-C (2.4 mmol/L) from those classified as adherent (1.9 

mmol/L), and significantly lower than or non-adherent patients (3.6 mmol/L) in paper two. In a 

recent study, Rodriquez et al. applied pharmacy refill data to measure statin adherence (medication 

possession ratio, MPR) in 347 000 patients with CHD (29). They demonstrated a graded relationship 

between statin adherence and all-cause mortality: In patients with MPR <50% the hazard ratio (HR) 

was 1.30, in those with MPR 50% to 69% the HR was 1.21, and even in patients with MPRs up 70% to 

89%, the hazard ratio for all-cause mortality was 1.08 (95% CI 1.06 to 1.09). This underlines the 

clinical relevance of fine-tuned methods when using blood concentrations for measuring statin 

adherence (29). In the study by Rodriguez, efforts were made to adjust for overall healthy behavior. 

Nonetheless, the healthy adherer effect cannot be fully excluded (95, 96).  

Although adherence measured by self-report questionnaires reflect dispensing data and 

predict CVD events, they tend to overestimate drug intake when compared to more robust measures 

(86, 96-99). We found that only 22%-40% of those with atorvastatin blood concentrations suggestive 

of reduced adherence self-reported accordingly, underlining the fact that self-report is prone to both 
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recall and reporting bias and do not prove actual drug intake. Similarly, Bergland et al. reported poor 

overlap between self-report data and directly measured adherence to antihypertensive medications 

(100). Along these lines, a recent state of the art review advised against using self-report as the sole 

measure of adherence in future studies (41). Indeed, the most recent ESC/ESH guidelines on 

hypertension from 2018 recommend to measure drug concentrations in blood or urine in patients 

with apparent treatment-resistant hypertension (101).  

5.3 Estimated prevalence of reduced adherence and potential correlates 

The estimated prevalence (8%) of reduced adherence to atorvastatin in our study was much lower 

than estimates from outside Norway were 20%-50% of patients are found to be non-adherent after a 

CHD event (35, 36). However, comparisons are difficult due to societal differences as well as 

differences in healthcare systems and measurement methods. Medication costs are known to 

influence statin adherence (48, 102). In Norway, CHD patients only pay a deductible amounting to 

approximately 35 USD/year, thereby largely removing the economic adherence barrier (103). In the 

recent nationwide study from Norway by Bergland et al, 7.3% of patients were found to be non-

adherent to their antihypertensive medication based on measurement of drug concentrations with 

predefined cut-offs (100), much like in our study. Similarly, another Norwegian study by Halvorsen et 

al. reported a 6% drop in the proportion of patients being prescribed a statin within the first year 

after a CHD event (40). Although the study by Halvorsen et al. does not indicate to what extent the 

pills are taken by the patients, it supports a notion of relatively high adherence to medication in 

Norwegian CHD patients.  

 Mental health issues and personality traits are associated with poor adherence. In particular, 

depression and type D personality has been associated with poor adherence to CHD medications in 

several studies (32, 85, 104, 105). This association has not previously been explored in a setting of 

directly measured statin adherence as reported in paper two. Albeit a small non-significant numerical 

trend towards more depressive symptoms in patients with reduced adherence (HADS-D 5.2 (reduced 
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adherence) vs. 4.7 (adherent), these results are within the normal range indicating a low symptom 

burden in our sample. Further, lack of power did not allow us to dichotomize at clinically relevant 

cut-offs (HADS ≥8). The same applies to the insomnia scale and the type D subscales. Patient 

selection could possibly explain these results. The scores of the participants in this sub study did not 

differ from the rest of the total NOR-COR cohort. Hence, our results do not undermine the 

importance of the established association between psychological factors and poor adherence. 

 We found that drug-related side effects were reported in a higher proportion of participants 

classified with reduced adherence than those who were adherent (41% vs 21%, p=0.007). Although 

we did not enquire about statin side effects specifically, it is likely that a significant proportion of 

their side effects are statin-related. In a large US survey of 10 000 former and current statin users, 

muscle symptoms were reported by 60% and 25%, respectively (67), and a large Swedish RCT 

recently reported side effects as being the most common reason for statin discontinuation in CHD 

patients (106) .  

5.4 Muscle side effects of statins 

Ten percent of the CHD patients screened for participation in the MUSE trial reported muscle 

symptoms self-perceived as caused by atorvastatin. This reflects the frequency of which health care 

providers face patients with SAMS and our estimated prevalence is the same as reported in the large 

PRIMO survey from France (66). In a recent meta-analysis including >4 000 000 patients, the overall 

prevalence of statin intolerance was 9.1% (17% in cohort studies and 5% in RCTs). When formal 

diagnostic criteria were applied, the overall prevalence was 6% to 7% (107). MUSE participants were 

not selected based on formal diagnostic algorithms for SAMS. Indeed, upon review of hospital 

medical records we could not find that systematic re-challenge had been conducted in any of the 

participants. This may increase the generalizability of our results, as one can argue that these are the 

patients faced in routine clinical practice. 
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 Overall, we found no effect of atorvastatin on the intensity of muscle symptoms. Although 

28% of participants fulfilled our predefined definition of confirmed SAMS, 17% reported more 

symptoms on placebo than atorvastatin, indicating a nocebo effect. After trial completion, we 

presented the study results to all participants and provided tailored advice regarding further lipid 

lowering treatment. After 13 months follow-up, 91% were able to tolerate a statin including 16 of the 

20 participants classified with confirmed SAMS (108). Two N-of-1 trials from the UK studying the 

effect of atorvastatin 20 mg/day have recently reported similar results (109, 110). One of these trials 

also included periods without tablets at all as well as periods with statin and placebo, allowing the 

authors to conclude that 90% of the participants’ symptoms were due to the nocebo effect (111). 

Even in highly selected and perceived statin-intolerant patients recruited to test proprotein 

convertase subtilisin/kexin type 9 inhibitors, the vast majority can indeed tolerate blinded 

atorvastatin treatment (112). Altogether, it seems that for most patients, muscle side effects of 

atorvastatin are caused by the act of taking a pill rather than the by its content.   

 By introducing a negative expectation of side effects, Tinnermann et al. have demonstrated a 

physiological rationale for the nocebo effect (113). In an experiment, they showed that labelling an 

inert medication as “expensive” produced more side effects as compared to a labelling it as “cheap”, 

despite the content being identical. Functional magnetic resonance imaging during the experiment 

revealed differences in brain activity in areas involved in pain processing (113).    

5.5 Muscle side effects and systemic atorvastatin exposure 

Despite several previous studies have suggested a connection between muscle symptoms and blood 

concentrations of atorvastatin and metabolites (61), in particular the lactone forms (62, 63, 114), we 

found no such relationship in MUSE. Neither trough nor peak concentrations correlated with the 

intensity of muscle symptoms in patients classified with confirmed SAMS. A stringent and blinded 

test procedure allowed evaluation of the causal relationship between the drug and the symptoms. 

Although MUSE could not verify the existence of a small sub-group with truly statin-dependent 
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symptoms, such a population likely exists (115). By selecting participants based on previous statin 

discontinuation or subjective intolerance to a certain number of statins, we would likely have 

increased the proportion of patients with truly statin-dependent symptoms and thereby statistical 

power. Nonetheless, it remains uncertain whether the plasma concentration of atorvastatin and 

metabolites reflect the local drug exposure in muscle tissue.  
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6. Limitations 

6.1 General limitations 

Several methodological aspects should be considered when interpreting the results of this thesis. In 

the following, the most important limitations are elaborated.  

First, all study participants had established CHD. The results are therefore not outright 

representative of other patient categories. For example, statin adherence is apparently poorer in a 

setting of primary prevention than in secondary prevention (116). Furthermore, the vast majority of 

participants were Caucasian. This needs consideration when applying the results to populations of 

other decent as they differ in important characteristics affecting the pharmacokinetics of 

atorvastatin (117). This may influence classification of adherence as well as susceptibility to side 

effects. Further, we only studied atorvastatin. Other statins may entail a higher or lower risk of 

muscle side effects. Altogether, these limitations reduce the generalizability (i.e. external validity) of 

the results.  

Second, we used the same LC-MS/MS assay for measuring atorvastatin and metabolites 

across the studies. Although considered the gold standard for measuring drugs and metabolites in 

blood, the LC-MS/MS assay has some random uncertainties. During method validation, the 

coefficients of variation (CVs) were maximum 8.1% across the measurement ranges for all six 

analytes. Carryover from one sample to the next and interferences from other components are 

potential sources of error. These methodological aspects have been evaluated and found to be equal 

to zero in the present method. Ion suppression (i.e. reduction of instrument signals caused by plasma 

components) was observed for three of the analytes. These matrix effects were corrected by 

applying isotope-labeled internal standards in each sample (55). To ensure correct calibrator levels, 

the declared degree of purity of the substances was used in the calculation of the solutions’ 

concentrations. The calibrator solids were either purchased in exact weight from the manufacturer, 

or they were weighted in-house using a weight that was quality assured according to the ISO15189 
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standard. Despite the abovementioned precautions, systematic measurement error cannot be 

entirely excluded. The same personnel used the same instruments and conducted all LC-MS/MS 

analyses at the same laboratory. Hence, there is likely a very low variation between the 

measurements in the different studies. However, there may still be limitations with regards the 

generalizability of measured concentrations as we did not attempt to compare our measurements to 

other laboratories performing the same analyses (e.g. proficiency testing scheme).  

Third, the number of study participants were relatively low. In paper one, the purpose of the 

study was to establish detection limits, and the number of participants was decided accordingly. 

Paper two is a post-hoc analysis, the number of participants were therefore predefined. Hence, for 

paper one and two, there were no a priori power calculations and the results from statistical analyses 

should be considered explorative. With low statistical power, there is a risk of rejecting a null 

hypothesis when it is in fact true (i.e. finding an effect when there actually is none – type 1 error), as 

well as not rejecting a null hypothesis when it is in fact false (i.e. not finding an effect when there 

actually is one - type 2 error). Small sample size does not allow adjusted statistical analyses, and 

advocates caution upon conducting and interpreting hypothesis testing. With a larger number of 

participants we could have explored factors affecting blood concentrations of atorvastatin in paper 

one, potentially modifiable factors associated with reduced adherence in paper two, and possibly 

more patients with confirmed SAMS would have been found in paper three. In paper three, the study 

was powered for the primary endpoint. Hypothesis testing beyond the primary endpoint are there 

considered explorative. For example, the subgroup who were not using atorvastatin at baseline 

(N=26, Figure 7) had a lower bound of the 95% CI at -0.18 and an upper bound at 1.94. The difference 

is therefore not statistically significant. It is possible that this represent a type 2 error as a larger 

sample size would produce a narrower confidence interval and potentially statistically significant 

difference. 
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Finally, we plotted all study data manually into SPSS for management and analyses. Although two 

persons conducted this together and random sampling by a third person checked quality, there is a 

risk that errors may have occurred. This would, however, likely represent random error and thus not 

bias the results. 

6.2 Study specific limitations 

6.2.1 Paper 1 

The number of patients on each dose level was low. Hence, the cut-offs may not fully address 

pharmacokinetic variability (i.e. genetic sequence variants and interacting drugs). Along these lines, 

the metabolite concentrations were apparently extremely high in a single patient. We were unable to 

conclude whether this represent failure to comply with study protocol or true pharmacokinetic 

variation. Hence, we cannot exclude the possibility that some patients with extremely high or low 

dose-normalized blood concentrations may be misclassified with our algorithm.  

Participants were followed for three days without atorvastatin intake. Therefore, we only have 

empirical data on plasma concentrations for patients skipping three consecutive doses. Further, 

concentrations beyond three days were extrapolated based on pharmacokinetic simulation, which 

brings along uncertainty as compared to empirical data. To what extent our cut-offs reflect other 

forms of reduced adherence (i.e. implementation issues) is unknown. 

The problem of escape dosing is not fully addressed as we did not simulate escape intake at 

other time intervals than 2 hours before blood sampling. A myriad of possibilities for escape dosing 

will exist in clinical practice.   

The suggested cut-off values are dose-normalized as the drug dose was highly correlated to 

measured concentrations of atorvastatin and metabolites. By using the sum of all metabolites, 

pharmacokinetic variation may be accounted for to some extent. However, atorvastatin blood 

concentrations vary significantly among patients taking the same dose, and it is therefore possible 
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that our cut-off values should be adjusted for additional patient factors (for example 

pharmacogenetic variants) upon validation in a larger sample (118). 

6.2.2 Paper 2 

The present study was a single-center study as only patients from cohort Vestfold had bio-banked 

blood samples for direct adherence testing. This is particularly important concerning the estimated 

prevalence of reduced adherence. The non-participants (rest of the NOR-COR cohort) differed in 

important clinical and biochemical characteristics related to poor statin adherence, such as LDL-C, 

CRP and comorbidities. Vestfold Hospital also has a well-developed cardiac rehabilitation program 

with close follow-up of CHD patients. It is therefore likely that the non-participants would include a 

higher proportion of patients with reduced adherence. Furthermore, adherence was measured 

median 16 months after the index CHD event. As poor statin adherence is associated with poor 

prognosis (29), there is a risk of survival bias affecting the number of participants with poor 

adherence in our sample.  

We chose to use the sum of atorvastatin and all metabolites when determining adherence. The 

reason for choosing this six-component sum was to account for a potentially higher pharmacokinetic 

variation in a larger sample than in the sample of paper one. Potentially, other metabolites or sums 

of metabolites (e.g. atorvastatin acid plus lactone) could be superior to classify adherence.  

The relationship between adherence and LDL-C is based on a spot measurement of LDL-C. 

Ideally, we would assess atorvastatin and metabolites in relation to either absolute or relative 

change in LDL-C, as well as a spot measurement. This would have allowed evaluation of the effect of 

reduced adherence over time. However, this was not possible due to the lack of lipid values at the 

time of the index event in many study participants. 

The self-report questionnaire used in NOR-COR, from which parts of the data for paper two was 

collected (table 3), was comprehensive. Its reproducibility has been evaluated in a test-retest study 

of 99 CHD patients showing high intra-individual reproducibility (119). Nonetheless, factors such as 
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the patients understanding of questions, confusion or distraction may introduce errors and affect the 

statistical associations (120). 

