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Summary

This Review is intended to help clinicians, patients, and the public make informed decisions about statin therapy for
the prevention of heart attacks and strokes. It explains how the evidence that is available from randomised controlled
trials yields reliable information about both the efficacy and safety of statin therapy. In addition, it discusses how
claims that statins commonly cause adverse effects reflect a failure to recognise the limitations of other sources of
evidence about the effects of treatment. Large-scale evidence from randomised trials shows that statin therapy reduces
the risk of major vascular events (ie, coronary deaths or myocardial infarctions, strokes, and coronary revascularisation
procedures) by about one-quarter for each mmol/L reduction in LDL cholesterol during each year (after the first) that
it continues to be taken. The absolute benefits of statin therapy depend on an individual's absolute risk of occlusive
vascular events and the absolute reduction in LDL cholesterol that is achieved. For example, lowering LDL cholesterol
by 2 mmol/L (77 mg/dL) with an effective low-cost statin regimen (eg, atorvastatin 40 mg daily, costing about £2 per
month) for 5 years in 10000 patients would typically prevent major vascular events from occurring in about
1000 patients (ie, 10% absolute benefit) with pre-existing occlusive vascular disease (secondary prevention) and in
500 patients (ie, 5% absolute benefit) who are at increased risk but have not yet had a vascular event (primary
prevention). Statin therapy has been shown to reduce vascular disease risk during each year it continues to be taken,
so larger absolute benefits would accrue with more prolonged therapy, and these benefits persist long term. The only
serious adverse events that have been shown to be caused by long-term statin therapy—ie, adverse effects of the
statin—are myopathy (defined as muscle pain or weakness combined with large increases in blood concentrations
of creatine kinase), new-onset diabetes mellitus, and, probably, haemorrhagic stroke. Typically, treatment
of 10000 patients for 5 years with an effective regimen (eg, atorvastatin 40 mg daily) would cause about 5 cases of
myopathy (one of which might progress, if the statin therapy is not stopped, to the more severe condition of
rhabdomyolysis), 50-100 new cases of diabetes, and 5-10 haemorrhagic strokes. However, any adverse impact
of these side-effects on major vascular events has already been taken into account in the estimates of the absolute
benefits. Statin therapy may cause symptomatic adverse events (eg, muscle pain or weakness) in up to about
50-100 patients (ie, 0-5-1-0% absolute harm) per 10 000 treated for 5 years. However, placebo-controlled randomised
trials have shown definitively that almost all of the symptomatic adverse events that are attributed to statin therapy in
routine practice are not actually caused by it (ie, they represent misattribution). The large-scale evidence available
from randomised trials also indicates that it is unlikely that large absolute excesses in other serious adverse events
still await discovery. Consequently, any further findings that emerge about the effects of statin therapy would not be
expected to alter materially the balance of benefits and harms. It is, therefore, of concern that exaggerated claims
about side-effect rates with statin therapy may be responsible for its under-use among individuals at increased risk of
cardiovascular events. For, whereas the rare cases of myopathy and any muscle-related symptoms that are attributed
to statin therapy generally resolve rapidly when treatment is stopped, the heart attacks or strokes that may occur if
statin therapy is stopped unnecessarily can be devastating.

Introduction
Used appropriately, modern medical therapies have the
potential to prevent a large proportion of the burden of
cardiovascular disease. However, their appropriate use
relies on the availability of robust data on safety and
efficacy, as well as on a sound understanding of the
interpretation and application of such evidence.
Randomised controlled trials of adequate size are
needed to be confident that any moderate benefits and
any moderate harms of a treatment have been assessed
sufficiently reliably."* In certain circumstances, available
evidence from randomised trials about the effects of a
treatment may be limited (perhaps because it is deemed
not possible or too difficult to do adequate trials).”

However, the particular context that this Review
addresses is the appropriate interpretation of evidence
about the safety and efficacy of a treatment when
randomised trials of it have been conducted in large
numbers of many different types of patient (as is the case
for statin therapy), as well as the additional value of
information from observational studies based on cohorts,
health-care databases, or other sources.”* Not only have
the limitations of observational studies* often been
underestimated when attributing adverse effects to
treatment (such as misleading claims that statins cause
side-effects in one-fifth of patients™™), but also the
strengths of randomised trials with masked treatment
allocation and systematic ascertainment of many
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different types of adverse event have been under-
estimated for the reliable assessment of the safety and
efficacy of treatment.>*"*

This Review first considers the generic strengths and
limitations of randomised trials and observational studies
for assessing the effects of treatment, and then considers
the specific evidence that is available on the efficacy and
safety of statin therapy. It concludes by considering the
public health implications of the failure to recognise the
full benefits of using statin therapy and of the exaggerated
claims that have been made about the rates of side-effects.

Randomised controlled trials: strengths and
weaknesses for assessing the benefits and harms
of treatment (panel 1)

Like-with-like comparisons within randomised trials
The key strength of randomised controlled trials is that
the process of randomisation results in groups of patients
who differ from each other only by the play of chance with
respect to their risks of having all types of health outcome
(ie, the randomised treatment groups are balanced with
respect to both known and unknown risk factors,
irrespective of whether or not these have been
assessed).””* In addition, masking assignment of study
treatment with a placebo minimises the differential
assessment of adverse events between the study treatment
groups following randomisation.”* Continued follow-up
of all randomised patients (even if some stop taking their

Panel 1: Contribution of randomised trials for assessing
treatment effects

Like-with-like patient comparisons

Randomisation results in groups of patients that differ from
each other only by the play of chance with respect to their
risks of suffering all types of health outcome, so observed
differences in rates of health outcomes can generally be
attributed causally to differences in study treatment.

Like-with-like outcome comparisons

Non-differential outcome ascertainment between the
randomised treatment groups within a trial helps to minimise
bias in the assessment of treatment effects. It can be
enhanced by masking, which is likely to be of most value for
symptomatic adverse events that are subjective.

Robustness for detecting effects

Comparisons within randomised trials with unbiased
ascertainment of outcomes between treatment groups are
robust for the detection of both beneficial and harmful
effects of treatment.

Generalisability of evidence

Randomised trials with different eligibility criteria that involve
large numbers of many different types of patient (ideally
combined in meta-analyses of individual patient data) can
provide reliable information about treatment effects that can
be widely generalised to different circumstances.

assigned treatment) maintains the like-with-like
comparison produced by the randomisation process
(since, for example, the patients who stop may differ
between the randomised groups).” Consequently, subject
to statistical tests of the likely impact of chance, the
observed differences in the rates of health outcomes
between the randomly assigned patient groups within a
trial (ie, intention-to-treat comparisons) can be attributed
causally to differences in the study treatment.
Information about a health outcome does not need to
be obtained in the same way in the different randomised
trials of an intervention (eg, different statin trials recorded
muscle-related outcomes differently; appendix) for the
comparisons of the rates of the outcome between the
randomly allocated groups within each separate trial to
provide unbiased assessments of any real effects of the
treatment. However, biases can be introduced by making
non-randomised comparisons between rates of events
across different trials, not only because the outcome
definitions may differ but also because the types of patient
studied and the duration of follow-up may differ. Such
between-trial comparisons may be seriously misleading,”
which is the reason why meta-analysis of randomised
trials involves statistical methods that are based on the
within-trial differences in a particular outcome.””

Robustness for detecting real treatment effects

It has been suggested that ascertainment of adverse
events in randomised trials may not be sufficiently
specific or sensitive to detect adverse effects of treatment
reliably.">**** However, comparisons within randomised
trials with unbiased ascertainment of outcomes between
the treatment groups are robust against both over-
ascertainment and under-ascertainment.”” For example,
if the study treatment produced a 20% proportional
decrease (or increase) in the rate of an outcome that
occurred in 10% of control patients, then (as shown in
table 1) the ability to detect such an effect in a randomised
trial of 20000 patients would not be much altered by the
random addition of 10-20% of reported events that were
not actually the outcome of interest (ie, false positives).
Likewise, similar amounts of under-ascertainment (ie,
false negatives), would not materially affect the ability to
detect such effects in a trial. Moreover, these false
positives would have little or no impact on estimates of
the absolute effects, and the false negatives would have
limited impact. The robustness of these within-trial
randomised comparisons applies not only to the
detection of beneficial effects, but also to the detection of
harms that a treatment might cause (such as any muscle-
related symptoms with statin therapy).

It has been suggested that, when data for some types
of health outcome are not available from all of the
relevant randomised trials of a treatment, this will bias
the assessment of its effects."*” However, although
some of these trials may have recorded all types of
health outcome reported by the participating patients,
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others may have only recorded those outcomes that
were considered serious (typically defined as resulting
in admission to hospital or death), perhaps because
previous trials had ruled out material differences in less
serious outcomes. If information on a particular
outcome is not available from a randomised trial
because it was not recorded that would not bias
assessment of the effects of the treatment based on
trials that did record the outcome. Also, if randomised
trials have already reported results based on large
numbers of occurrences of a particular outcome (as
with muscle-related outcomes in statin trials; appendix)
then the inclusion of any unpublished data from other
trials that did record such outcomes is not likely to
materially alter the assessment of the effect of the
treatment on that outcome.

Intention-to-treat analyses based on comparisons
between all randomised patients, irrespective of whether
they were adherent to their assigned study treatment (ie,
stopped taking the active drug or, if assigned to the control
group, started taking it), will tend to underestimate the
effects produced by actually taking the treatment. However,
rather than using potentially biased on-treatment
comparisons among only those patients who took their
assigned study treatment, more appropriate allowance can
be made by applying an approximate estimate of the level
of adherence to estimates of the treatment effects provided
by the intention-to-treat comparisons.? For example, if the
average adherence to treatment assignment is two-thirds
and the observed relative risk reduction (or increase) is
20%, then the adjusted estimate of the effect of actual use
of the treatment would be a 30% proportional reduction
(or increase).

Specificity versus sensitivity of composite outcomes
When there is clear evidence that a treatment produces
effects on the incidence of different types of outcome
that are in the same direction and of similar magnitude
(eg, the reductions in coronary events, strokes, and
revascularisations produced by statin therapy”),
combination of these outcomes in a composite outcome
(eg, major vascular events in the statin trials) may well
provide more robust assessments of the effects of the
treatment because they involve larger numbers of events
than for any of the constituent outcomes. That does not
necessarily mean that—when deciding whether the
absolute benefits of the treatment outweigh the harms
for any particular type of patient (eg, offering statin
therapy to individuals at lower vs higher risk of
cardiovascular events)—equal weight should be given to
the different components of such composite outcomes.
Instead, such analyses of composite outcomes may allow
more reliable evidence to emerge about the effects of the
treatment in different circumstances (eg, the similar
proportional reductions in major vascular events that
have been found with statin therapy among many
different types of patient;** figure 1).

However, when a treatment has effects on different
outcomes that differ in direction, then their combination
in a composite outcome will reduce the ability to detect
these outcome-specific effects and limit generalisability
of the analyses.** For example, if a treatment reduces
the incidence of ischaemic strokes but increases the
incidence of haemorrhagic strokes (as appears to be the
case for statin therapy”*) then the adverse effect on
haemorrhagic strokes may be missed by an assessment
based on the composite of all stroke types since ischaemic
strokes occur more commonly in most circumstances.
By contrast, the assessment of the effects of the treatment
on ischaemic and haemorrhagic strokes considered
separately would not only be more sensitive to any
benefits and harms, but it would also yield findings that
are more readily generalised to different settings (as with
the use of aspirin in primary and secondary prevention®).

Likewise, if treatment produced similar proportional
reductions in vascular mortality and increases in non-
vascular mortality, then the effect on the composite
outcome of all-cause mortality would depend on the
ratio of vascular to non-vascular deaths in a particular
setting: the treatment would appear to be beneficial
when vascular deaths predominated, but harmful
when non-vascular deaths predominated. Instead, the
application of the proportional reductions and increases
in the separate causes of death to the expected rates of
these outcomes in the population of interest would yield
estimates of the absolute effects of treatment on each
type of death and, thus, of the net effect on survival for
particular types of individual (as is described later in the
context of statin therapy).*"

The lack of sensitivity and generalisability of composite
outcomes can be even more problematic when they

Relative  Absolute Z
reduction reduction score*

Active Control
(n=10000) (n=10000)

True 800 (8-:0%) 1000 (10-0%) 20% 2:0% 4-9
events

Extra false outcomes (evenly distributedt)

+10% 890 (8:9%) 1090 (10-9%) 18% 2:0% 4.7
+20% 980(9-8%) 1180 (11:8%) 17% 2:0% 45
Missing real outcomes (unevenly distributedt)

-10% 720 (7-2%) 900 (9-0%) 20% 1-8% 4-6
-20% 640 (6-4%) 800 (8-0%) 20% 16% 43

*For context, a Z score of 4-0 is equivalent to a p value of <0-0001. tThe numbers
of participants in whom true events would not have occurred would be slightly
different between the treatment groups, but this produces little imbalance in the
numbers of false events that can be recorded among such patients in the two
treatment groups when true events are relatively uncommon (as in this example).
Consequently, false events have been approximately evenly distributed because
they would not be affected by treatment assignment. By contrast, there would be
fewer real outcomes to be missed in the active treatment group (since the
treatment reduces the rate of the outcome), so the numbers of missed real
outcome events are unevenly distributed between the treatment groups.