6.2.3 Paper 3 

If well conducted, double-blinded RCTs provide high internal validity and are considered the gold 

standard methodology in clinical research. The observed effects in RCTs are either caused by the 

study intervention tested, or by coincidence which is assessed by the hypothesis testing. This 

contrasts observational research where systematic differences between treatment groups (bias) 

frequently occur. However, the generalizability of RCTs is largely confined to patients fulfilling the 

trial inclusion criteria. In MUSE, we did not base inclusion criteria on proposed diagnostic algorithms 

for SAMS (47, 72). However, these algorithms have not previously been validated against a gold 

standard for diagnosing SAMS (i.e. blinded crossover study) and were not routinely used in clinical 

practice at the time of planning this study. On one hand, the use of these algorithms as formal 

inclusion criteria would likely have decreased the number of patients with symptoms with other 

causes than atorvastatin (107). On the other hand, their use could have contributed to poorer 

generalizability to routine clinical practice. Along these lines, it is noteworthy that 16 out of 19 

patients with previous intolerance to two or more statins were classified as non-SAMS in MUSE. We 

excluded patients with a short life expectancy. These are older, have more comorbidities and 

concomitant medications and therefore an increased likelihood of experiencing side effects.  

 The MUSE trial tested the effect of atorvastatin on muscle symptoms only. Even though 

muscle symptoms is by far the most common side effect of statins, other statin side effects were not  

evaluated.             

 The MUSE trial included only one crossover. With several crossovers, the possibility of 

random fluctuations in muscle symptoms affecting our results would have been minimized and our 

results strengthened. In an early phase, we planned MUSE with two crossovers, but due to practical 

issues of study implementation and costs, a single crossover was chosen. Given the results of recent 
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N-of-1 trials with several crossovers, it is likely that even fewer patients with confirmed-SAMS would 

have been found. We did inform the participants only to report muscle symptoms that they had 

previously experienced and attributed to statin intake. Our conclusion that only a minority of 

patients confronting physicians with SAMS truly have statin-dependent symptoms, is therefore 

nonetheless valid.  

 The study participants reported their muscle symptoms in a diary. This may introduce 

reporting bias as participants may have consulted previous results upon reporting, as opposed to 

being blind to previously reported symptom intensity. This is of particular importance if participants 

had compared their results from the previous treatment period. To reduce this risk, we therefore 

collected the diaries between the treatment periods. 

 We measured atorvastatin and metabolites immediately prior to the scheduled dose and two 

hours after ingestion of atorvastatin. This yields the trough and peak concentrations, but does not 

reflect the exposure throughout the entire dosing interval. It is possible that the total exposure 

would have correlated better with the intensity of muscle symptoms and therefore be better suited 

to discriminate patients with truly statin-dependent symptoms. Blood sampling several times each 

study day, however, would have markedly limited participation and hence the generalizability.  
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7. Ethical considerations 

All studies were conducted in accordance with the ethical principles of the Declaration of Helsinki 

and in consistence with ICH/Good Clinical Practice. All patients gave written informed consent prior 

to study start. The study protocol for paper one was reviewed by the Regional Committee for 

Medical and Health Research Ethics and The Norwegian Medicines Agency. However, they did not 

define the study as a study requiring approval as they did not define it as health research aiming to 

ascertain or verify/compare the efficacy or safety of atorvastatin.  The study was approved by the 

local Data Protection Officer (16/00117–107). The study protocol for paper two was approved by the 

Regional Committee for Medical and Health Research Ethics (2013/1885). Since study data was 

collected before July 2018, approval from the local Data Protection Officer was not required. The 

MUSE trial (paper three) was reported according to the CONSORT guidelines and registered in the 

European Clinical Trials Database (2018-004261-14) and at ClinicalTrials.gov (NCT03874156), prior to 

inclusion of the first patient. The trial was approved by the Regional Committees for Medical 

Research Ethics (2018/2302), the Norwegian Medicines Agency (18/17102-16), and the local data 

protection officers (16/00117-137). The trial was monitored by research cardiologists.  

Except for a comprehensive and demanding study protocol with repeated blood sampling, I 

am not aware of important ethical issues in paper 1. The potential risk of adverse cardiovascular 

events during the period without statin treatment is very low (121) .     

  Ethical issues in paper two relates to results from the clinical examination in NOR-

COR that required further medical attention such as elevated blood pressure, HbA1c or LDL-C values.  

The study cardiologist or the primary care physician followed up participants with such findings to 

ensure that appropriate treatment was initiated. Another issue relates to the use of blood samples to 

reveal statin non-adherence without specifically informing the study participants. This was regarded 

a necessity to eliminate white coat adherence and all participants consented that their bio-banked 

blood could be used in future research. Since the study was conducted almost five years prior to the 
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statin analyses, we decided to not follow-up the results by attempting to contact the participants or 

their treating physician.   

There are certain ethical issues in paper three that deserve consideration. First, the study 

protocol was comprehensive and demanding with repeated blood samples. Second, there is a 

potential risk of adverse cardiovascular events during the 8-week period without statin treatment 

and a risk of serious side effects (e.g. acute liver failure, rhabdomyolysis, myopathy) during treatment 

with atorvastatin. Two minimize the risk of myopathy or acute liver failure; we excluded patients 

with a history of these conditions and monitored CK and ALT during the trial. Two previous 

randomized studies have investigated the risk of adverse CVD events during a short time without 

statin therapy in CHD patients. Heeschen and colleagues reported a trend toward greater risk of 

death and nonfatal MI when statins therapy was withdrawn after an admission for an acute coronary 

syndrome (122). Importantly, all MUSE participants were included at least six months after their last 

CHD event and were thoroughly assessed for symptoms of unstable CHD prior to randomization. In 

another randomized study of more than 15 000 stable CHD patients, 6 weeks statin discontinuation 

did not lead to recurrent cardiovascular events or mortality (121). Since our study population 

included patients with ongoing side effects or who had discontinued their prescribed statins, they 

were at significantly increased risk of subsequent CVD events compared to a general CHD population. 

Hence, many of the MUSE participants likely received better statin therapy during the trial than prior 

to inclusion.  
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8. Conclusions 

This thesis introduces a novel direct method with cut-off values allowing discrimination among 

adherence, partial adherence and non-adherence to atorvastatin therapy in patients with CHD 

(paper one). Patients omitting atorvastatin for two to three days where considered partially adherent 

and those omitting more than three were considered non-adherent. In paper two, the novel direct 

method reflected spot LDL-C levels in blood and showed fair to moderate agreement with self-

reported adherence measures. The direct method revealed more patients with reduced adherence 

than the self-report measures. In the present sample of CHD patients, only eight were classified with 

reduced adherence. These patients did not differ regarding clinical and psychosocial characteristics 

except for side effects being associated with reduced adherence.  In patients with previous or 

ongoing muscle complaints attributed to atorvastatin therapy, there was no effect of high-intensity 

atorvastatin on muscle symptom intensity upon blinded re-challenge (paper three). Blood 

concentrations of atorvastatin and/or metabolites were not associated with statin-dependent muscle 

symptoms. Although the possibility of truly statin-dependent symptoms cannot be excluded in some 

patients, such symptoms are much more likely to have other causes. Overall, the thesis provides 

novel measurement methods and extends our understanding about adherence and side effects of 

atorvastatin in patients with CHD. This knowledge may contribute to individualize and improve 

current clinical practice for treatment and follow-up care for these patients with potential beneficial 

long-term effects.   
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9. Clinical implications and future perspectives 

The results from paper one and two indicate that the direct method may be a useful supplement in 

clinical practice to evaluate statin adherence. The method is likely feasible as the blood sampling and 

pre-analytical procedures are simple and familiar even outside the hospital setting. Furthermore, the 

cost of using the method is acceptable (Nils Tore Vethe, personal communication). Monitoring statin 

adherence may provide an entry point into a discussion with the patient about causes of poor 

adherence and barriers preventing adequate adherence. Furthermore, as patients may improve their 

adherence upon being made aware of the results from the adherence test, the method itself may 

prove valuable to improve adherence.  

Importantly, the cut-offs needs to be validated in a larger sample with other comorbidities, 

more interacting drugs and larger pharmacogenetic diversity. We have therefore recently conducted 

a validation study in 60 patients treated with atorvastatin (data collection completed in late 2021). In 

addition, we are planning another validation study against the Norwegian prescription registry to 

evaluate whether spot measurements reflect long-term persistence to statin treatment. We also aim 

to test the clinical usefulness of the direct method in future studies. The direct method will be used 

to determine statin adherence and to explore clinical and psychological factors in the ongoing, 

national BEtablocker Treatment After Acute Myocardial Infarction in Patients Without Reduced Left 

Ventricular Systolic Function (BETAMI) trial (www.clinicaltrials.gov, identifier NCT03646357).  

The thesis have verified that SAMS are frequently encountered in clinical practice. The main 

finding was that high-dose treatment with atorvastatin did not affect muscle symptom intensify in 

CHD outpatients. This is an important message and clinicians should therefore search for alternative 

causes of muscle complaints in these patients and assess the temporal association between 

symptoms and statin intake prior to reducing the dose, switching to less potent drug classes or 

discontinuing treatment. It is recommended that health care professionals spend sufficient time in 

order to establish a trustful relationship with the patient (123). Potential negative expectations 

regarding statin therapy should be managed carefully, preferably at the time of drug prescription, by 
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explaining the strong documentation and beneficial effects of statins as well as high tolerability as 

documented in the present thesis and other recent publications. Most likely, the population of 

patients reporting subjective SAMS include a small sub-group of who are truly statin intolerant. To 

elucidate pathophysiological mechanisms in these patients, we are currently conducting a study on a 

subset of the MUSE participants classified with statin-dependent symptoms (www.clinicaltrials.gov, 

identifier NCT04453735). In this study, we aim to characterize the molecular pattern in blood and 

muscle tissue in order to derive potentially diagnostic markers for statin-dependent muscle 

symptoms. Psychological distress like anxiety, depression or type D personality disorder could 

potentially influence the patients’ perception of muscle symptoms and thus the risk of experiencing 

SAMS. However, in a post-hoc analysis, we recently showed that psychological factors were not 

associated with neither self-perceived nor confirmed SAMS (124). The nocebo effect is likely to 

contribute significantly to symptom burden in many patients, and communication interventions 

addressing the risk of side effects may prove effective in reducing the risk of patients experiencing 

SAMS. Last, as the treatment targets for LDL-C are rapidly lowered the effect of high dose, high 

intensity lipid lowering treatment on muscle symptoms should be assessed in future studies.    
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tion of atorvastatin and its metabolites in blood. This study aimed to develop an

objective drug exposure variable with cut‐off values to discriminate among adher-

ence, partial adherence and nonadherence to atorvastatin therapy in patients with

coronary heart disease.

Methods: Twenty‐five patients treated with atorvastatin 10 mg (n = 5), 20 mg (n =

6), 40 mg (n = 7) and 80 mg (n = 7) participated in a directly observed atorvastatin

therapy study to confirm baseline adherence. After the directly observed therapy, half

of the patients (test group) were instructed to stop taking atorvastatin and return for

blood sample collection the subsequent 3 days. Levels of atorvastatin and metabolites

were compared between the test group and the adherent control group.

Results: The sum of parent drug and all measured primary metabolites correlated

well with the atorvastatin dose administered (Spearman's rho = 0.71, 95% CI 0.44–

0.87). The dose‐normalized atorvastatin plus metabolites concentrations completely

separated the partially adherent test group from the controls at 0.18 nM/mg after

3 days without atorvastatin. To reduce the risk of misinterpreting adherent patients

as partially adherent, a corresponding cut‐off at 0.10 nM/mg is proposed. A metabo-

lite level of 2‐OH atorvastatin acid <0.014 nmol/L provided the optimal cut‐off for

nonadherence.

Conclusion: A direct method to discriminate among adherence, partial adherence

and nonadherence to atorvastatin therapy in patients with coronary heart disease

has been developed. This tool may be important for novel studies on adherence

and potentially useful in clinical practice.
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1 | INTRODUCTION

What is already known about this subject

2 KRISTIANSEN ET AL.
2 | METHODS

2.2 Test procedure

• Poor statin adherence remains a prevalent challenge in
patients with coronary heart disease associated with
adverse outcomes.

• Objective methods, feasible for use in clinical practice and
future research, allowing detection of poor atorvastatin
adherence in spot blood samples, have previously not
been described.

What this study adds

• Suggested dose‐normalized cut‐off values allowing

discrimination among adherence and partial adherence

to atorvastatin treatment in patients with coronary heart

disease. A cut‐off value to identify nonadherent patients

(>3 daily doses omitted) is also proposed.

• The proposed method may be used to identify patients

at‐risk of future statin discontinuation and promote

communication about adherence and side‐effects. In

turn, this may improve lipid management. The

methodological approach may also translate to other

drugs administered in chronic diseases.
Poor adherence to statin treatment is a prevalent challenge in cardio-

vascular disease prevention,1-3 associated with adverse outcomes.4-6

Regular assessment of adherence is recommended by the European

lipid guideline from 2016,7 and was recently given a class IA recom-

mendation in the corresponding US guideline.8 Adherence has tradi-

tionally been monitored by indirect methods such as clinical

judgement, self‐reports or pill counts, methods that are prone to mis-

interpretation and overestimation of actual intake.9 Prescription fill

rates obtained from pharmacy registries provides the most compre-

hensive data on statin adherence today.9,10 However, registry data is

not feasible for documentation of statin intake in the individual

patient. For statins, low‐density lipoprotein cholesterol is an objective

marker that might be used to monitor adherence. However, low‐

density lipoprotein cholesterol reduction secondary to statin therapy

has been shown to vary from 5 to 70% between persons across all

statin classes and doses.11 Hence, objective methods to detect

reduced adherence are requested12 for the determination of true

statin adherence in clinical practice.