Table 1: lllustrative example of the robustness to misclassified outcomes
(false positives) and missing outcomes (false negatives) of within-trial
comparisons of the effects of treatment in randomised controlled trials
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For the CTT Collaboration
website see www.
cttcollaboration.org

Presenting characteristics Total number Annvual event rate RR (Cl) per 1 mmol/L p value for
of MVEs in control arm reduction in heterogeneity
(% peryear) LDL cholesterol ortrend
Pre-treatment LDL cholesterol (mmol/L) i p=0-22
<25 5256 43 — 0-78 (0-69-0-89)
22.5t0<3.0 2182 4.0 —a— 077 (0:70-0-85)
>3-0t0 <3.5 4604 41 —— 0-76 (0:70-0-82)
235 10563 39 n 080 (0.77-084)
Age (years) i p=0-14
<65 13623 36 .» 078 (0-75-0-82)
>65t0 <75 9211 46 - 079 (0-74-0-83)
>75 2123 55 —?—'— 0-87(0:76-0-99)
Sex 3 p=0-02
Male 19922 44 . 0.78 (0-75-0-81)
Female 5035 3.0 —— 0-84(0.78-0-91)
History of vascular disease i p=018
CHD 19097 56 B 079 (0.76-0-82)
Non-CHD vascular 1529 37 —%—'— 0-83(073-0:94)
None 4331 1.8 ——— 075 (0-69-0-82)
Diabetes 3 p=078
Type 1diabetes 337 6-0 : 3 0-77 (0-58-1-01)
Type 2 diabetes 5621 51 - 0-80 (0-74-0-86)
No diabetes 18862 40 B 078 (076-0-82)
Treated hypertension | p=0-11
Yes 13939 45 - 080 (0:77-0-84)
No 10471 35 2 3 077(0:73-081)
Smoking status § p=0-88
Current smokers 5225 47 - 0-79 (0-73-0-85)
Non-smokers 19728 39 - 0-79 (0-76-0-82)
5-year MVE risk i p=0-04
<5% 421 0-6 - 0-62 (0-47-0-81)
>5t0 <10% 1453 16 — 0-69 (0-60-0-79)
>10to <20% 7810 35 —— 079 (0-74-0-85)
22010 <30% 9028 5.8 —.— 0-81(0-77-0-86)
230% 6245 9-8 - 079 (0-74-0-84)
All patients 24957 4.0 0-79 (0-77-0-81)
—- 99w <[> o5%a . _ .
05 075 1 1.25
LDL cholesterol LDL cholesterol
lowering better lowering worse

Figure 1: Similar proportional reductions in risks of major vascular events per mmol/L LDL cholesterol reduction in randomised trials of statin therapy among

people with different presenting characteristics

Adapted from CTT Collaboration website. RRs are plotted for the combined comparisons of MVE rate in randomised trials of routine statin therapy versus no routine
statin therapy and of more versus less intensive statin therapy, weighted per 1.0 mmol/L LDL cholesterol reduction at 1 year. The size of the squares is proportional to
the numbers of events recorded (ie, statistical information) in the particular comparison. CHD=coronary heart disease. RR=rate ratio. MVE=major vascular event.

involve very disparate outcomes. It has been suggested
that the assessment of statin therapy should be based on
the composite outcome of all serious adverse events of any
kind (eg, mixing vascular outcomes that are known to be
prevented by statin therapy with outcomes in
gastrointestinal, genitourinary, neuropsychiatric, and
other systems that may not be affected).” A key problem
with such an approach is that it can prevent the
identification of both specific benefits and specific hazards
of treatment. For example, analyses of specific outcomes

among the 25673 randomised patients in the THRIVE
trial were able to detect that niacin therapy (nicotinic acid)
is associated with unexpected hazards (ie, increases in
serious infections and bleeding)® that would have been
missed by analyses based on a composite of adverse events
(as in the case of the AIM-HIGH trial® of niacin).
Consideration of the effects of treatment on specific
outcomes allows any differences in its effects to be
determined, and its use can then be appropriately targeted
at those who are likely to get more benefit than harm.
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Value of meta-analyses of randomised trials
Meta-analyses of randomised trials may be required when
the effects of a treatment on some particular outcome are
likely to be moderate and too few cases of it have occurred
in any individual trial to assess the effects sufficiently
reliably**“+# For example, table 2 shows that a meta-
analysis of 100000 randomised patients (as is available for
statin therapy®) would have 90% statistical power at p=0-01
to detect an absolute excess of 0-5% in the incidence of
events that occur in 5% of patients in the control group (ie,
a 10% proportional increase) and an absolute excess of 1%
for events that occur in 20% of patients in the control
group (ie, a 5% proportional increase). Meta-analysis can
also reduce the impact of selective emphasis on effects
observed in particular trials that may overestimate the real
effects*** (eg, the excess of diabetes cases with statin
therapy first noticed in the JUPITER trial® was found to be
smaller in other statin trials®) or may not even be real (eg,
the small excesses of incident cancer cases in the CARE
trial® and the PROSPER trial™ were not confirmed by the
much larger numbers of cases in the other statin trials™®).
However, meta-analyses of randomised trials are not
typically required to detect large effects of a treatment on
common outcomes. Instead, individual trials will suffice
if they have recorded large enough numbers of cases of
the outcome of interest—eg, a trial of 2500 patients
allocated to active treatment versus 2500 allocated to
matched placebo would have at least a 90% chance at
p=0-01 of detecting a 20% versus 15% difference in event
rate if it existed; and a trial of 20000 patients would have
similar statistical power to detect (or refute) reliably an
absolute difference as small as about 2% (ie, 20% vs 18%;
table 2). In such circumstances, it may be more
informative to consider the separate within-trial
comparisons in each of the relevant randomised trials in
order to determine whether (when considered in the
context of the other trials) any of them do provide
compelling evidence that there are any relevant effects on
any specific outcomes (eg, muscle-related outcomes
reported in the large randomised placebo-controlled
trials of prolonged exposure to statin therapy; appendix).
In addition, an individual trial that has been specifically
designed to assess the effects of a treatment on some
particular outcome especially carefully (eg, serial assess-
ments of cognitive function*** and of lens opacities™*' in
statin trials) may be more sensitive to any real effects of
treatment than would be a meta-analysis based on the less
specific assessment of the outcome in all of the other
randomised trials—or, to an even greater extent, on non-
randomised comparisons involving data recorded for
entirely different purposes in observational studies.