Measurements of the active drug and/or its metabolites or directly

observed therapy (DOT) are examples of objective methods for the

assessment of drug adherence.9 Assays for measuring statins and

metabolites in blood with direct chromatography and tandem mass

spectrometry (LC–MS/MS) methods have been described.13-17 How-

ever, they are generally designed for studies on pharmacokinetics

and bioequivalence.13-17 We have recently reported a fast and reliable

assay for the quantification of atorvastatin and its 5 major metabolites

with LC–MS/MS methodology.18 Importantly, this assay is feasible for

the routine clinical laboratory with respect to technical implementation

and interpretation of adherence.18

Atorvastatin is the most frequently used statin for the prevention of

coronary heart disease (CHD) in Europe19 and Norway.20 Algorithms to

allow discrimination among complete adherence, partial adherence and

nonadherence to atorvastatin treatment, assessed by objective

methods, have not yet been developed. Such algorithms may allow

identification of patients at‐risk of future treatment discontinuation

and thus in need of closer follow‐up. To be able to monitor adherence,

a drug exposure variable with strong correlation to the ingested dose

is required. Atorvastatin is converted to hydroxyl and lactone metabo-

lites in vivo. CYP3A4 is primarily responsible for the hydroxylations21

and the enzyme activity shows high variability between individuals.22

Accordingly, the variability of atorvastatin metabolism needs to be

levelled out in the context of a reliable drug exposure variable. The

sum of atorvastatin and its major primary metabolites accounts for the

major pharmacokinetic variability of this drug.23

We aimed to develop an objective drug exposure variable,

reflecting the administered atorvastatin dose, with the ability to

discriminate among adherence, partial adherence and nonadherence

to atorvastatin therapy in CHD patients. We hypothesized, based on

the reported half‐life of atorvastatin in blood,23 that adherence could

be discriminated from partial adherence after the dose had been omit-

ted for 1 to 3 days.
2.1 | Design and patient characteristics

Twenty‐five adult CHD patients treated with atorvastatin 10 mg (n =

5), 20 mg (n = 6), 40 mg (n = 7) and 80 mg (n = 7) were included in a

clinical pharmacokinetic adherence study conducted from January to

February 2018. Patients were recruited from the outpatient clinic at

Drammen Hospital, Norway. A prerequisite for participation was no

CHD events for 2 years prior to study participation and no present

symptoms of unstable CHD. The exclusion criteria were medical or

technical complications of blood sampling and difficulties collaborating

with the study protocol. Patients were consecutively assigned to

either the test or control group. One patient who did not comply with

the study protocol was excluded, leaving 24 patients eligible for the

analyses. A study flow chart is shown in Figure S1.

|

Prior to inclusion, all patients participated in a 2‐hour meeting with the

study physicians where the background for the study and practical

implementation was thoroughly explained. All patients were instructed

to administer their atorvastatin dose between 7 and 10 AM once daily

for at least 7 days prior to study start to ensure steady‐state drug con-

centrations. On the first study day, all patients participated in a DOT

studywithout having taken theirmorning dose. Blood sampleswere col-

lected 1 hour before DOT (t−1) and immediately before DOT (t0) to



detect any unscheduled morning dose. Atorvastatin was then adminis-

tered under observation by the study nurse and blood sampleswere col-

for each substance, using the slope and intercept of the equations

obtained by linear regression. The discriminating performance of the
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lected 1 and 3 hours later in all patients. After the DOT study, half of the

patients constituting the control group were not followed up further,

whereas the test group, were instructed to stop taking atorvastatin and

return for blood sampling after 24 (t24), 48 (t48), 72 (t72) and 96 (t96)

hours. To provide data on drug and metabolite concentrations in

patients with escape intake just prior to blood sampling, the test group

also participated in a second DOT‐study with blood sample collections

1 and 2 hours after atorvastatin administration (day 4, t1 and t2).

2.3 | Study assessments
2.3.1 | Assessment of atorvastatin and metabolites

Venous blood was sampled in EDTA vacutainers and handled accord-

ing to both a low‐temperature procedure and an ambient‐temperature

procedure as previously described.18 The resulting plasma samples

were analysed for the acid and lactone form of atorvastatin (parent

drug), ortho‐ (2‐OH) and para‐ (4‐OH) hydroxyl atorvastatin with a 2‐

channel LC–MS/MS (Thermo Fisher Scientific, Waltham, MA, USA)

at Oslo University Hospital. We have previously reported that the

preanalytical stability of the acid forms are acceptable for 1 week at

ambient and cool temperature, while the lactone forms demonstrate

acceptable preanalytical stability for 3 hours at cool temperature (2–

8°C).18 Due to the in‐sample conversions of the lactone forms to acids,

we examined the sums of acid and corresponding lactone as this

ensures stability of the drug concentration when samples are kept in

ambient temperature for 6 days.18

Preset conditions for the alignment of optimal cut‐off limits were: (i)

to avoid that adherent patients are misclassified as partially adherent, a

maximum of 1 day without drug intake was allowed; (ii) the cut‐off

between adherence and partial adherence aimed to indicate at least

2 days without drug intake; and (iii) the cut‐off between partial and

nonadherence aimed to indicate that >3 daily doses had been omitted.

The sum of parent drug and the metabolites were evaluated as test var-

iables to differentiate among adherence and partial adherence. Addi-

tionally, we assessed ratios between the parent drug and individual

metabolites to compare the ability to discriminate partial adherence.

The lower limit of detection is set by a signal‐to‐noise ratio at 3 for

the analyte. Since the concentration related to this limit will vary

between samples, methods and laboratories it is unsuitable as a stan-

dardized cut‐off limit for nonadherence. Therefore, a concentration

threshold set at approximately 3‐fold the lower limit of detection

was defined for each substance (metabolite). The instrument response

(i.e. analyte/internal standard ratio) corresponding to these standard-

ized concentration‐based thresholds were investigated as potential

discriminators between partial and nonadherence. The individual

half‐lives were calculated for the parent drug and each metabolite in

the test group, assuming first order kinetics and using linear regression

of the Ln‐transformed concentrations against time at t24, t48, and t72.

All test group patients were then simulated on each dose level, and

the time to reach the lower concentration threshold was estimated
nonadherence limits will depend both on the pharmacokinetic charac-

teristics and the analytical sensitivity of the method for the individual

substance. Accordingly, the metabolite with superior ability to sepa-

rate nonadherence from partial adherence could be identified.

In order to explain potential large deviations in drug or metabolite

concentrations, we analysed relevant sequence variants in the

SLCO1B1(c521T > C), CYP3A4 (*22) and CYP3A5 (*3) genes using

real‐time polymerase chain reaction amplification with hybridization

probes and melt curve analysis (LightCycler 480, Roche Applied Sci-

ence, Penzberg, Germany).

2.3.2 | Clinical data

Demographic and clinical covariates were obtained from hospital med-

ical records, from a self‐report questionnaire and a clinical examination

completed at the first study visit. Study data included: age, sex, body

weight and height, somatic comorbidities, food intake prior to drug

administration, perceived statin‐associated muscle symptoms, concur-

rent medication, and intake of grapefruit, St John's wort and red‐yeast

rice. Routine analysis of creatine kinase, creatinine, lactate dehydroge-

nase, alanine transaminase, aspartate transaminase, c‐reactive protein

and albumin were performed on a clinical chemistry analyser (Architect

ci16200, Abbot Laboratories, Abbot Park, IL, USA).

2.4 | Ethics and safety

The study was conducted in accordance to the ethical principles of the

Declaration of Helsinki and in consistence with ICH/Good Clinical

Practice. The study protocol was reviewed by the Regional Committee

for Medical and Health Research Ethics without remarks and approved

by the local Data Protection Officer (16/00117–107). The Norwegian

Medicines Agency did not define the study as a clinical trial requiring

approval since the main purpose was not to ascertain or

verify/compare the efficacy or safety of atorvastatin. All patients gave

a written informed consent to participate prior to study start.

2.5 | Statistical analysis

Statistical analyses were performed using SPSS version 25. The Stu-

dent t test was applied to assess differences in means (standard devi-

ation) between the control and test group for continuous variables.

The Fisher mid‐P test was used for categorical variables.24 Atorva-

statin pharmacokinetic variables were assessed with the Mann–

Whitney U test for unrelated samples, and the Wilcoxon signed rank

test for paired samples. Correlations of parent drug and metabolites

vs atorvastatin dose were assessed using Spearman's rank correlation.

Linear regression analyses were applied to explore the associations

between clinical and demographic variables and dose‐adjusted atorva-

statin and metabolite concentrations. Cut‐off values for partial

nonadherence were obtained with receiver operating characteristics

curves at the different time intervals without dosing in the test group

as compared to the completely adherent control group.



3 | RESULTS

was numerically weaker correlated than the parent drug plus metabo-

lites exposure.

TABLE 2 Correlation of drug derivatives with atorvastatin dose

Analyte
Spearman's
rho 95% CI

P‐
value

ATV acid (parent drug) 0.598 0.257–0.806 .002

ATV acid and lactone 0.587 0.241–0.800 .003

2OH ATV acid and lactone 0.752 0.501–0.886 <.001

4OH ATV acid and lactone 0.713 0.435–0.867 <.001

ATV acid +2OH ATV acid and

lactone

0.697 0.409–0‐858 <.001

ATV acid +4OH ATV acid and

lactone

0.626 0.298–0.821 .001

ATV acid + all 5 metabolites 0.714 0.437–0.867 <.001

Obtained with Spearman's correlation using t0 samples handled according

to the low temperature procedure. ATV, atorvastatin; 2OH, ortho‐
hydroxyl; 4OH, para‐hydroxyl
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Adherence at baseline was demonstrated with no significant differ-

ences in dose‐normalized concentrations of atorvastatin plus metabo-

lites immediately before DOT and 24 hours after DOT (median 0.46 vs

0.47 [nmol/L]/mg, P = .39). The demographic and clinical characteris-

tics were comparable between the test group and the control group

(Table 1).

Atorvastatin acid (parent drug) and its corresponding lactone con-

stituted on average 37% (range 15–60%) of the sum of parent drug

and all metabolites, whereas the 2‐OH and 4‐OH metabolites

amounted to 44% (range 27–67%) and 19% (range 10–31%), respec-

tively. The following half‐lives (median, range) were calculated in the

test group: atorvastatin acid 14 (11–24) hours, atorvastatin lactone

13 (10–20) hours, 2‐OH atorvastatin acid 15 (12–48) hours, 2‐OH

atorvastatin lactone 15 (11–37) hours, 4‐OH atorvastatin acid 21

(14–42) hours and 4‐OH atorvastatin lactone 19 (13–40) hours. The

sum of parent drug and all metabolites in blood samples handled by

the ambient temperature procedure was mean 94% (range 77–130%,

95% CI 89–99%) compared to samples handled at cold temperature

at t0 and mean 96% (range 69–150%, 95% CI 81–111%) at t96.

All measurements of parent drug and metabolites were above the

lower limit of quantification (LLOQ) when patients were adherent to

dose before DOT and 24 hours after DOT. Fifteen percent of the mea-

surements were below LLOQ when doses were omitted in the test

group.

3.1 | The relationship between atorvastatin dose and
exposure

Correlations between the different drug exposure variables and the

atorvastatin dose are shown in Table 2. There was a positive correla-

tion between all individual analytes and the dose. The parent drug

TABLE 1 Patient characteristics
Characteristic
Control group
(n = 12)

Test group
(n = 12)

P‐
value

Age (y), mean (SD) 65.9 (8.7) 66.3 (12.7) .941

Male, n (%) 9 (75) 10 (83) .660

Atorvastatin dose (mg), mean

(SD)

38 (29) 44 (27) .617

Body weight (kg), mean (SD) 90.3 (11.0) 88.8 (15.9) .802

ALT (U/L), mean (SD) 29.9 (18.0) 34.9 (17.3) .495

CK (U/L), mean (SD) 102 (36) 145 (173) .418

Albumin (g/L), mean (SD) 38.5 (4.8) 37.8 (2.5) .636

LDH (mmol/L), mean (SD) 256 (38.4) 201 (41) .154

LDL‐C (mmol/L), mean (SD) 2.2 (0.7) 2.2 (0.4) .815

Number of concomitant

medications, mean (SD)

5.3 (1.8) 5.2 (2.4) .925

SD; standard deviation, ALT; alanine aminotransferase, CK; creatinine

kinase, LDH; lactate dehydrogenase, LDL‐C; low density lipoprotein

cholesterol
3.2 | Factors associated with the drug exposure

Increasing age was associated with increasing dose‐normalized trough

concentrations of atorvastatin acid (t0; β from linear regression = 0.002

[95% CI 0.000–0.003], P = .019), atorvastatin acid plus lactone

(β = 0.004 [95% CI 0.000–0.008], P = .044) and atorvastatin acid plus

all metabolites (β = 0.010 [95% CI 0.002–0.017], P = .012). Sex, body

weight, renal function, food intake prior to drug administration and

perceived statin side effects were not associated with significant vari-

ations in atorvastatin and metabolites concentrations at t0.

Compared with patients expressing the wild types, the mean dose‐

normalized t0 concentration sum of atorvastatin acid plus all metabo-

lites were not statistically different in patients expressing variants in

SLCO1B1 (n = 7), CYP3A4 (n = 2) or CYP3A5 (n = 3): 0.36 vs 0.49

nM/mg, 0.55 vs 0.44 nM/mg, 0.43 vs 0.46 nM/mg, respectively.

3.3 | Identification of patients with partial adherence

When the test group had omitted tablet intake for 3 days, all the indi-

vidual dose‐normalized sums of atorvastatin plus 5 metabolites (6‐

component sum) were separated from the corresponding sums in the

controls, i.e. discriminated at 0.20 nM/mg for samples handled at

low temperature and at 0.18 nM/mg for samples handled at ambient

temperature (Figure 1). For this 6‐component sum, the receiver oper-

ating characteristics curve analysis with cut‐off at 0.10 nM/mg pro-

vided 100% sensitivity and 92% specificity for the identification of

partial adherence when 2 or 3 doses were omitted, regardless of the

preanalytical sample handling procedure (Table 3).

The dose‐normalized sum of the acid and lactone form of the par-

ent drug (2‐component sum) was also assessed, and the respective

groups where entirely separated at 0.070 nM/mg after the test group

had omitted 2 doses (Figure 2). A cut‐off at 0.050 nM/mg thus pro-

vided 100% sensitivity and 100% specificity for the identification of



partial adherence when 2 or 3 doses were omitted, regardless of sam-

ple handling procedure (Table 3). Ratios between the acid plus lactone

20 mg, 5.0 (3.3–18) days at 40 mg, and 5.6 (3.8–20) days at 80 mg.

These pharmacokinetic simulations were based on linear regression

blood sampling

FIGURE 1 Tukey box‐and‐whisker plots of dose‐normalized
concentration sums of atorvastatin acid and 5 metabolites (nM/mg)
in the completely adherent control group and the test group omitting
drug intake over a period of 3 days. Note: dotted line represents the
suggested cut‐off for partial nonadherence at 0.10 nM/mg. Blue and
red boxes show samples handled in low and ambient temperature,
respectively. Dots represent a single outlier patient

FIGURE 2 Tukey box‐and‐whisker plots of dose‐normalized
concentration sums of atorvastatin acid and lactone (nM/mg) in the
completely adherent control group and the test group omitting drug
intake over a period of 3 days. Note: dotted line represents the
suggested cut‐off for partial nonadherence at 0.05 nM/mg. Blue and
red boxes show samples handled in low and ambient temperature,
respectively. Dots represent a single outlier patient
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form of atorvastatin and 2‐OH atorvastatin, as well as ratios between

the acid plus lactone form of atorvastatin and 4‐OH atorvastatin, dis-

criminated less adequately between adherence and partial adherence

(data not shown).

3.4 | Identification of nonadherence

The metabolite 2‐OH atorvastatin acid (1‐component), with instru-

ment response corresponding to a standardized concentration thresh-

old at 0.014 nmol/L, showed superior ability to distinguish

nonadherence (omitting dose for >3 days) from partial adherence.