Generalisability of evidence on efficacy from

randomised trials

It has been suggested that, because of the exclusion
criteria in randomised trials, results from observational
studies based on use of a treatment in routine practice

Control rate of health outcome

20% 15% 10% 5%
5000 patients 4-6% 41% 3-6% 2:7%
10000 patients 3:2% 2:9% 2:5% 1-8%
20000 patients 2:2% 2:0% 1.7% 13%
100000 patients 1-0% 0-9% 0-7% 0-5%

Table 2: Absolute differences in health outcomes with different control
rates that would have a 90% probability of being detected (ie,
statistical power) at a p value of 0-01 in evidence from randomised
controlled trials involving different numbers of patients

(sometimes referred to, misleadingly, as “real world
evidence”) are more widely generalisable about its
effects.*"2%% However, meta-analyses of randomised
trials with different eligibility criteria that have included
large numbers of different types of patients (eg, although
some statin trials excluded people who were older or who
had particular conditions, other statin trials did not) may
be able to address this putative limitation by yielding
unbiased information based on sufficient numbers of
individuals with different characteristics that can then be
widely generalised (eg, with the statin trials,”* older and
younger people, women and men, individuals with and
without pre-existing occlusive vascular disease or other
conditions).”* Such analyses would not, of course, provide
direct evidence among those types of patients who were
excluded largely or wholly from randomised trials because
the treatment was considered to be contraindicated.
However, if the treatment is not used routinely in such
patients, nor would observational studies provide
such evidence and, in most cases, the effects in such
circumstances would be of limited clinical relevance.

The risk ratio for a particular outcome in a randomised
controlled trial is the ratio of the proportion of the treated
patients and control patients who develop the specific
outcome. As a result, only those individuals who have the
outcome contribute information on the risk ratio.
Moreover, inclusion of individuals who will not have the
outcome (such as most of those in a primary prevention
population) would not change the effect of treatment in
individuals who will have it.”¢ In general, therefore, any
proportional reductions or increases in the rate of a
specific outcome should be expected to be similar in
different circumstances. Consequently, when a treatment
has been shown unequivocally to affect the rate of a
particular outcome, definite evidence of an effect in each
separate type of person is not generally required. Instead,
it may be more appropriate to conclude that the treatment
produces similar proportional effects on that outcome
among different patient types (as has been found
generally with statin therapy®®), unless compelling
evidence emerges that the effect in a particular group of
patients differs from the overall risk ratio.*"*”

This feature of similar proportional effects of treatment
on specific outcomes is useful for generalising results
from randomised trials. It is, of course, the absolute—not
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Panel 2: Contribution of observational studies for
assessing treatment effects

Detect large effects on rare outcomes

Exposure to treatment in large numbers of individuals in
observational studies based on health-care databases or on
post-marketing case reports enables large effects (adverse or
beneficial) to be detected on outcomes that would otherwise
not be expected to occur (ie, are usually rare).

Assess effects of prolonged exposure

Observational studies may involve data on prolonged
exposure to a treatment that can enable long-term effects to
emerge, although the available information about duration
and dose may be incomplete in available databases, limiting
the inferences that can be drawn.

Biases due to differences in risks

Even when associations between treatment and health
outcomes remain after statistical adjustment for observed
differences between different groups of individuals, the
associations may still reflect residual confounding due to
differences that were assessed incompletely or not at all.

Biases due to differences in ascertainment

Patients treated in routine practice know they are taking a
particular drug and, indeed, may be told it has side-effects and
be monitored more closely. Consequently, any associations
with a treatment in observational studies may be biased by
differences in reporting and detection of health outcomes
between patients who are taking it and those who are not.

Generalisability of evidence

Application of the proportional effects of treatment on
specific outcomes derived from randomised trials to the
absolute rates of the outcomes derived from observational
studies in the population of interest can be used to yield
generalisable estimates of its absolute benefits and harms.

the proportional—effects on outcome that matter for an
individual when considering the use of a treatment.
However, application of the proportional effects of a
treatment on specific outcomes from randomised trials to
the absolute rates of these outcomes derived from
observational studies in some particular population of
interest (eg, for secondary prevention in patients at high
risk of recurrent vascular events vs primary prevention in
lower-risk individuals in the general population) can yield
generalisable estimates of both the absolute benefits and
the absolute harms of a treatment.*” Combination of these
separate estimates then enables the net effect of using the
treatment to be estimated for particular types of individual.

Generalisability of evidence on side-effects from
randomised trials

It has been claimed that randomised trials yield under-
estimates of rates of side-effects because they exclude
patients in whom the treatment being studied causes

adverse effects (eg, patients with so-called “statin
intolerance”). 22224447 However, for treatments that are
not yet on the market or that have not yet been widely
adopted into routine practice (as was the case during the
recruitment phase of many of the large clinical outcome
trials of statins®”), few patients will have previously been
exposed to the treatment and excluded because of having
had problems with it.

Some trials use a pre-randomisation run-in phase to
improve the subsequent adherence to the randomly
assigned treatment (whether active drug or placebo).
Run-in phases involving the use of a placebo (as in about
half of the large trials of statin vs control; appendix)
would not lead to underestimates of the rates of side-
effects. Indeed, by improving post-randomisation
adherence, the sensitivity of randomised comparisons to
detect any effects of treatment would be expected to be
improved.® Less commonly, trials have used run-in
phases with the active drug (as in a few of the large statin
trials; appendix), which may exclude some patients in
whom the treatment might cause adverse effects soon
after starting it (although, in one of the large statin trials,
no differences in reasons for stopping treatment were
observed between placebo and active phases of run-in®).
However, it is less likely that use of an active run-in
would prevent the emergence of genuine side-effects
during the later years of such trials. For example, it was
the SEARCH randomised trial with an active run-in
phase that identified a substantial proportional increase
in the risk of myopathy with simvastatin 80 mg daily (a
regimen that had been recommended for routine care®)
compared to simvastatin 20 mg daily (appendix).®

For all of these reasons, evidence about side-effects
from randomised trials is likely to be far more widely
generalisable to routine practice than is often asserted.

Observational studies: limited additional value
for assessing the effects of treatment when
large-scale evidence exists from randomised
controlled trials (panel 2)

Observational epidemiological studies have been
extremely valuable for identifying associations of risk
factors with disease (eg, smoking with lung cancer; blood
pressure and cholesterol with cardiovascular disease),
but their value for the assessment of the effects of
treatment is more limited.

Potential to detect large effects on rare outcomes

Case reports to regulatory authorities or studies based on
health-care databases often involve the exposure of large
numbers of individuals to a treatment that is being used
in routine practice. Consequently, they have the potential
to detect large adverse effects on health outcomes that
would not normally be expected to occur (eg, Reye’s
syndrome with aspirin use in children; tendon dis-
orders with fluoroquinolones; myopathy with statin
therapy).>**** Such studies are also able to detect large
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beneficial effects of a treatment when a good outcome
would otherwise not be expected (eg, insulin for diabetic
ketoacidosis; penicillin for lobar pneumonia; ganciclovir
for cytomegalovirus retinitis).?* However, because of the
potential biases that are inherent in observational studies,
they cannot be relied on for demonstrating the causal
nature of treatment-related associations when the relative
risks are moderate (eg, less than 3—4-fold) or relate to
health outcomes that are common in the types of patient
studied.**?***¥ In such circumstances, large observational
studies may well yield associations of treatment with
health outcomes that have small random errors (ie, are
precise) but that are not causal.