The time to reach this threshold, after cessation of drug intake, was

median 3.8 (range 2.2–14) days at 10 mg, 4.3 (2.8–16) days at

TABLE 3 Sensitivity and specificity of suggested cut‐off values to

discriminate partial from complete adherence

Analyte
Discriminator
nM/mg

1 dose
omitted

2 doses
omitted

3 doses
omitted

ATV acid and lactone

(low)

0.05 100/75 100/92 100/100

ATV acid and lactone

(ambient)

0.05 100/83 100/100 100/100

ATV plus all metabolites

(low)

0.10 100/42 100/92 100/92

ATV plus all metabolites

(ambient)

0.10 100/42 100/92 100/92

Results from receiver operating characteristics curve analysis presented as

sensitivity (%) /specificity (%). The discriminator represents the dose‐nor-
malized sum of concentrations. Low and ambient refer to the temperature

during the preanalytical sample handling. ATV, atorvastatin
with R2 at median 0.988 (0.866–1.000). With 2‐OH atorvastatin acid

below 0.014 nmol/L, 100% were correctly classified as nonadherent

at the 40‐ and 80‐mg dose levels, and 83% at the 10‐ and 20‐mg dose

levels (17% misclassified as nonadherent when being partially

adherent).

3.5 | Identification of an unscheduled dose prior to
The maximum dose‐normalized 2‐component sum at t0 in the pooled

control and test group was 0.40 (cold temperature) and 0.36 (ambient

temperature) nM/mg. The corresponding mean concentration after the

second DOT study was 1.74 (range 0.03–5.61) nM/mg at day 4, t1 and

2.21 (range 0.09–5.64) nM/mg at day 4, t2. At day 4, t1 and t2, respec-

tively, 33% and 17% of the test group were below 0.40 nM/mg.
4 | DISCUSSION
To our knowledge, this is the first study to present a test procedure

with cut‐off values that allow discrimination among adherence, partial

adherence and nonadherence to atorvastatin therapy, based on LC–

MS/MS measurements of plasma drug concentrations. By the present

analysis and algorithm, patients at risk for permanent statin discontin-

uation may be evaluated directly, by a single blood test at expected

steady state, with regard to statin adherence.

There is no consensus with regards to the definition of adherence,

partial adherence and nonadherence in the statin literature.7,9,12

Indeed, this also applies for objective methods to monitor other car-

diovascular drugs. Accordingly, the present methodological approach



may also translate to determine the adherence to other drugs adminis-

tered in chronic diseases. To our knowledge, only 1 previous study has

LLOQ would be optimal for any purpose, the semiquantitative

approach allows interpretations in relation to days without dosing,
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applied an LC–MS/MS assay in clinical blood samples to determine

adherence to atorvastatin.25 A dichotomous classification of adher-

ence based on atorvastatin blood concentration over or under the

LLOQ was used.25

Our adherence algorithm classifies adherence, partial adherence

and nonadherence. With the chosen drug exposure variable and cut‐

off, partial adherence implies that the dose is omitted for up to 3 days.

A 6‐component sum (dose‐normalized atorvastatin acid plus all metab-

olites) <0.10 nM/mg provides 100% sensitivity and 92% specificity

when 2 or 3 doses are omitted. Forty‐two percent will be classified

with partial adherence if a single dose is omitted (Figure 1). This cut‐

off was selected as a practical approach to minimize the risk of classi-

fying adherent patients as partially adherent and to reduce the effect

of a single apparent outlier in the data set. Standardized conditions

for blood sampling are important to ensure the given diagnostic sensi-

tivity and specificity. Thus, we recommend blood sampling just prior to

the next scheduled dose, i.e. trough concentration.

We also present an alternative approach to classify partial adher-

ence, by using a 2‐component sum (dose‐normalized atorvastatin acid

plus lactone). A cut‐off at <0.05 nM/mg provides 100% sensitivity and

100% specificity when 2 or 3 doses are omitted, due to the faster elim-

ination of these substances. However, more patients (i.e. 75–83%) will

be classified with partial adherence by the 2‐component sum when a

single dose is omitted (Figure 2). The significance of omitting a single

dose only for the evaluation of adherence is debatable, and partial

adherence was intended to indicate 2–3 days without drug intake. Par-

tial adherence will thus be slightly more severe and optimally classified

by the 6‐component model, according to the aims for the method. This

gain needs to be balanced towards the simpler and less expensive 2‐

component model. The correlation to the given dose was higher for

the 6‐component sum, and the 2‐component model may be more

prone to variations in drug metabolism. A similar effect can be

assumed for interacting drugs, not examined in the present study. Fur-

ther studies will confirm the optimal method to distinguish adherence

and partial adherence.

The categorization of nonadherence solely on the basis of

nondetectable vs detectable drug levels in blood has important limita-

tions with respect to standardization. In general, the lower limit of

detection is below the quantitative range, and it is dependent on fac-

tors displaying variability within and between laboratories (i.e. meth-

odological conditions, sample composition and LC–MS/MS

instrument sensitivity). It would not be possible to standardize terms

such as nonadherence, poor adherence or low adherence with respect

to time intervals without dosing, if a nondetectable drug level is the

only criterion for classification. Our concept allows nonadherence to

be defined in terms of a minimum time interval omitting dosing. Thus,

we suggest a standardized lower concentration‐based threshold as

cut‐off to identify nonadherent patients. Since this concentration is

below the LLOQ, our practical approach is to apply the instrument

response (analyte/internal standard ratio) that corresponds to this

lower concentration threshold. Although measurements above the
and the internal standard adjustment allows correction for matrix

effects between samples and other methodological fluctuations. The

specific nonadherence threshold was elucidated with samples handled

according to the low‐temperature procedure, and 2‐OH atorvastatin

acid <0.014 nmol/L demonstrated to be the optimal discriminator for

nonadherence (corresponding to >3 consecutive days without dosing).

Nevertheless, this 1‐component model should also be applicable when

the ambient temperature sample handling procedure is applied,

although the misclassification as partially adherent then may be

increased due to the preanalytical lactone‐to‐acid conversion. Due to

the semiquantitative nature of the nonadherence cut‐off, its accuracy

was estimated with the proportion of correctly classified patients

(100% at 40 and 80 mg, and 83% at 10 and 20 mg). The clinical rele-

vance of the nonadherence cut‐off, and also the relevance of differen-

tiation between partial adherence and nonadherence, should be

validated in a larger clinical study.

The preanalytical procedures are simplified by using the sum of

acid and lactone forms, allowing blood samples to be handled in ambi-

ent temperature.18 In the present study, we demonstrate that the pro-

posed cut‐offs are equal for samples handled at ambient temperature,

a major advantage for the potential use of the test in routine clinical

practice. The 6‐component sum correlated well with the administered

dose at steady state, suggesting this would be a representative drug

exposure variable with the benefit of levelling out within‐ and

between‐individual variations in drug metabolism.22

Increasing age was associated with higher dose‐normalized blood

concentrations of both parent drug and metabolites, a finding sup-

ported by previous studies examining factors associated with varia-

tions in atorvastatin concentrations.26,27 Due to the limited sample

size, we did not attempt to age adjust the drug exposure variable,

but this should be considered in a larger cohort.

The recent emergence of new, expensive drugs targeting subclini-

cal inflammation28 and lowering lipids,29 emphasizes the need to

improve adherence to the cost‐effective statins. Knowledge about

the prevalence of execution issues (i.e. omitting doses) was strongly

requested in a recent position paper from the European Society of

Cardiology.30 Our new direct method combined with the algorithms

developed in the present study can be used in future studies to differ-

entiate and describe the prevalence of adherence, partial adherence

and nonadherence to atorvastatin therapy. When combined with clin-

ical data, causes of partial and nonadherence to atorvastatin therapy

may be revealed to develop new approaches for improving adherence.

Measurement of plasma drug levels revealed that nonadherence was

common in patients with apparent treatment resistant hypertension

in 2 recent studies.31,32 Data from a pilot study in patients with low

or undetectable blood levels of blood pressure‐lowering drugs indi-

cated that confronting these patients with the study results, improved

adherence and reduced average blood pressure with >15 mmHg.33

Thus, a test for atorvastatin adherence may enhance the clinicians'

awareness at follow‐up visits and encourage communication about

adherence between physician and patient.
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Due to the limited sample size there is a risk of bias and spurious

results when multiple‐adjusted analyses are performed. Hence, patient

factors besides age may be associated with variations in drug or

metabolites exposure. The suggested cut‐off values should therefore

be validated, and potentially adjusted, in a larger data set including

more patients with multiple comorbidities, interacting drugs and

genetic variations that may influence the statin pharmacokinetics.

The present methodology should also be cross‐validated with other

adherence assessment methods. Patients with extremely high or low

atorvastatin or metabolite concentrations could potentially be

misclassified with the suggested algorithms. Further knowledge may

guide the interpretation of the test when risk factors for misclassifica-

tion are present. Even though we identified a cut‐off that allows

detection of escape dose intake 1 or 2 hours prior to blood sampling

in a majority (i.e. 67 and 83%, respectively) of the partially adherent

patients, the risk of white coat adherence is not eliminated.9 Finally,

concentrations below the LLOQ were used, although it brings along

uncertainty. Achievement of a lower LLOQ should be addressed in

future improvement of the methodology.
5 | CONCLUSION
Cut‐off values based on the pharmacokinetics of atorvastatin and

metabolites in spot blood samples, allowing discrimination among

adherence, partial and nonadherence to atorvastatin therapy in CHD

patients have been developed. The present direct method to determine

atorvastatin adherencemay optimize the use of cost‐effective statins in

clinical practice to improve lipid management and clinical outcomes.
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A B S T R A C T   

Background and aims: We aimed to determine the relationship between statin adherence measured directly, and 
by self-report measures and serum cholesterol levels. 
Methods: Patients prescribed atorvastatin (N = 373) participated in a cross-sectional study 2–36 months after a 
coronary event. Self-reported adherence included statin adherence the past week, the 8-item Morisky medication 
adherence scale (MMAS-8), and the Gehi et al. adherence question. Atorvastatin was measured directly in spot 
blood plasma by a novel liquid chromatography tandem mass-spectrometry method discriminating adherence 
(0–1 doses omitted) and reduced adherence (≥2 doses omitted). Participants were unaware of the atorvastatin 
analyses at study participation. 
Results: Mean age was 63 (SD 9) years and 8% had reduced atorvastatin adherence according to the direct 
method. In patients classified with reduced adherence by the direct method, 40% reported reduced statin 
adherence, 32% reported reduced adherence with the MMAS-8 and 22% with the Gehi question. In those 
adherent by the direct method, 96% also reported high statin adherence, 95% reported high adherence on the 
MMAS-8 whereas 94% reported high adherence on the Gehi question. Cohen’s kappa agreement score with the 
direct method was 0.4 for self-reported statin adherence, 0.3 for the Gehi question and 0.2 for the MMAS-8. 
Adherence determined by the direct method, self-reported statin adherence last week, and the Gehi question 
was inversely related to LDL-cholesterol levels with a p-value of <0.001, 0.001 and 0.004, respectively. 
Conclusions: Plasma-statin measurements reveal reduced adherence with higher sensitivity than self-report 
measures, relate to cholesterol levels, and may prove to be a useful tool to improve lipid management.   

1. Introduction 

Despite extensive evidence proving the beneficial effect of statins on 
clinical outcomes with low rates of side-effects [1,2] poor adherence 
remains common [3]. Insufficient statin therapy is associated with an 

increased risk of major adverse cardiovascular events [4] and a graded, 
inverse association between statin adherence and mortality has been 
shown for patients with established cardiovascular disease (CVD) [5]. 
Accordingly, reduced adherence is a major barrier to address in order to 
achieve successful prevention of CVD [6]. Reliable methods that can be 
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used in clinical practice to identify the individual patients with low 
statin adherence are required for the implementation of evidence-based 
interventions that improve adherence [7] as recommended by recent 
European and US lipid guidelines [8,9]. 

Methods for assessing adherence to medication are often divided into 
indirect or direct methods [10]. Indirect methods include clinical 
judgement, self-report questionnaires, pill-counts, pharmacy registry 
data and electronic medication event monitoring systems. In general, all 
indirect methods are limited in the sense that they do not document 
actual intake of the drug [10]. Direct methods, including directly 
observed therapy (DOT) and measurement of drug concentrations or a 
biological marker in blood, verify actual tablet intake. Limitations of 
measuring drug concentrations or a biological marker are related pri-
marily to costs and biological variability [10]. 

Thus far, no consensus has been reached for the definition of low 
adherence [6]. The most comprehensive data on real-life statin adher-
ence is provided by fill-rates obtained from pharmacy registry data [11, 
12]. Such registries are useful for research and community purposes, but 
they are not available for documentation of statin intake in the indi-
vidual patient. Low density lipoprotein-cholesterol (LDL-C) has been 
proposed for measuring adherence to statins [9]. LDL-C response during 
statin therapy, however, varies considerably between individuals [13], 
also in populations with high self-reported adherence [14]. This makes it 
challenging to define reduced adherence across a wide spectrum of in-
dividuals. Furthermore, a baseline statin-naïve LDL-C concentration 
required for a correct assessment of change in LDL-C, is often not 
available for CVD patients. Self-report questionnaires, such as the 
Morisky Medication Adherence Scale (MMAS) [15] and the Gehi et al. 
adherence question [16], are validated tools shown to predict LDL-C 
levels [17,18] and cardiovascular outcomes in patients being pre-
scribed statins [18,19]. These questionnaires have a potential for clinical 
use, as they are easy to administer and have established cut-off values. 
Nevertheless, when compared to robust measures of adherence, such as 
electronic medication event monitoring systems, self-report question-
naires have been shown to overestimate actual intake [20]. Thus, better 
tools are needed to accurately and routinely detect low adherence to 
statin therapy in clinical practice. 

We recently developed a fast and reliable assay for direct quantifi-
cation of atorvastatin and its five major metabolites in blood with liquid 
chromatography and tandem mass spectrometry (LC-MS/MS) method-
ology [21]. Based on data from a clinical study of 25 patients with 
coronary heart disease (CHD) from routine clinical practice, we also 
established cut-off values that allow discrimination among adherence, 
partial adherence and non-adherence based on spot measurements of 
atorvastatin and its metabolites in blood [22]. Importantly, the phar-
macokinetic variability (i.e. genetics and drug interactions influencing 
statin metabolism) is accounted for as the cut-off values are based on the 
sum of the active drug and its metabolites [22]. The direct method has 
not previously been compared to blood lipid levels. Furthermore, to 
what extent self-report adherence measures correspond to directly 
measured statin adherence is unknown. 

The present study therefore aimed to evaluate the relationship be-
tween directly measured adherence to atorvastatin, self-reported 
adherence measures, and the cholesterol levels of outpatients with CHD. 

2. Materials and methods 

2.1. Design and study population 

The present study applies a subpopulation of the cross-sectional 
NORwegian CORonary (NOR-COR) prevention study which is 
described in detail elsewhere [23]. In brief, the NOR-COR study 
comprised 1127 consecutive patients aged 18–80 years undergoing a 
first or recurrent coronary event from 2011 to 2014 at two Norwegian 
hospitals (Drammen and Vestfold). All patients underwent a clinical 
examination and answered a comprehensive self-report questionnaire 

[23] at a median 16 (range 2–36) months after the event. Blood samples 
from all patients (N = 542) included at Vestfold hospital were stored for 
future analyses. Importantly, participants were unaware that their blood 
samples would later be analyzed with the specific intention of measuring 
adherence to atorvastatin. In all, 373 patients were included in the 
present sub-study. Study inclusion criteria were: i) participated in the 
NOR-COR study in 2014–2015 and having blood samples stored; ii) 
prescribed atorvastatin at the index event and no information about 
changes in statin treatment by a physician between the index event and 
study participation. Participant flow, losses and exclusions are described 
in Fig. 1. 

2.2. Ethics, consent and permission 

The study was conducted in accordance with the ethical principles of 
the Declaration of Helsinki and in consistence with ICH/Good Clinical 
Practice. The study protocol was approved by the Regional Committee 
for Medical and Health Research Ethics (2013/1885). All participants 
gave a written informed consent prior to study start. 

2.3. Study assessments 

2.3.1. Demographic, clinical and psychosocial factors 
We obtained data on demographic, clinical and psychosocial factors 

retrospectively from hospital medical records at the time of the index 
coronary event and from the self-report questionnaire, a clinical exam-
ination and blood samples at study inclusion [23]. 

2.3.2. Self-reported measures of adherence 
Adherence was assessed using three self-report measures. MMAS-8 

[15] and Gehi et al. adherence question [16], as well as a single 

Fig. 1. Study flow chart.  
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question about statin adherence the past seven days prior to study 
participation [23]. MMAS-8 is commonly used for measuring medica-
tion taking behavior and barriers, and contains 8-items. A score of <6 is 
considered to be consistent with reduced adherence [15]. The Gehi et al. 
adherence question is a single question about overall medication 
adherence [16]: “In the past month, how often did you take your med-
ications as the doctor prescribed?” Possible responses were: “All of the 
time” (100%), “Nearly all of the time” (90%), “Most of the time” (75%), 
“About half the time” (50%), or “Less than half of the time” (<50%). 
Participants replying <90% to the Gehi et al. adherence question were 
classified with reduced adherence [16]. The statin adherence question 
asked: “In the past seven days, how often did you take your statin as 
prescribed?”. Possible responses were “Every day”, “6/7 days”, “5/7 
days”, “4/7 days” or “<4/7 days”. MMAS-8 and the Gehi et al. adher-
ence question have both previously been validated against clinical car-
diovascular outcomes using the cut-offs described [18,19]. For the 
specific statin adherence question, we defined reduced adherence as 
statin intake <6/7 days. 

2.3.3. Direct measurement of adherence to atorvastatin 
Venous blood was sampled in EDTA vacutainers. Following centri-

fugation, the plasma was stored at − 70 ◦C until analysis. Atorvastatin 
and its major metabolites were quantified using a 2-channel multiplex 
LC-MS/MS instrument (Transcend II LX-2 TSQ Quantiva, Thermo Fisher 
Scientific, Waltham, MA, USA) at Oslo University hospital according to 
the ISO 15189 standard. The assay was specifically designed for 
measuring adherence as previously described [21]. All analyses of 
atorvastatin and metabolites fulfilled the acceptance criteria of analyt-
ical runs according to the EMA Guideline on bioanalytical method 
validation [24]. Participants were classified as adherent, partially 
adherent or non-adherent according to their blood plasma concentra-
tions of atorvastatin and metabolites by our recently developed algo-
rithm [22]. The cut-off for partial adherence (dose-normalized sum of 
atorvastatin plus metabolites below 0.10 nM/mg) reflects ≥2 consecu-
tively omitted doses with 100% sensitivity and 92% specificity, whereas 
the cut-off for non-adherence (2-OH atorvastatin acid below 0.014 
nmol/L) reflects >3 consecutively omitted doses [22]. There is no 
established definition for partial adherence when using the self-reported 
adherence measures. Therefore, participants classified with partial or 
non-adherence by the direct method, for the purpose of comparing with 
the self-report measures, were merged and classified as reduced adher-
ence, defined by ≥ 2 doses omitted. 

2.4. Statistical analyses 

Descriptive data are presented as means (SD) for approximately 
normally distributed variables and median (IQR) for skewed variables. 
We assessed differences in blood cholesterol levels between patients 
classified by the direct method as adherent, partially adherent and non- 
adherent using one-way ANOVA for continuous variables. Differences in 
baseline characteristics (adherent vs. non-adherent) were assessed using 
the two-sample T test with adjustment for unequal variances and 
continuous variables with a marked non-normal distribution not 
amendable through transformations were tested using the Wilcoxon- 
Mann-Whitney test. Differences in categorical variables were assessed 
using Chi-Square tests. Agreement between adherence methods was 
estimated using unweighted Cohen’s kappa (≤0 - no agreement to 1 - 
perfect agreement) [25] with confidence intervals based on the 
Fleiss-Cohen-Everitt standard error estimate. Statistical analyses were 
performed using SPSS version 26. 

3. Results 

In all, 373 participants prescribed atorvastatin were included in this 
study (Fig. 1). Baseline characteristics of the participants and the non- 
participants are presented in Supplementary Table 1. Participants 

included in this sub-study had higher education, a more favorable car-
diovascular risk profile, and less somatic comorbidity, including coro-
nary events prior to the index event, than non-participants. 

3.1. Baseline characteristics 

Baseline characteristics of participants according to adherence 
determined by the direct method are shown in Table 1. By the direct 
method, 344 (92.2%) had high adherence and 29 (7.8%) had reduced 
adherence. Plasma atorvastatin concentrations according to adherence 
classification are shown in Supplementary Fig. 1. Patients classified with 
reduced adherence were more likely to report side effects of cardio-
vascular drugs than those with normal adherence (p = 0.007). Other-
wise, there were no significant differences in demographic, clinical or 
psychosocial characteristics between the groups. 

3.2. Adherence and blood LDL cholesterol levels 

LDL-C levels were significantly higher in participants classified with 
reduced adherence compared to those with high adherence when 
adherence was determined by the direct method, by the specific statin 
question, and by the Gehi et al. adherence question (Table 2). For 
MMAS-8, this difference was not significant (Table 2). 

Participants classified as adherent by the direct method had signifi-
cantly lower LDL-C levels (N = 344, mean LDL-C 1.9 [SD 0.6] mmol/L) 
than those with partial adherence (N = 19, mean LDL-C 2.4 [SD 1.0] 

Table 1 
Sociodemographic, clinical and psychological characteristics of study partici-
pants according to atorvastatin adherence determined by the direct method.  

Characteristics Adherent (N =
344, 92.2%) 

Reduced adherence 
(N = 29, 7.8%) 

Sociodemographic factors   
Female, n (%) 64 (18.6) 6 (20.7) 
Age in years, mean (SD) 63.1 (9.1) 61.4 (9.1) 
Low educationa, n (%) 224 (65.9) 21 (72.4) 
Time since the index coronary event in 

months, median (IQR) 
17 (8.3–28.8) 21 (8.0–29.5) 

Clinical factors   
Atorvastatin dose in mg, mean (SD) 64 (20.4) 57 (24.8) 
Coronary index diagnosis, n (%)   
Acute myocardial infarction 297 (86.3) 24 (82.8) 
Stable or unstable angina 47 (13.3) 5 (17.2) 
>1 coronary event prior to the index 

event, n (%) 
78 (22.7) 7 (24.1) 

Charlston comorbidity index, mean (SD) 3.9 (1.7) 3.8 (1.5) 
C-reactive protein, median (IQR) 1.3 (0.7–2.7) 1.8 (1.0–2.8) 
Systolic blood pressure, mmHg (SD) 137 (17.8) 139 (21.9) 
Diabetes mellitus, n (%) 41 (11.9) 2 (6.9) 
Current smoking, n (%) 66 (20.1) 9 (33.3) 
Body mass index in kg/m2, mean (SD) 28.1 (4.4) 28.4 (4.7) 
Physical activity < 1 time per week, n 

(%) 
47 (14.2) 5 (17.9) 

Any self-reported side-effects attributed 
to their cardiovascular drugs, n (%) 

73 (21.2) 12 (41.4) 

Psychological factors   
Hospital Anxiety and Depression Scale - 

anxiety sub-scale, mean (SD) 
4.7 (3.7) 5.2 (3.5) 

Hospital Anxiety and Depression Scale - 
depression sub-scale, mean (SD) 

3.6 (3.2) 3.5 (2.3) 

Bergen Insomnia Scale sumb, median 
(IQR) 

11 (5–20) 8 (6–20) 

Type D social inhibition score, mean 
(SD) 

7.7 (5.7) 7.6 (5.7) 

Type D negative affectivity score, mean 
(SD) 

6.8 (5.7) 7.5 (7.2) 

SD, standard deviation IQR, interquartile range. 
a Low education was defined as completion of primary and secondary school 

only. 
b Bergen insomnia scale: a seven-item self-report inventory designed to assess 

primary insomnia. 
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mmol/L) and non-adherence (N = 10, mean LDL-C 3.6 [SD 0.6] mmol/ 
L) (adherence vs. partial adherence; p = 0.008, partial adherence vs. non- 
adherence; p < 0.001). 

3.3. Relationship between the direct method and self-report adherence 
measures 

The relationships between adherence to atorvastatin determined by 
the direct method and the self-reported adherence measures are pre-
sented in Table 3A-C and illustrated in Fig. 2. In patients classified with 
reduced adherence by the direct method, 40% reported reduced statin 
adherence the past week, 32% reported reduced adherence with MMAS- 
8 and 22% with the Gehi et al. adherence question. In those adherent by 
the direct method, 96% reported high statin adherence the past week, 
95% reported high adherence on MMAS-8 whereas 94% reported high 

adherence on the Gehi question. 
Overall agreement between the direct method and the statin adher-

ence question (Table 3A) was moderate (Cohen’s kappa 0.42 (95% CI 
0.23 to 0.61)). Among 11 participants with missing data on the self- 
report measure, four were classified with reduced adherence and 
seven as adherent by the direct method. Overall agreement between the 
direct method and the Gehi et al. adherence question was fair (Cohen’s 
kappa 0.29 (0.09–0.48)) (Table 3B). Among six participants with 
missing data on the self-report measure, two were classified with 
reduced adherence and four as adherent by the direct method. Overall 
agreement between the direct method and MMAS (Table 3C) was fair 
(Cohen’s kappa 0.22 (95% CI 0.05 to 0.46)). Among 28 participants with 
missing data on the self-report measure, seven were classified with 
reduced adherence, and 21 as adherent by the direct method. 

4. Discussion 

In this cross-sectional study, the direct method based on atorvastatin 
plasma concentrations confirmed high self-reported statin adherence in 
more than 9 out of 10 coronary outpatients. To the contrary, only 
20–40% of patients with reduced adherence determined by the direct 
method were classified accordingly by self-report measures. Even 
though specific questions about statin adherence better reflected 
directly measured atorvastatin adherence than more general adherence 
questions, overall agreement between the direct method and the self- 
report measures was only fair to moderate. We found a graded, in-
verse relationship between the direct method of adherence to atorvas-
tatin and blood cholesterol levels. 

Statins exert their beneficial effects on CVD primarily by reducing 
harmful circulating lipoproteins, in particular LDL-C [26]. It was 
therefore expected that patients with normal adherence based on ator-
vastatin and metabolites concentration in blood had lower LDL-C levels 
than those with partial and non-adherence. After all, “drugs don’t work in 
patients who don’t take them” (C Everett Koop, MD, US Surgeon General, 
1985). To the best of our knowledge, this is the first study applying a 
direct method [21] and algorithm [22] that allows discrimination 
among adherence, partial adherence and non-adherence to the most 
commonly used statin [27]. The patients classified as partially adherent 
by the direct test, with 2 or 3 subsequently missed doses, had signifi-
cantly higher blood levels of LDL-C than those classified as adherent, and 
significantly lower LDL-C than those classified as non-adherent (>3 
missed doses). This provides a biological rationale for the present direct 
classification including an intermediate group with partial adherence. 
This may indicate that the direct test also identifies patients with 
borderline adherence, omitting doses habitually. 

The direct method to determine adherence to atorvastatin is based on 
a clinical pharmacokinetic study [22]. Importantly, the derived cut-off 
values are dose-normalized and thus account for individual differences 
in the atorvastatin metabolism by summarizing parent drug and me-
tabolites [22]. Two previous studies have applied an LC–MS/MS assay to 
determine adherence to atorvastatin [28,29]. The classification of 
adherence in these studies, based solely on the presence or absence of 
atorvastatin in blood [28,29] has several limitations as described else-
where [21,22]. The current LC-MS/MS assay detects blood levels of 
atorvastatin weeks after intake due to the drug half-life and instrument 
sensitivity [21,22]. One balanced cut off value, only, for atorvastatin 
will thus misclassify a significant number of adherent and non-adherent 
patients, and render the test less useful, also for the communication 
between physician and patient. Of major importance, this dichotomous 
categorization does not account for the inverse, and graded, relationship 
between adherence and mortality [5]. Thus, patients who are partially 
adherent may be at higher risk of discontinuing their treatment in the 
future and subsequently at risk of poorer outcomes. 

In line with our results, previous studies on other cardiovascular 
drugs have shown low agreement between self-reported adherence 
measures and more robust measures of adherence such as electronic 

Table 2 
Directly measured atorvastatin adherence, self-reported measures of adherence, 
and blood cholesterol levels.   

Directly 
measured 
atorvastatin 
adherence 

Self- 
reported 
statin 
adherence 
past 7 days 

Self-reported 
medication 
adherence 
past month 
(Gehi) 

Morisky 
Medication 
Adherence 
Scale 

Reduced 
adherencea, 
n (%) 

29 (7.8) 19 (5.5) 11 (3.0) 29 (8.4) 

LDL-Cb, 
adherent, 
mean (SDc) 

1.9 (0.6) 1.9 (0.6) 1.9 (0.6) 1.9 (0.6) 

LDL-C, 
reduced 
adherence, 
mean (SD) 

2.8 (1.0) 2.8 (1.0) 3.2 (1.1) 2.1 (0.8) 

LDL-C 
adherent 
vs. reduced 
adherence 

p < 0.001 p = 0.001 p = 0.004 p = 0.07  

a Reduced adherence is defined by ≥ 2 doses omitted (merged partial and non- 
adherence) by the direct method, <6/7 days for self-reported statin adherence, 
<90% for the Gehi question and a score of <6 on the MMAS-8. 

b LDL-C, low density lipoprotein-cholesterol. 
c SD, standard deviation. 

Table 3 
Agreement between the statin adherence question and the direct method (A), the 
Gehi et al. adherence question and the direct method (B) and the 8-item Morisky 
adherence scale (MMAS-8) and the direct method (C).  