This limitation is not confined to the assessment of
beneficial treatment effects, but applies equally to the
detection of harmful effects. For, although unintended
adverse effects may be more plausible than are any
unintended beneficial effects,® the potential impact of
the biases in observational studies is similar irrespective
of the direction of the associations. Consequently, when
large-scale evidence from randomised controlled trials
does exist (as it does for statin therapy), the additional
value of information from non-randomised observational
studies about treatment effects is very limited.

Potential to assess the effects of prolonged exposure to
treatment

An oft-cited advantage of observational studies is that
they may involve prolonged exposure to the treatment of
interest. However, adequate data about the use of a
treatment in health-care databases might not involve a
duration of exposure that is longer than in the
randomised trials. For example, in several prominently
reported health-care database studies of statin
therapy, the average treatment exposure ranged from
2 to 5 years®” (compared with about 4-5 years in the
randomised trials designed to assess clinical efficacy and
safety®). Moreover, information about the duration and
dose of the treatment might be incomplete in databases
(eg, based on limited prescription data without
information about actual use) that have not been
compiled specifically for the purpose of assessing the
effects of that specific treatment (eg, primary care or
hospital data that are being used for patient care or
administrative purposes).”’

In addition, whereas randomised trials assess the effects
of a specific exposure (ie, a particular dose of a particular
drug with information about adherence) on outcomes that
are sought systematically, observational studies often only
assess more general associations (eg, prescription of
many different doses of a drug, or a class of drug, on ill-
defined outcomes), which may prevent the detection of
effects that are specific (eg, the higher rate of myopathy
with simvastatin 80 mg daily than with 20 mg daily®).
Combination of precise information about the treatment
that is received during a specific period in a randomised
trial and prolonged follow-up of outcomes after the trial

has ended (perhaps through linkage to electronic health
records) may also enable the reliable assessment of the
later effects of the treatment (as has been done for statin
therapy™™™) while avoiding the potential biases that are
inherent in observational studies.

Biases due to differences in underlying risks of health
outcomes

The magnitude of the potential biases inherent in
observational studies of treatment is often under-
estimated in the interpretation of associations that are
found with health outcomes.**"** Confounding by
indication, or contraindication, occurs when the
treatment being considered tends to be provided more,
or less, often to individuals with medical conditions or
other characteristics that are associated with increased,
or decreased, risks of various health outcomes (which is,
of course, what would be expected to occur in clinical
practice'). Bias may also be introduced by other
differences in the underlying risks of developing health
outcomes among the individuals who have received a
particular treatment and the individuals with whom they
are compared who have not received that treatment. Even
when associations between the treatment and health
outcomes remain after statistical adjustment for observed
differences between these different groups of individuals,
the adjusted associations might still reflect residual
confounding due to differences in factors that were
assessed incompletely or not at all (and so would not
necessarily have been taken fully into account in adjusted
analyses) or due to other inadequacies in the approach to
adjustment (eg, using the wrong statistical model).t”*>1°

Consequently, relying on evidence from observational
studies about the effects of treatment on common
outcomes—rather than considering it to be hypothesis
generating—may well have adverse consequences for
patients and public health. For example, in observational
studies, the use of hormone replacement therapy by
post-menopausal women was associated with about
50% less coronary disease than among women who did
not use it This apparent protective effect was
considered by many to be biologically plausible because
of the marked differences in rates of coronary heart
disease between men and women before the menopause,
as well as the known effects of oestrogens on lipid
profiles.’™™ As a result, hormone replacement therapy
was widely prescribed to prevent coronary disease (even
though it was not licensed for that purpose),” becoming
one of the most commonly used medications in high-
income countries.

However, despite the widespread belief that this
association was causal, large randomised trials were
conducted and hormone replacement therapy was found
not to protect against coronary heart disease." " A range
of retrospective explanations were proposed for this
apparent discrepancy with the results in the observational
studies (eg, that the wrong type of adjustment had been
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used or the timing of initiating treatment mattered),”""
but these were eventually refuted.™” Likewise,
randomised trials have not confirmed the 30% higher
risk of breast cancer found in observational studies of
oestrogen-alone preparations, although the results for
combined oestrogen—progestin preparations in these
different types of study appear similar.>"# Despite these
discrepancies, the similarity of the direction—but not the
size™®—of the differences in the rates of stroke and
pulmonary embolism in observational studies and in
randomised trials of hormone replacement therapy has
been used to justify continued reliance on observational
evidence,’ rather than as an illustration of the difficulty of
determining which, if any, associations with treatment in
observational studies provide a reliable basis for safe and
effective care of patients and the public.

A number of reviews have compared the estimates of
treatment effects from observational studies and
randomised trials, but their methods have been criticised
(chiefly because of concerns about the methods used to
select the studies and compare the results) and their
findings have been inconsistent." It has been concluded
that these reviews identified many examples where the
results for the same intervention were on average the
same, but also many examples where the results differed.
For example, there have been many claims about the
benefits of various vitamin supplements based on
observational studies®** that have been reliably refuted
by large randomised trials.”*"* Similarly, when compared
with the results from randomised trials of the effects of
treatments for several different cancers, observational
studies have generated improbable results despite
controlling for comorbidity, extent of disease, and many
other characteristics that were recorded in detailed
databases™ (as is also the case for reported associations
of statins with lower rates of cancer®"* ™). These findings
are consistent with empirical studies in which biases in
observational studies were shown to be large enough to
conclude falsely that treatment produced benefit or
harm, with none of a range of statistical strategies (such
as regression analysis or propensity matching) capable of
adjusting adequately or predictably for bias.”"*"°

Biases due to differences in the ascertainment of

health outcomes

Observational studies of treatment effects are often based
on health outcome data that have been recorded without
consistent coding or validation.”*” Moreover, by contrast
with the situation in randomised controlled trials with
masked treatment assignment (ie, when patients and
their doctors do not know whether they are taking the
active treatment or a matching placebo), patients being
treated in routine practice know that they are taking a
particular drug, as do their doctors. Indeed, the patients
may have been specifically told that the treatment has
potential side-effects"* (eg, patients given statin therapy
are typically advised that serious muscle problems can

occur, albeit rarely, and to advise their doctors if they
develop muscle pain or weakness'*), and they may be
more closely monitored by their doctors. Such biases
may be exacerbated by concomitant changes in lifestyle
recommended by the patients’ doctors (eg, the
prescription of physical activity as well as statin therapy
might lead to exercise-induced muscle pain being
attributed to the drug). Consequently, assessment of the
effects of a treatment in observational studies may be
biased by differences in the reporting and detection of
health outcomes between the patients who are taking it
and those who are not.**

However, although it has been shown that randomised
controlled trials without masked treatment assignment
can produce misleading estimates of treatment effects
(particularly for subjective outcomes),”** the inability to
make allowances for such ascertainment biases is rarely
acknowledged adequately in the interpretation of
observational studies®™ ™ (including for statin
therapy®”*'*?). The magnitude of these biases can be
large."*** For example, in a masked randomised trial
among patients considered to be statin intolerant because
of a history of muscle pain on statin therapy, myalgia was
reported by about one-quarter of patients irrespective of
whether they were taking atorvastatin 20 mg daily or
placebo tablets (with PCSK9 inhibitor injections) for
24 weeks, but the rates fell below 5% immediately after
stopping either the active or placebo tablets.*** These
results indicate the extent to which misattribution of
adverse events can bias assessments of treatment in
observational studies which, necessarily, do not involve
masked ascertainment of outcomes.