(A)  Direct method   
Adherence 
(n = 337) 

Reduced 
adherence 
(n = 25) 

Statin adherence past 
seven days 

Adherence (n = 343) 328 15 
Reduced adherence 
(n = 19) 

9 10 

(B)  Direct method   
Adherence 
(n = 340) 

Reduced 
adherence 
(n = 27) 

Gehi et al. adherence 
question 

Adherence (n = 356) 335 21 
Reduced adherence 
(n = 11) 

5 6 

(C)  Direct method   
Adherence 
(n = 323) 

Reduced 
adherence 
(n = 22) 

MMAS-8 Adherence (n = 316) 301 15 
Reduced adherence 
(n = 29) 

22 7  
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medication event monitoring systems and measurement of drug con-
centrations [20,30]. Self-report questionnaires rely heavily on patients’ 
recall, and for statins they have been shown to significantly overestimate 
actual intake [31]. We found an increasing agreement between the 
direct method with increasing specificity of the questions in the 
self-report measure. The poorest agreement was observed with for 
MMAS-8 which is expected as this is a general measure of adherence 
behavior. A too low cut-off value for reduced adherence for the direct 
method may also influence the agreement score, confer the intention of 
the algorithm to avoid that adherent patients are misclassified as 
partially adherent [22]. Nevertheless, the vast majority of patients 
classified as adherent by the direct method were also classified as 
adherent by the self-report measures suggesting that most of these pa-
tients provide an accurate record upon questioning. In contrast, only 
40% classified with reduced adherence by the direct method reported 
reduced statin adherence the past 7 days prior to study participation. An 
even lower proportion of these patients reported reduced adherence 
with the general adherence measures. This finding may be related to 
differences in length of the periods to which the self-report question-
naires refer to. Furthermore, the MMAS-8 only contains 2 times assess-
ing adherence within a concrete time interval which likely contributes to 
a lower agreement. Nonetheless, the poor performance of self-report 
measures to identify the high-risk sub-group with reduced adherence 
accords to previous comparisons with electronic monitoring systems 
[20]. It is concerning and emphasizes the need for valid methods to 
measure statin adherence in clinical practice. 

Self-perceived side effect of cardiovascular drugs was the only 
potentially modifiable clinical factor that significantly discriminated 
patients with reduced adherence from to those with high adherence. 
Accordingly, a recent randomized trial with long-term follow up, found 
statin-specific side effects to be the most important predictor of poor 
adherence [32]. 

Although most patients with high adherence may be identified by 
asking direct questions regarding statin adherence most of those with 
reduced adherence will not. After further validation, the direct method 
may prove to be a useful tool in clinical practice to identify patients with 
reduced adherence to statins, at risk of future treatment discontinuation 

and poor prognosis. Moreover, an objective confirmation of reduced 
adherence to statin therapy may provide an entry into a careful dis-
cussion between the patient and the healthcare provider about adher-
ence, causes of reduced adherence and ways to improve it. 

4.1. Strengths and limitations 

None of the study participants were aware that their blood samples 
would be analyzed for statin adherence at the time of sampling and 
completion of the questionnaires. Thus, the risk of white coat adherence 
and biased reporting of adherence is low. It is a strength that the algo-
rithm of the present direct method translates the pharmacokinetics of 
atorvastatin into terms and levels of clinical adherence that correspond 
to the biological statin effects (i.e. blood cholesterol levels). However, 
before the method may be used in clinical practice eventually, further 
large-scale validation of the algorithm is needed as this may reveal rare 
pharmacokinetic and pharmacodynamic factors that should be 
accounted for [22]. The comprehensive dataset with several self-report 
measures of adherence and potential determinants of reduced adherence 
are other important strengths of the study. Adherence to atorvastatin 
determined by the direct method was high (92%) in the present cohort 
and limited to patients <80 years being prescribed atorvastatin and in 
whom the treating physician had not discontinued or changed statin 
treatment during the median 16 months period prior to study partici-
pation. Furthermore, the study participants had significantly lower 
LDL-C and fewer previous CHD-events than the non-participants (Sup-
plementary Table 1), indicating lower adherence among the 
non-participants. The low prevalence of reduced adherence in this 
selected population may potentially affect the agreement scores be-
tween the self-report measures and the direct method. Even though 
there were few missing data on the self-reported measures, this may also 
bias the kappa agreement scores. There was a graded relationship be-
tween the direct method and blood LDL-C levels. However, it is uncer-
tain to what extent a spot measurement of atorvastatin in blood reflects 
long-term persistence to statin treatment. Ideally, we would assess 
directly measured adherence in relation to change in LDL-C from base-
line to follow up. However, this was not possible due to lack of baseline 

Fig. 2. Venn diagrams illustrating agreement between the direct method and self-report measures of adherence.  
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blood lipid levels in most participants. The direct method measures 
adherence only in the days prior to blood sampling. It is therefore 
possible that some poorly adherent patients not detected by the direct 
method may be detected by self-report measures. This may be investi-
gated in future studies combining self-report measures, pharmacy reg-
istry data with the direct method. Finally, although LDL-C is causal for 
the development of atherosclerotic CVD, the association between level 
of adherence measured directly and hard clinical outcomes remain to be 
studied. 

4.2. Conclusions 

There was a graded, inverse relationship between directly deter-
mined adherence to atorvastatin and cholesterol levels in blood. Most 
patients classified with reduced adherence to atorvastatin by plasma 
drug concentrations do not report reduced adherence on self-report 
questionnaires. Specific questioning about statin adherence was more 
likely to agree with the direct method than general adherence measures, 
but the agreement score was still only fair to moderate. The direct 
method may be a useful tool to further identify reduced statin adherence 
and provide an entry point into a dialogue with patients about clinical 
decisions of treatment. 
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Paper 2 – Supplementary table 1 – Baseline characteristics of non-participants 

and participants in the present sub-study. 

 

Characteristic Non-participants 
(N=754, 66.9%) 

Present sub-study 
(N=373, 33.1%) 

p-Value 

Sociodemographic factors    

Female, n (%) 169 (22.4) 70 (18.8) 0.105 

Age in years, mean (SD) 62.0 (9.8) 60.9 (9.2) 0.054 

Low education, n (%) 549 (72.8) 245 (65.7) 0.030 

Time since index event, median (IQR) 15.0 (7-25) 17.0 (9-28.5) 0.012 

Clinical factors    

Coronary index diagnosis, n (%)    

  Acute myocardial infarction 573 (76.0) 321 (86.1)   <0.001 

  Stable or unstable angina 181 (24.0) 52 (13.9) 

  >1 coronary event prior to the index event, % 
(n) 

254 (33.7) 85 (22.8) 0.001 

Low density lipoprotein cholesterol in mmol/L, 
mean (SD) 

2.2 (0.8) 1.9 (0.7) 0.001 

Charlston comorbidity score, mean (SD) 4.2 (1.5) 3.9 (1.3) 0.006 

C-reactive protein, median (IQR) 1.7 (0.9-3.0) 1.4 (0.6-2.7) 0.010 

Systolic blood pressure, mmHg (SD) 139 (19.6) 137 (18.1) 0.118 

Diabetes, n (%) 149 (19.8) 43 (11.5) <0.001 

Current smoking, n (%) 156 (21.5) 75 (20.1) 0.800 

Body mass index in kg/m2, mean (SD) 28.9 (4.6) 28.1 (4.4) 0.003 

Physical activity <1 time per week, n (%) 146 (19.8) 52 (13.9) 0.023 

Any self-reported side-effects attributed to 
their cardiovascular drugs, n (%) 

207 (27.5) 85 (22.8) 0.113 

Psychological factors    

Hospital Anxiety and Depression Scale - anxiety 
sub-scale score, mean (SD) 

4.8 (3.8) 4.7 (3.7) 0.833 



Hospital Anxiety and Depression Scale - 
depression sub-scale score, mean (SD) 

4.0 (3.3) 3.6 (3.1) 0.052 

Bergen Insomnia Scaleb sum, mean (SD) 14.2 (11.0) 13.4 (10.4) 0.281 

Type D social inhibition score, mean (SD) 7.5 (5.6) 7.7 (5.7) 0.432 

Type D negative affectivity score, mean (SD) 7.1 (5.9) 6.8 (5.9) 0.459 

SD: standard deviation, IQR: interquartile range 

aLow education was defined as completion of primary and secondary school only. 

bBergen insomnia scale: a seven-item self-report inventory designed to assess primary insomnia. 
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Aims To estimate the effect of atorvastatin on muscle symptom intensity in coronary heart disease (CHD) patients with
self-perceived statin-associated muscle symptoms (SAMS) and to determine the relationship to blood levels of
atorvastatin and/or metabolites.

...................................................................................................................................................................................................
Methods
and results

A randomized multi-centre trial consecutively identified 982 patients with previous or ongoing atorvastatin treat-
ment after a CHD event. Of these, 97 (9.9%) reported SAMS and 77 were randomized to 7-week double-blinded
treatment with atorvastatin 40 mg/day and placebo in a crossover design. The primary outcome was the individual
mean difference in muscle symptom intensity between the treatment periods, measured by visual-analogue scale
(VAS) scores. Atorvastatin did not affect the intensity of muscle symptoms among 71 patients who completed the
trial. Mean VAS difference (statin-placebo) was 0.31 (95% CI: -0.24 to 0.86). The proportion with more muscle
symptoms during placebo than atorvastatin was 17% (n = 12), 55% (n = 39) had the same muscle symptom intensity
during both treatment periods whereas 28% (n = 20) had more symptoms during atorvastatin than placebo (con-
firmed SAMS). There were no differences in clinical or pharmacogenetic characteristics between these groups. The
levels of atorvastatin and/or metabolites did not correlate to muscle symptom intensity among patients with con-
firmed SAMS (Spearman’s rho <_0.40, for all variables).

...................................................................................................................................................................................................
Conclusion Re-challenge with high-intensity atorvastatin did not affect the intensity of muscle symptoms in CHD patients with

self-perceived SAMS during previous atorvastatin therapy. There was no relationship between muscle symptoms
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and the systemic exposure to atorvastatin and/or its metabolites. The findings encourage an informed discussion to
elucidate other causes of muscle complaints and continued statin use.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Keywords Statin-associated muscle symptoms • Coronary heart disease • Atorvastatin • Crossover trial •
Placebo-controlled

Introduction

There is firm evidence that statins prevent cardiovascular events,
with low rates of serious adverse events.1–3 Nevertheless, 19% of
those using statins for secondary cardiovascular disease prevention in
the UK discontinue their treatment within the 1st year, increasing to
26% at 2 years.4 The principle reason for poor adherence is statin-
associated muscle symptoms (SAMS),5 a heterogeneous group of
muscle complaints occurring upon initiation of treatment or an in-
crease in dose.5 As poor adherence to statin therapy is associated
with increased morbidity and mortality,6 SAMS represent a major
challenge in the prevention of cardiovascular disease.

In observational studies, SAMS are frequently reported (10–25%)
and statin-treated individuals are more likely to report muscle symp-
toms than those who are not using a statin.7–10 In contrast, the
randomized trials have not found significant differences in the preva-
lence of muscle side effects between statin and placebo.11–13 Strict
entry criteria in these trials have been suggested as possible explana-
tions for this discrepancy.5,14 Patients treated with statins may expect
muscle side effects, and therefore report more muscle symptoms
than untreated patients, the so-called ‘nocebo effect’. Double-
blinded crossover trials, exposing participants to both active treat-
ment and placebo in random order, are needed to confirm whether
side effects are drug related or not.2 A small proof-of-concept cross-
over study15 and two larger trials designed to test the effect of non-
statin therapies16 and coenzyme Q1017 in selected patients with
SAMS reported conflicting results. Thus, the effect of statin therapy
on muscle symptoms remains to be settled.

Although pathophysiological mechanisms18 and clinical diagnostic
algorithms for SAMS have been proposed,19 it remains unclear how
statins produce muscle symptoms, and reliable biomarkers for SAMS
are requested.5 Elevated levels of statin metabolites have been pro-
posed as underlying mechanisms of SAMS.20 In particular, the lactone
metabolites of statins have been associated with muscle toxicity
in vitro and in vivo.21–23 The relationship between muscle complaints
and the exposure to statin metabolites has not previously been
studied under randomized, placebo-controlled conditions.

This study aimed to estimate the effect of atorvastatin on muscle
symptom intensity in patients with self-perceived SAMS after a cor-
onary heart disease (CHD) event and to determine the relationship
between SAMS and the levels of atorvastatin and its metabolites in
blood plasma.

Methods

Trial oversight
MUscle Side-Effects of atorvastatin in coronary patients (MUSE) was a
multi-centre, randomized, double-blinded, placebo-controlled, two-

period crossover trial designed to test the effect of atorvastatin 40 mg/
day on muscle symptom intensity.24 The crossover design allows both
within- and between-patient comparisons of muscle symptoms reported
on placebo and atorvastatin and requires a lower number of patients than
a parallel group design. The protocol is available at ClinicalTrials.gov.
There were no significant changes of methods or outcomes after trial
commencement. The trial was reported according to the CONSORT
guidelines25 and registered in the European Clinical Trials Database
(2018-004261-14) and at ClinicalTrials.gov (NCT03874156), prior to in-
clusion of the first patient. The trial complies with the Declaration of
Helsinki and was approved by the Regional Committees for Medical
Research Ethics (2018/2302), the Norwegian Medicines Agency (18/
17102-16), and the local data protection officers. All patients gave written
informed consent. The trial was monitored by research cardiologists.

Participants
All patients discharged with a first or recurrent CHD event between
2016 and 2019 were retrospectively identified through hospital discharge
lists from two secondary care hospitals. The catchment area to the hospi-
tals corresponds to 7.4% of the Norwegian population and is representa-
tive of Norwegian geography, economy, age distribution, morbidity, and
mortality.26 All patients underwent a standardized telephone interview
to reveal whether they had (i) subjective SAMS during ongoing atorvasta-
tin therapy or (ii) previous muscle symptoms that had led to discontinu-
ation of atorvastatin. All patients with self-perceived SAMS were invited
to the outpatient clinics for an evaluation of entry criteria and a detailed
interview by two study cardiologists before randomization. The interview
focused on the temporal association between muscle symptoms and initi-
ation and discontinuation of the statin treatment. Patients who had transi-
tory muscle complaints and who expressed uncertainty as to whether
the symptoms were actually caused by the statin, were excluded from
the study at baseline (Figure 1). An overview of patients excluded prior to
the telephone interview is provided in Supplementary material online,
Appendix Figure S1. The eligibility criteria are described in detail else-
where.24 An age and sex-matched control group of CHD patients report-
ing no history of SAMS despite atorvastatin >_40 mg, and no other
ongoing muscular complaints, was assigned to 7 weeks open-label treat-
ment of atorvastatin 40 mg/day to compare blood plasma concentrations
of atorvastatin and metabolites.

Interventions
Participants were randomly assigned by two study cardiologists to ator-
vastatin in treatment period one, followed by placebo in treatment
period two, or vice-versa (AB-BA crossover design). A morning dose of
40 mg/day was chosen, as this is a high-intensity statin treatment frequent-
ly used by patients with CHD. Each treatment period was preceded by a
1-week pharmacological washout and lasted for 7 weeks or until intoler-
able muscle symptoms occurred. The length of the treatment period was
chosen on the basis of two observational studies9,27 indicating that SAMS
appear median 2 and 4 weeks after re-challenge and initiation of statin
treatment, respectively. The washout periods corresponded to more
than 10 half-lives of atorvastatin and its metabolites in the systemic

2 O. Kristiansen et al.
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.circulation.28 The primary endpoint was analysed on the basis of symp-
tom intensity in the final 3 weeks of each treatment period. Thus, the risk
of carryover effects was minimized as SAMS improve after a median of 2
weeks following treatment discontinuation.27

Data collection
Clinical data were collected at baseline from hospital medical records
and a self-report questionnaire. Muscle symptom (pain, weakness, ten-
derness, stiffness, or cramps) intensity was registered weekly in a patient

diary using a 0 (no symptoms) to 10 (worst imaginable) visual-analogue
scale (VAS). Blood samples for measurement of atorvastatin and metabo-
lites concentration in plasma were obtained immediately prior to the
next scheduled dose (C0, trough concentration) and 2 h after observed
tablet intake (C2, reflecting the peak concentration according to the phar-
macokinetic profile of the drug) on the last day of each treatment period.
Food intake was allowed prior to collection of C0 samples but partici-
pants fasted until C2 samples were collected.28 The blood samples were
handled and analysed as previously described.29 Relevant sequence var-
iants in the SLCO1B1 (*5, c521T>C, rs4149056), CYP3A4 (*22,

Figure 1 CONSORT flow diagram.
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.
rs35599367), and CYP3A5 (*3, rs776746) genes were analysed in baseline
blood samples (Light CyclerVR 480, Roche Diagnostics). All participants
and study personnel were blinded to the results of all laboratory tests
including low-density lipoprotein cholesterol and creatine kinase (CK)
levels during the study period. Adherence was measured by pill counts in
returned containers as well as by drug measurement directly in blood30

at the end of each treatment period.

Outcomes
The primary outcome was the individual difference in muscle symptom
intensity between treatment periods, measured by mean VAS scores dur-
ing the last 3 weeks of each treatment period. This outcome was chosen
to (i) ensure steady-state concentrations of atorvastatin, (ii) maximize the
likelihood for the symptoms reported to be truly related to the current
(and not previous) treatment period, and (iii) ensure sufficiently long
treatment periods for SAMS to appear/disappear. Key secondary out-
comes were (i) the proportion with confirmed SAMS, defined as a 25%
higher individual mean VAS-score during the treatment period on ator-
vastatin vs. placebo, and >_1 cm absolute difference, as this has been
regarded as a clinically relevant difference in a validation study of the VAS
scale,31 (ii) the correlation between individual differences in mean muscle
symptom intensity and levels of atorvastatin and metabolites among
patients with confirmed SAMS, (iii) diagnostic properties of atorvastatin
and metabolites for the diagnosis of confirmed SAMS, and (iv) difference
between levels of atorvastatin and metabolites in patients with failing pla-
cebo test for connecting SAMS to atorvastatin (i.e. non-SAMS) and the
control group. Further details on all pre-specified outcomes are available
in the statistical analysis plan (SAP) (see Supplementary material online,
Appendix S1).

Randomization
Participants were randomized by an independent statistician in a 1:1 ratio
to a double (i.e. participants, providers, those assessing outcomes)
blinded treatment sequence of atorvastatin and matching placebo using
an electronic randomization system. Block sizes of four and six in random
order, stratified according to centre and previous atorvastatin discontinu-
ation were used. Tablets were encapsulated with identical appearance for
atorvastatin and placebo. The containers were collected at the end of
each treatment period to avoid participants attempting to compare
capsules.

Statistical analyses
Sample size calculations are based on the ability to detect a 1 cm differ-
ence in the VAS score between the treatment periods on atorvastatin
and placebo.31 With n = 68, we will have 90% power to detect a differ-
ence of 1.0 (SD = 2.5) (one-sample T-test) and 80% power to detect a dif-
ference of 40% SAMS under statins vs. 15% SAMS under placebo (the
McNemar test). To account for missing data due to drop-outs or and
protocol deviations, we aimed to include 80 patients. All analyses were
specified prior to database lock, except where noted, and are described
in detail in the SAP. The primary outcome was estimated as the predictive
overall margin [95% confidence interval (CI)] of a linear regression model
with the difference (atorvastatin minus placebo) as the dependent vari-
able and the stratification factors in the randomization (i.e. centre and
previous statin discontinuation) as covariates. The primary analysis was
performed on the full analysis set. A secondary analysis was performed
on the per-protocol set. A 95% CI for the proportion of confirmed
SAMS was estimated with the Wilson score confidence interval.32 The
correlations between differences in muscular symptom intensity and lev-
els of atorvastatin and metabolites among patients with confirmed SAMS
were estimated with Spearman rank correlation coefficients, with 95%

CIs estimated by the Bonett–Wright approximation.33 95% CI of per
cent estimates are given in succeeding brackets. Receiver operating char-
acteristics curves and measures of diagnostic accuracy were used to iden-
tify cut-off values of metabolite concentrations that can discriminate
confirmed SAMS from other muscle symptoms. The comparison of levels
of atorvastatin and metabolites between non-SAMS participants and the
control group were performed with two-sample T-tests with adjustment
for unequal variances. A senior statistician, blinded to participants’ treat-
ment sequence, performed all analyses using Stata/SE 16.0 (StataCorp
LLC, College Station, TX, USA) and Matlab R2014a (The MathWorks,
Inc.).

Results

Participant flow, losses, and exclusions are shown in Figure 1. Among
982 atorvastatin-treated patients telephoned for assessment of eligi-
bility (82% response rate), 875 were ineligible, most commonly due
to no history of self-perceived SAMS. Only one patient had self-
perceived SAMS among those who declined to participate. Ninety-
seven patients (9.9%) reported SAMS at the baseline interview. Of
these, 77 (79%) were randomized in March and August 2019 and 71
completed the trial in June and December 2019. These participants
constitute the full analysis set. One patient with significantly elevated
blood levels of alanine aminotransferase at the end of the atorvastatin
period, and one patient with atorvastatin present in blood plasma
during the placebo period were excluded from the full analysis set,
leaving 69 participants eligible for the per-protocol analysis of SAMS
and atorvastatin exposure. Overall, adherence as measured by pill
counts was high with a mean proportion of days covered of 99%
(range 91–100%). Adherence was also confirmed by the direct
method. There were no missing data on muscle symptom intensity,
hospital medical records, or blood samples. Less than 5% of the data
from patient questionnaires were missing.

Baseline characteristics
Characteristics were well balanced between treatment sequences
(Table 1). There was no information in hospital records about previ-
ous statin discontinuation (i.e. de-challenge) and repetitive re-
challenge tests among study participants. Nineteen patients (27%)
had tried >_2 statins prior to study start. Except for ezetimibe, no
other lipid-lowering drugs were used. Baseline muscle symptom in-
tensity was mean 4.6 (SD 2.5) cm. No changes in consumption of
analgesics or non-steroidal anti-inflammatory drugs were reported
during the trial period. No patients used concomitant treatment with
drugs that interact strongly with atorvastatin, coenzyme Q10 or
other non-prescription drugs or supplements.

Outcomes
Atorvastatin did not affect the intensity of muscle symptoms
(Figure 2). In 17% (9.9% to 27%) n = 12 patients, more muscle symp-
toms were reported on placebo than atorvastatin, with mean VAS
difference: -3.2 (95% CI -4.3 to -2.2). In 55% (43% to 66%) n = 39
patients, no differences in muscle symptom intensity between ator-
vastatin and placebo was reported, with mean VAS difference of 0.07
(95% CI: -0.14 to 0.28). In 28% (19% to 40%) n = 20 patients, more
muscle symptoms were reported on atorvastatin than placebo (i.e.
confirmed SAMS), with mean VAS difference: 2.9 (95% CI: 2.1 to 3.6).

4 O. Kristiansen et al.
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Irrespective of the treatment sequence, patients reported similar
(mean VAS difference 0.28, 95% CI: -0.28 to 0.83) muscle symptom
intensities in the two treatment periods. Two patients, both with
confirmed SAMS, experienced intolerable muscle symptoms at
Week 4 and 5, leading to discontinuation of treatment.

In a post hoc analysis, the distribution of patients to the three
groups: more muscle symptoms on placebo (n = 12), no difference
between atorvastatin and placebo (n = 39), and more muscle symp-
toms on atorvastatin (n = 20) was not statistically different from 25%/
50%/25% (P = 0.29; the Pearson v2 test for multinomial probabilities).

....................................................................................................................................................................................................................

Table 1 Baseline characteristics of participants (full analysis set) according to treatment sequence

Characteristic Atorvastatin fi
placebo, N 5 36,

(50.7%)

Placebo fi
atorvastatin,

N 5 35 (49.3%)

Total, N 5 71

Demographics

Age (years), mean, (SD) 63.8 (7.8) 63.1 (11.0) 63.5 (9.5)

Female, N (%) 12 (33.3) 11 (31.4) 23 (32.4)

Low education,a N (%) 21 (58.3) 24 (68.6) 45 (63.4)

Non-Caucasian origin, n (%) 0 (0) 0 (0) 0 (0)

Index coronary diagnosis

Myocardial infarction, N (%) 30 (83.3) 30 (85.7) 60 (84.5)

Time since last coronary event, months, mean (SD) 25.0 (16.4) 20.4 (10.0) 22.7 (13.7)

Statin treatment and history of intolerance

Previous atorvastatin discontinuation due to side effects, N (%) 13 (36.1) 13 (37.1) 26 (36.6)

Moderate- or low-intensity statin therapy,b n (%) 19 (52.8) 12 (34.3) 31 (43.7)

No ongoing statin therapy, N (%) 5 (13.9) 3 (8.6) 8 (11.3)

Ezetemibe, N (%) 10 (27.2) 6 (17.1) 16 (22.5)

Total number of statins used previously, N (SD) 1.36 (0.64) 1.31 (0.58) 1.34 (0.61)

Used two different statins previously, N (%) 7 (19.4) 7 (20.0) 14 (19.7)

Used three different statins previously, N (%) 3 (8.3) 2 (5.7) 5 (7.0)

Cardiovascular risk factors

Body mass index (kg/m2), mean, (SD) 29.2 (4.1) 27.3 (4.4) 28.2 (4.4)

Diabetes, N (%) 1 (2.8) 4 (11.4) 5 (7.0)

Current smoking, N (%) 4 (11.1) 5 (14.3) 9 (13.0)

Low-physical activity,c N (%) 17 (47.2) 16 (45.7) 33 (46.5)

Laboratory tests

Creatinine (mmol/L), mean (SD) 80.2 (13.1) 85.1 (33.7) 82.6 (25.5)

Estimated GFR (mL/min/1.73m2), mean (SD) 79.9 (12.0) 77.5 (16.5) 78.7 (14.3)

Low-density lipoprotein cholesterol (mmol/L), mean (SD) 2.50 (1.19) 2.29 (0.85) 2.40 (1.03)

Creatine kinase (U/L), mean (SD) 136 (99) 146 (94) 141 (96)

Lactate dehydrogenase (mmol/L), mean (SD) 175.4 (28.1) 180.1 (34.7) 177.8 (33.4)

Alanine aminotransferase (U/L), mean (SD) 34.8 (16.5) 35.5 (23.8) 35.1 (20.3)

High-sensitivity C-reactive protein (mg/L), mean (SD) 3.62 (8.08) 2.39 (0.85) 3.01 (6.03)

Comorbidities

>1 previous coronary event, N (%) 10 (27.8) 16 (45.7) 26 (36.6)

Heart failure, N (%) 8 (22.2) 6 (17.1) 12 (16.9)

Stroke/transitory ischaemic attack, N (%) 2 (5.6) 4 (11.4) 6 (8.5)

Rheumatic or inflammatory disease, N (%) 1 (2.8) 0 (0) 1 (1.4)

Arthrosis, N (%) 15 (41.7) 10 (32.3) 25 (37.3)

Hypo- or hyperthyroidism, N (%) 2 (5.6) 1 (2.9) 3 (4.2)

Anxiety or depression (diagnosis), N (%) 6 (16.7) 3 (8.6) 9 (12.7)

Concomitant medication used regularly

Total number of concomitant drugs, mean (SD) 5.3 (2.3) 5.5 (1.9) 5.4 (2.1)

NSAIDs or analgesics, N (%) 7 (19.4) 5 (14.3) 12 (16.9)

BMI, body mass index; GFR, glomerular filtration rate; N, number; NSAIDS, non-steroidal anti-inflammatory drugs; SD, standard deviation.
aLow education was defined by completion of primary and secondary school only.
bHigh-intensity statin therapy means drug regimens that are known to lower low-density lipoprotein cholesterol on average by �50% (i.e. >_40 mg atorvastatin/day or >_20 mg
rosuvastatin/day). All the other drug regimens were considered as low- or moderate-intensity statin treatment.
cPhysical activity <30 min of moderate intensity two to three times weekly.
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Moreover, when the middle category was excluded, the proportion
of patients with more muscle symptoms on atorvastatin was not stat-
istically significantly different from 50% (P = 0.16; score test for a sin-
gle probability). This indicates that the observed distribution of
patients to these three groups could be due to chance.

Levels of atorvastatin and/or metabolites in blood plasma did not
correlate to the difference between atorvastatin and placebo in
muscle symptom intensity among patients with confirmed SAMS
(Table 2). The individual metabolites and/or sums of metabolites did
not discriminate patients with confirmed SAMS from non-SAMS (see
Supplementary material online, Appendix Table S1). All over, the dis-
tributions of metabolite plasma concentrations were comparable be-
tween the confirmed SAMS, non-SAMS, and control group patients.

Exploratory comparisons revealed no differences in relevant clinic-
al or pharmacogenetic characteristics between participants with con-
firmed SAMS and non-SAMS and between the intervention group
and the control group without muscle symptoms (Table 3). Sixteen
out of 19 (84%) patients with self-perceived SAMS on >_2 statins at
study start were classified as non-SAMS.