Potential benefits and harms of lowering LDL
cholesterol concentrations
Associations between LDL cholesterol and vascular
disease
By contrast with observational studies of treatment,
observational epidemiological studies are valuable for the
assessment of causal risk factors. In particular, such
studies have shown that there is a continuous positive
association between blood concentrations of LDL
cholesterol and the rates of coronary heart disease events
in different populations, without any suggestion within
the range that has been studied of a threshold below
which a lower concentration is not associated with a lower
risk.***” The absolute difference in coronary disease risk
associated with a given absolute difference in LDL
cholesterol is greater at higher concentrations (figure 2A),
which helps to explain the emphasis in previous treatment
guidelines on individuals with hypercholesterolaemia.
However, if risk is plotted on a logarithmic scale, then the
proportional difference in risk associated with a given
absolute difference in LDL cholesterol concentration is
similar throughout the range (figure 2B).

Consequently, with a treatment that acts through
lowering LDL cholesterol, the proportional reduction in
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cardiovascular disease risk per mmol/L reduction in LDL
cholesterol should be expected to be similar irrespective of
the starting cholesterol concentrations (rather than, as has
been suggested for statin therapy,” being evidence that the
effects are not related to cholesterol lowering). Moreover,
the absolute reduction in vascular risk per mmol/L
reduction in LDL cholesterol would also be expected to be
similar for individuals who have similar levels of risk but
present with different cholesterol concentrations. The
results of randomised controlled trials of statin therapy
support these epidemiological expectations (as described
later),”*** and treatment guidelines now tend to focus
on an individual’s risk of having atherosclerosis-related
events as well as on their LDL cholesterol concentration.'*'**
Lower concentrations of cholesterol have been
associated in observational studies with higher rates of
all-cause mortality, particularly in older people.* '
However, such associations can be shown not to be
causal. For example, using the Mendelian randomisation
approach, lower genetically determined LDL cholesterol
concentrations are associated with lower all-cause
mortality even among individuals aged older than
90 years.'” It appears that pre-existing disease causes
lower cholesterol concentrations (so-called “reverse
causality”);"® spurious associations can often be reduced
in analyses of observational epidemiological studies of
risk factors by censoring the first few years of follow-up.

Causal relationship between LDL cholesterol and
vascular disease

Observational studies can provide evidence about
associations of risk factors with health outcomes, but
they do not necessarily suffice to confirm the causal
nature of such associations. In the case of LDL
cholesterol, several additional sources of evidence have
helped to show that the continuous association with
atherosclerotic disease is causal. These include
experimental studies of atherosclerosis in animals,
monogenic and polygenic associations in human beings,
and randomised trials of LDL cholesterol-lowering
therapy (which also assess the extent of risk reversibility
and its timescale).

Experimental studies in animals have shown that diets
that raise LDL cholesterol concentrations increase the
extent of atherosclerosis in the arterial wall, and that
lowering LDL cholesterol concentrations with either diet
ordrugs (including statins) can reduce atherosclerosis.'"™
Genetic disorders in human beings (in particular, LDL
receptor mutations) that cause large elevations of
LDL cholesterol concentrations are associated with
substantially elevated rates of atherosclerotic disease.”"
Moreover, these disorders (ie, familial hyper-
cholesterolaemia) provide compelling evidence of dose
effects, whereby individuals in European and North
American populations who inherit the abnormal genetic
variant from both parents typically have LDL cholesterol
concentrations greater than 13 mmol/L and coronary
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B Logarithmic scale: linear association
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Figure 2: Different shape of association of blood concentrations of total cholesterol with rates of coronary

heart disease mortality when plotted on (A) an arithmetic scale and (B) a logarithmic scale

Adapted from Prospective Studies Collaborative meta-analysis.”” The log-linear association in panel B indicates
that the same absolute difference in cholesterol concentration is associated with the same proportional difference

in coronary heart disease mortality throughout the cholesterol range in the observational studies included
(and studies in other populations indicate this association continues at lower concentrations'®'s%).

events before the age of 20 years,” whereas those who
inherit the abnormal variant from one parent typically
have concentrations greater than 8 mmol/L and events in
early middle-age.” In addition, several common genetic
variants have been identified that cause much smaller
increases in LDL cholesterol concentration and these are
associated with correspondingly smaller increases in the
risk of coronary events, providing further evidence in
support of a causal association.”

Proven beneficial effects of lowering LDL
cholesterol concentration with statin therapy

In the pre-statin era, meta-analyses of randomised
controlled trials of cholesterol-lowering diets, drugs, and
ileal bypass surgery showed that, within a few years of
reducing blood cholesterol concentrations, rates of non-
fatal myocardial infarction and coronary death are
reduced.™ In addition, the randomised trials that involved
larger and more prolonged cholesterol reductions yielded
larger reductions in the rates of coronary events. However,
it was suggested that these beneficial effects might be
offset by excesses in non-coronary deaths and cancers,
which generated uncertainty about the overall benefits of
lowering cholesterol.”"” The development of statins,
which can lower LDL cholesterol concentration to a
greater extent than any of the previously available
treatments, provided an opportunity to obtain clear
evidence about the beneficial effects of LDL cholesterol
lowering on atherosclerotic events and deaths, as well as
to determine whether it produces adverse effects on other
causes of major morbidity and mortality.” For, although it
may not always be possible to distinguish between adverse
effects caused by lowering LDL cholesterol concentration
and those due to off-target effects of statins (such as
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Daily dose of different statins

5mg 10mg 20mg 40mg 80mg

Pravastatin 15% 20% 24% 29% 33%
Simvastatin 23% 27% 32% 37% 42%
Atorvastatin 31% 37% 43% 49% 55%
Rosuvastatin 38% 43% 48% 53% 58%

Shaded boxes indicate regimens that can produce about a halving or more in LDL
cholesterol concentrations (largely irrespective of patient characteristics, including
presenting concentrations of cholesterol). The 2016 cost for generic atorvastatin
40 mg daily in the UK is about £2 per 28 days of treatment;®* rosuvastatin 20 mg
daily currently costs about £25 per month,*® but it became available as a genericin
the USA during 2016.

Table 3: Average relative reductions in LDL cholesterol concentrations
with different doses of commonly used statins*®**

myopathy), reliable evidence of a lack of adverse effects
with statin therapy should be generalisable about the
safety of lowering LDL cholesterol concentrations per se.

Effects of statin therapy on LDL cholesterol
concentrations

During the past 20 years, the increasingly widespread use
of statin therapy among individuals who are known to
have occlusive vascular disease or are considered to be at
increased risk of cardiovascular events for other reasons
(eg, having high cholesterol concentrations or other risk
factors, such as older age, hypertension, or diabetes) has
been associated with downward shifts in the distributions
of LDL and total cholesterol concentrations in many
populations.”™* In addition, because of the tendency for
statin therapy to be prescribed more commonly to
individuals with elevated LDL cholesterol concentrations,
the proportions with high concentrations have been
preferentially reduced.”™ Representative data from
population-based studies conducted before evidence of
beneficial effects of statin therapy on fatal and non-fatal
vascular events emerged from large randomised trials
indicate that average LDL cholesterol concentrations in
European and North American populations among
people in middle and old age are about 4 mmol/L in the
absence of statin therapy."™"

The proportional reductions in LDL cholesterol
achieved with statin therapy are not materially affected
Dby the starting LDL cholesterol concentration or by other
patient characteristics (such as age, sex, vascular risk,
genetic markers).”™ Different statins have different
potencies, with the newer agents (eg, atorvastatin and
rosuvastatin) able to produce larger reductions in LDL
cholesterol per mg of drug than the older agents (eg,
simvastatin and pravastatin; table 3).*°* Irrespective of
the statin used, each doubling of the dose produces an
extra reduction of about 6 percentage points in LDL
cholesterol (eg, 43% vs 49% reductions with atorvastatin
20 mg vs 40 mg daily). The American College of
Cardiology/American Heart Association 2013 Blood
Cholesterol Guideline classified statin regimens as being

of low intensity (eg, <30% LDL cholesterol reduction
with simvastatin 10 mg daily), moderate intensity (eg,
30% to <50% reduction with simvastatin 20-40 mg,
atorvastatin 10-20 mg, or rosuvastatin 5-10 mg daily), or
high intensity (eg, =50% reduction with atorvastatin
40-80 mg or rosuvastatin 2040 mg daily)."” Use of high-
intensity statin therapy would be expected to reduce LDL
cholesterol by at least 2 mmol/L in individuals who
present with concentrations of 4 mmol/L or more (ie,
about half of the population in the absence of statin
therapy*'®), but by only about 1 mmol/L in those
presenting with concentrations of 2 mmol/L.
Consequently, since the proportional reductions in rates
of vascular events with statin therapy are related to the
absolute reductions in LDL cholesterol that are achieved,
intensive statin therapy should be focused on patients at
higher risk of vascular events rather than just on those
with high cholesterol concentrations.'*¢**

The Cholesterol Treatment Trialists’ (CTT) Collaboration
was established to conduct meta-analyses of individual
patient data from all of the randomised controlled trials of
statin therapy that were scheduled to involve at least
2 years of treatment in at least 1000 patients.” Pre-
specification of the inclusion of a defined set of large
trials and of the approach to their analysis before the
results of any of the trials were available was intended to
avoid selection bias. During the scheduled study
treatment periods (which were typically about 5 years),
the average reduction in LDL cholesterol was about
1-0 mmol/L in the trials that compared the effects of
allocating routine statin therapy versus no routine statin
therapy, and it was further reduced by about 0-5 mmol/L
in the trials that compared allocation to more versus less
intensive statin regimens.” That is, based on combination
of the intention-to-treat analyses of these two sets of trials,
allocation to an intensive statin regimen versus no routine
statin therapy reduced LDL cholesterol concentrations by
1-5 mmol/L. However, such comparisons underestimate
the LDL cholesterol reductions that can be achieved by
actually taking a particular regimen, since some of the
patients did not take their assigned statin therapy or more
intensive statin therapy throughout the scheduled study
treatment period, whereas some of the patients in the
control groups started to take a statin or a more intensive
regimen.” Instead, based on the LDL cholesterol
reductions that can be achieved (table 3), the use of more
intensive statin therapy would have been expected to
reduce LDL cholesterol by about 2 mmol/L in such
patients.

Reductions in rates of major vascular events (panel 3)

The prespecified purpose of the CTT meta-analyses was
to assess the effects of lowering LDL cholesterol on
atherosclerotic events in different types of patient more
reliably than would be possible in any of the separate
randomised trials and (given previous concerns about
cholesterol-lowering therapy) to determine whether there
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Panel 3: Proven beneficial effects of statin therapy

» Effective low-cost statin regimens (eg, generic
atorvastatin 40 mg daily costs about £2 per month)
reduce LDL cholesterol by more than 50% (ie, at least
2 mmol/L in individuals presenting with LDL cholesterol
concentrations of =4 mmol/L).

+ Large-scale evidence from randomised trials shows that
each 1 mmol/L reduction in LDL cholesterol with statin
therapy produces a proportional reduction of about 25%
in the rate of major vascular events (coronary deaths,
myocardial infarctions, strokes, and coronary
revascularisations) during each year (after the first) that it
continues to be taken. Consequently, lowering LDL
cholesterol by 2 mmol/L reduces risk by about 45%.

+ Lowering LDL cholesterol by 2 mmol/L with an effective
statin regimen for about 5 years in 10 000 patients would
typically prevent major vascular events in about
1000 (10%) patients at high risk of heart attacks and
strokes (eg, secondary prevention) and 500 (5%) patients
at lower risk (eg, primary prevention).

+ Despite reports based largely on non-randomised
observational studies, there is not good evidence that statin
therapy produces beneficial effects on other health outcomes
(eg, cancer, infections, respiratory disease, arrhythmias).

were adverse effects on non-vascular causes of death and
site-specific cancers.” Consequently, data were sought for
each of the eligible trials about the baseline characteristics
of each patient and about myocardial infarctions, strokes,
coronary revascularisations, cancers, and causes of death
that occurred during the scheduled treatment period (but
not any other adverse events, which is the subject of an
ongoing project™). Follow-up of outcomes in the trials
was reported to be about 99% complete. It was pre-
specified that results of the meta-analyses would be
presented as risk reductions per mmol/L reduction in
LDL cholesterol.»”