Adverse events
One patient died, most likely due to a primary arrhythmia, and one
patient was revascularized due to new-onset angina. Emergency un-
blinding revealed that both patients received atorvastatin at the time
of the adverse event. One patient was un-blinded due to an elevation
of alanine aminotransferase >10� upper normal limit at the end of
the atorvastatin treatment period, which resolved rapidly when ator-
vastatin was discontinued. The atorvastatin and metabolites levels in
this patient were within the 95% CIs of the mean concentrations in
the non-SAMS patients and the control group.

Discussion

In this randomized, double-blinded crossover trial, atorvastatin did
not affect the intensity of muscle symptoms among patients with

CHD and self-perceived SAMS. The proportion classified with con-
firmed SAMS (28%), according to our pre-specified definition, is not
higher than expected by chance as 17% also reported more
symptoms on placebo than on atorvastatin. Although truly

Figure 2 Effect of atorvastatin on muscle symptom intensity in coronary heart disease patients with subjective statin-associated muscle symptoms.
ATV, atorvastatin; FAS, full analysis set; PPS, per-protocol set; SAMS, statin-associated muscle symptoms; VAS, visual-analogue scale.

.................................................................................................

Table 2 Correlations between the difference in mean
muscle symptom intensity and levels of atorvastatin and
metabolites among participants with confirmed statin-
associated muscle symptoms (n 5 20)

Drug exposure variable Spearman’s rho (95% CI)

Trough (C0) concentration in nM

Atorvastatin acid 0.07 (-0.39 to 0.50)

2-OH atorvastatin acid 0.38 (-0.09 to 0.71)

4-OH atorvastatin acid 0.40 (-0.07 to 0.73)

Sum acids 0.31 (-0.16 to 0.67)

Atorvastatin lactone -0.11 (-0.53 to 0.35)

2-OH atorvastatin lactone 0.27 (-0.20 to 0.64)

4-OH atorvastatin lactone 0.36 (-0.12 to 0.70)

Sum lactones 0.26 (-0.22 to 0.63)

Sum acids and lactones 0.29 (-0.19 to 0.65)

Atorvastatin acylglucuronide 0.11 (-0.35 to 0.53)

Peak (C2) concentration in nM

Atorvastatin acid 0.07 (-0.38 to 0.50)

2-OH atorvastatin acid -0.01 (-0.45 to 0.44)

4-OH atorvastatin acid 0.30 (-0.18 to 0.66)

Sum acids 0.10 (-0.36 to 0.52)

Atorvastatin lactone -0.04 (-0.47 to 0.41)

2-OH atorvastatin lactone -0.19 (-0.58 to 0.28)

4-OH atorvastatin lactone 0.08 (-0.38 to 0.50)

Sum lactones -0.17 (-0.57 to 0.29)

Sum acids and lactones 0.01 (-0.43 to 0.45)

Atorvastatin acylglucuronide -0.08 (-0.50 to 0.38)

C, concentration; CI, confidence interval.
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..statin-dependent muscle symptoms are not excluded in a minority of
patients, they are likely to be rare compared with the reported
prevalence of 10–25%.

MUSE is the first randomized crossover trial designed and pow-
ered to determine the effect of statin treatment on muscle symptoms
in patients with self-perceived SAMS. The consecutively screened
population from routine clinical practice is important for the general-
izability of the results. Our prevalence estimate of self-perceived
SAMS (10%) was the same as that reported in the large PRIMO sur-
vey, exploring the association between high-dose statins and self-
reported muscle symptoms in general practice.9 However, the inher-
ent biases of PRIMO and other observational studies7,8 limit their
ability to evaluate causality.3

STOMP34 was a randomized, blinded trial designed to assess the
effect of atorvastatin 80 mg/day on several muscle-related measures
in healthy individuals. They reported a small excess of myalgia in
statin-treated individuals as compared with placebo (19 vs. 10,
P = 0.05). The effect of statins on muscle symptoms in the individual
patient could, however, not be determined as STOMP was not a
crossover study. A two-phase randomized trial (GAUSS-3),16

enrolling patients with poorly controlled low-density lipoprotein
cholesterol levels and history of intolerance to two or more statins,
applied a crossover procedure to identify eligible patients for testing
the effect of two different non-statin therapies. They found that 43%
had muscle symptoms on atorvastatin 20 mg and not on placebo
whereas 27% had muscle symptoms on placebo and not on atorvas-
tatin,16 yielding the same risk ratio of 1.5 as found in our study.
However, the results of the crossover phase of GAUSS-3 should be
considered suggestive as they were subject to an exploratory analysis
without predefined methods in the statistical analysis plan. A similar
two-phase crossover trial, investigating the effect of coenzyme Q10
for the treatment of SAMS, found that 36% had muscle symptoms on
simvastatin 20 mg and not on placebo as compared with 29% on pla-
cebo and not on simvastatin.17 In contrast to the present study, the
Q10 and GAUSS-3 trials were not specifically designed to determine
the effect of statins on muscle symptom intensity and potentially eli-
gible participants were not consecutively screened. There was a
somewhat lower proportion with statin-dependent muscle symp-
toms in MUSE (28%) as compared with these trials (42% and 36%).
Differences in how muscle symptoms were measured as well as

....................................................................................................................................................................................................................

Table 3 Characteristics of participants in the crossover trial and the control group

Characteristic Confirmed SAMS,

N 5 20 (28.1%)

Non-SAMS,

N 5 51 (71.8%)

Control group,

N 5 40

Baseline characteristics

Women, N (%) 7 (35.0) 16 (31.4) 12 (30.0)

Age (years), mean (SD) 64.1 (11.0) 63.2 (8.9) 64.2 (8.6)

Previous atorvastatin discontinuation, N (%) 8 (40.0) 28 (54.9) 0 (0)

High-intensity statin at baseline, N (%) 12 (60.0) 28 (54.9) 38 (95.0)

Body mass index (kg/m2), mean (SD) 27.6 (4.1) 28.5 (4.4) 28.3 (4.1)

High physical activity, N (%) 12 (60.0) 27 (54.0) 23 (57.5)

Alanine aminotransferase (U/L), mean (SD) 30.7 (14.9) 36.9 (21.9) 41.6 (23.4)

Creatinine (mmol/L), mean (SD) 84.7 (40.6) 81.9 (16.5) 82.3 (35.6)

Estimated GFR (mL/min/1.73m2), mean (SD) 78.7 (18.2) 78.5 (12.8) 78.6 (17.4)

Total number of concomitant drugs, mean (SD) 5.9 (2.5) 5.2 (1.9) 5.3 (1.6)

Regular use of analgesics, N (%) 4 (20.0) 11 (21.6) 3 (7.5)

CYP3A4 *1/*1, N (%) 17 (85.0) 47 (92.2) 37 (92.5)

CYP3A4 *1/*22, N (%) 3 (15.0) 4 (7.8) 3 (7.5)

CYP3A4 *22/*22, N (%) 0 (0) 0 (0) 0 (0)

CYP3A5 *1/*1, N (%) 0 (0) 0 (0) 0 (0)

CYP3A5 *1/*3, N (%) 3 (15.0) 6 (11.8) 7 (17.5)

CYP3A5 *3/*3, N (%) 17 (85.0) 45 (88.2) 33 (82.5)

SLCO1B1 *1/*1, N (%) 17 (85.0) 37 (72.6) 26 (65.0)

SLCO1B1 *1/*5, N (%) 3 (15.0) 14 (27.5) 13 (32.5)

SLCO1B1 *5/*5, N (%) 0 (0) 0 (0) 1 (2.5)

Characteristics during the treatment period on atorvastatin

Alanine aminotransferase (U/L), mean (SD) 29.9 (14.4)a 33.5 (17.1) 45.0 (59.7)

Creatine kinase (U/L), mean (SD) 102 (41.1) 152 (83.6) 128 (77.6)

Lactate dehydrogenase (mmol/L), mean (SD) 165 (35.0) 180 (37.2) 181 (28.3)

C, concentration; CI, confidence interval; SAMS, statin-associated muscle symptom; SD, standard deviation.
aOne patient with an adverse reaction (i.e. elevation of alanine aminotransferase >10� upper normal limit) at the end of the atorvastatin treatment period was excluded from
this analysis.
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.patient selection of may explain these differences. Eighty-one per
cent reported intolerance to three or more statins prior to study
start in GAUSS-3, whereas only 7% (n = 5) in our study had tried that
many statins. Interestingly, all these patients were classified as non-
SAMS in our study. Indeed, 16 out of 19 patients with a history of in-
tolerance to >_2 statins were also classified as non-SAMS.
Importantly, atorvastatin did not affect the intensity of muscle symp-
toms in our primary analysis, and the proportion with confirmed
SAMS according to our pre-specified and validated definition was not
significantly higher than expected by chance alone. Accordingly, our
exploratory analyses revealed no differences in clinical characteristics
between patients categorized with confirmed SAMS and non-SAMS.
If a subgroup of the patients with statin-dependent muscle symptoms
actually exists, the prevalence is likely to be low. The proportion with
more symptoms on placebo than atorvastatin may be explained by
fluctuations in statin-independent muscle symptoms, alternatively the
nocebo effect.35 Interestingly, a small non-randomized study (n = 8)
with several crossovers indicates no differences in muscle symptoms
between statin and placebo in patients with SAMS.36

In this first study, testing also the metabolites of a statin as media-
tors of SAMS. There was no correlation between muscle symptom
intensity and systemic exposure to atorvastatin and its main metabo-
lites. Several in vitro studies have reported that lactone metabolites of
statins induce toxic effects in muscle.18 In a previous study, patients
were classified with SAMS according to open statin re/de-challenge
and their blood levels of atorvastatin metabolites were compared
with healthy individuals, both groups using low-dose (10 mg/day)
atorvastatin.21 The blood levels of atorvastatin lactone and 4-OH
atorvastatin acid were higher in the SAMS patients.21 Our placebo-
controlled trial demonstrates that the intensity of muscle symptoms
is not related to the concentrations of atorvastatin or any of its main
metabolites in blood. Moreover, the frequency of sequence variants
in CYP3A4/5 and SLCO1B1 was not different between the partici-
pants in the randomized trial and the control group without any his-
tory of muscle complaints. Potentially, the toxic effects of
atorvastatin that occur in the muscle tissue are not adequately
reflected by blood plasma concentrations of the drug and metabo-
lites. In vitro experiments indicate that influx and efflux transporter
proteins are determinants of the local exposure to statin metabolites
in skeletal muscle tissue.37 Consequently, it can be hypothesized that
the levels of statin metabolites in muscle tissue are not directly corre-
lated to the exposure in blood. Future studies should obtain muscle
biopsies to elucidate further the relationship between muscle symp-
toms and atorvastatin metabolites and other biomarkers in patients
with confirmed SAMS.

Self-perceived SAMS is common (10%) but our conservative esti-
mate of statin-dependent muscle symptoms (<3%) is in line with the
estimates of side effects reported in landmark randomized statin tri-
als.38 Thus, in the clinical perspective, atorvastatin is well tolerated in
most patients. A detailed clinical interview elucidating other causes of
muscle complaints in these patients appears crucial. Our results may
be useful for an informed discussion with patients regarding the likeli-
hood of whether their muscle complaints may be caused by the statin
or not. Finally, continuously lowered cholesterol treatment targets
together with the emergence of new and expensive lipid-lowering

drugs39 emphasizes the need for optimized use of the cost-effective
statins.

Strengths and limitations

The study design enables us to confirm whether the participants’
muscle symptoms were truly related to the statin or not, thus
addressing the major criticisms of previous SAMS studies.2 Other
strengths include a very low dropout rate, high data quality, and su-
perior adherence to the allocated treatment measured with robust
methods.

In all, 802 of 982 patients (82% response rate) responded to the in-
vitation letter and phone calls. Since some of the non-responders
may also have experienced SAMS, the prevalence of subjective SAMS
in this population could have been slightly higher than the reported
estimate. Although observational studies among patients with sub-
jective SAMS9,27 indicate that the duration of treatment periods
should be sufficient for SAMS to appear and disappear in most
patients, some participants with perceived changes in muscle symp-
tom intensity after the 8 weeks treatment period may have been in-
correctly classified. Even though the time to first noted recovery in
muscle symptoms following statin discontinuation was median
2 weeks in a case study of 354 patients with self-perceived SAMS, the
time to complete recovery was median 4 weeks.27 Although it is bio-
logically unlikely that muscle complaints persist for more than
5 weeks after statin discontinuation, the possibility of carryover
effects of muscle symptoms in participants with symptoms lasting lon-
ger cannot be entirely excluded. To minimize the risk of carryover
effects, the outcomes were evaluated only during the last 3 weeks of
each test-period of 7 weeks. In addition, the washout periods of 1
week ensured complete pharmacologic clearance of ongoing statin
treatment used prior to study start or in the preceding placebo treat-
ment period. Muscle symptoms were registered in a diary that was
available for the participants throughout the trial, which could pos-
sibly have affected the participants’ responses in that previously regis-
tered VAS scores may have been used as assessment of symptoms in
a subsequent week. The diary was chosen to also allow for participa-
tion of elderly patients without access to the internet or mobile
phones. Eighty-eight per cent of the present participants who had
previously tried 2 or 3 different statins prior to inclusion were classi-
fied as non-SAMS by our blinded crossover procedure. Accordingly,
reporting side effects after two different statins, or more, does not
appear to be a valid marker of true SAMS. Thus, identification of
SAMS by the suggested open de-challenge/re-challenge tests5

remains to be validated and their sensitivity and specificity deter-
mined. Such tests are also rarely performed in clinical practice, as
none had been performed among the patients screened for the pre-
sent study. Future studies may establish the validity of both clinical
algorithms and screening questionnaires in predicting statin-
dependent muscle side effects. Even though atorvastatin is used by
the majority of CHD patients, the study results are not outright rep-
resentative of other statin classes. Moreover, there are regional dif-
ferences in the distribution of cardiovascular risk factors across
Europe, and possibly also in the prevalence and characteristics of the
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.
population with SAMS. Finally, all study participants were Caucasian
and the study results should be interpreted accordingly.

Conclusions

Double-blinded re-challenge with high-intensity atorvastatin did not
affect the intensity of muscle symptoms in patients with CHD and
self-perceived SAMS during previous atorvastatin therapy. There was
no relationship between muscle symptoms and the systemic expos-
ure to atorvastatin and/or its metabolites. The findings encourage an
informed discussion to elucidate other causes of muscle complaints
and continued statin use.

Supplementary material

Supplementary material is available at European Heart Journal –
Cardiovascular Pharmacotherapy online.
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SUPPLEMENTARY MATERIAL PAPER 3 





Paper 3 - Supplementary Figure 1 – Causes of exclusions during consecutive 

screening of hospital discharge lists prior to telephone interviews. 

 
 

 

 

 

 

 

 

 

 



Paper 3 - Supplementary Table 1 – Diagnostic properties of atorvastatin and 

metabolites for the prediction of confirmed statin-associated muscle symptoms 

(n=20/71 (28%)) among patients with subjective statin associated muscle 

symptoms. 
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