In total in the CTT meta-analyses, there were about
25000 major vascular events (defined as the composite of
coronary deaths or non-fatal myocardial infarctions,
strokes of any type, and coronary revascularisation
procedures) during an average of about 5 years of
scheduled study treatment. The proportional reductions
in these major vascular event rates were related to the
absolute reductions in LDL cholesterol that were achieved
(figure 3). Overall, in the trials of routine statin therapy
versus no routine use, there was a 20% proportional
reduction in the major vascular event rate per mmol/L
LDL cholesterol reduction (figure 4). The proportional
risk reduction was smaller during the first year after
starting treatment, whereas it was 24% (ie, a risk ratio of
0-76) on average during each subsequent year that
allocation to statin therapy was continued (p<0-0001 for
difference between effects in first vs later years). In the

307 5 trials with LDL cholesterol

reduction at 1year >1-1 mmol/L
(average: 1-4 mmol/L)

17 trials with LDL cholesterol
reduction at 1year <1-1 mmol/L .~
(average: 0-9 mmol/L) ‘
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Figure 3: Proportional major vascular event reductions versus absolute LDL
cholesterol reductions in randomised trials of routine statin therapy versus
no routine statin use and of more intensive versus less intensive regimens
Adapted from CTT Collaboration website. Proportional risk reductions are plotted
against the average LDL cholesterol reduction at 1 year in meta-analyses of trials of
routine statin therapy versus no routine statin therapy with average LDL
cholesterol reduction greater than and less than 1-1 mmol/L, and of trials of more
versus less intensive statin therapy with a further 0-5 mmol/L reduction in LDL
cholesterol. The vertical axis labels of 10%, 20%, and 30% are not equally spaced
because they represent reductions on the log scale (ie, the labels are plotted at
-log[0-9], -log[0-8], and -log[0-7], respectively). These risk reductions relate to the
average effects on risk observed in these trials including the first year of study
treatment (when the risk reduction is smaller) and to the LDL cholesterol
reductions achieved at 1year (rather than the average difference for the scheduled
study treatment period), which may underestimate the effects of actually taking
statin therapy long term (figure 4).

Total Annual event rate RR (CI) per 1 mmol/L
number in control arm reduction in
of MVEs (% peryear) LDL cholesterol
0-1year 4680 38 L 0-91 (0-85-0-97)
1-2 years 3580 34 . 0-78 (0-73-0-85)
2-3years 3124 36 - 076 (0.70-0-82)
3-4years 2483 36 —.— 0-72 (0-66-0-79)
4-5years 1819 37 — - 078 (0.71-0-87)
>5 years 1018 39 — 076 (0-65-0-87)
Allyears 16704 36 O 0-80 (0-78-0-82)
Years 1-=5 12024 36 (D 076 (0-74-0-79)
- 99%a <[>95%a 05 075 125
—>
LDL cholesterol LDL cholesterol
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Figure 4: Proportional reductions in risks of major vascular events per mmol/L reduction in LDL cholesterol
during each year of scheduled statin treatment, in randomised trials of routine statin therapy versus no
routine statin use

Adapted from CTT Collaboration website. For each time period, RRs weighted by trial-specific LDL cholesterol reductions
at 1year relate to participants at risk of a first post-randomisation major vascular event during the time period in the
meta-analysis of trials of routine statin therapy versus no routine statin therapy. Consequently, the overall RR of 0-76 for
the period after the first year indicates that risk is reduced by about one-quarter in each year that treatment continues
(ie, the absolute benefits increase with increasing duration of treatment). As non-compliance to the randomly assigned
treatment increased with longer duration in the trials (because of study statin therapy being stopped or because of statin
therapy being started in the control group), the per mmol/L reductions based on LDL cholesterol reductions at 1 year are
likely to underestimate the reductions in MVE risk per mmol/L LDL cholesterol reduction later in these trials. p<0-0001
for test of heterogeneity between RR in first year and RR in 1-25 years. RR=rate ratio. MVE=major vascular event.
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Figure 5: Predicted absolute reductions in risks of major vascular events (after the first year) by lowering LDL
cholesterol with statin therapy for 5 years in people at different levels of absolute risk

Available from CTT Collaboration website. Lifetable estimates derived from major vascular event risks in respective
categories and risk reductions (after the first year) per mmol/L LDL cholesterol reduction. The risk groups are
equivalent to annual rates of major coronary events of 0-8%, 1-6%, 3-2%, and 5-6%, and vascular death of 0-3%,
1-0%, 2:3%, and 5-8%. The National Institute for Health and Clinical Excellence (NICE) recommends that statin
therapy is considered for those individuals without known cardiovascular disease who have an estimated 10-year
risk of developing cardiovascular disease (defined as myocardial infarction, coronary heart disease death, angina,
stroke, or transient ischaemia) of at least 10%. This cardiovascular disease event was not available in the CTT
meta-analyses, but it can be estimated by multiplying observed vascular death rates within risk categories by 3-4,
yielding a 10-year cardiovascular disease risk of about 10% for the lowest risk group.*
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trials of more versus less intensive statin regimens, the
average 0-5 mmol/L further reduction in LDL cholesterol
yielded a 15% further proportional reduction in the rate
of major vascular events (figure 3), corresponding to a
28% reduction (ie, a risk ratio of 0-72) per mmol /L further
LDL cholesterol reduction during each year of treatment
(with no apparent delay after increasing the intensity of
statin therapy).”

Consequently, the proportional reduction in the risk of
major vascular events per mmol/L was about one-quarter
in the trials of statin versus no statin (after an initial
delay) and of more versus less intensive therapy. Based
on the combined findings from these two sets of trials, it
can be estimated that reducing LDL cholesterol
concentrations by 2 mmol/L would reduce the risk of
major vascular events by about 45% (derived as
[1-0—(0-75x0-75)]x100) during each year treatment is
continued. In principle, even larger reductions in LDL
cholesterol would be expected to produce even larger risk
reductions (eg, 60-70% with 3—4 mmol/L LDL cholesterol
reductions); however, this is likely only to be clinically
relevant in limited circumstances (eg, for individuals
with familial hypercholesterolaemia who have very high
LDL cholesterol concentration).

In these meta-analyses, statin therapy produced similar
proportional reductions per mmol/L LDL cholesterol
reduction in the risks of each of the main components of
the composite outcome of major vascular events
(ie, myocardial infarctions and coronary deaths; strokes
of any type; or coronary revascularisations).” The
proportional reductions in major vascular events were
also similar among different types of patient.”?* For
example, as would be expected from the log-linear
associations in observational epidemiological studies
between coronary disease risk and cholesterol
concentration (figure 2B), the proportional reductions in
risk per mmol/L reduction were about the same
irrespective of the concentrations of cholesterol at
presentation (figure 1). The proportional risk reductions
appeared to be smaller among individuals aged older
than 75 years who were included in these trials, but they
had a higher prevalence of severe heart failure and end-
stage renal disease (conditions associated with non-
atherosclerotic vascular outcomes not much influenced
by lowering LDL cholesterol).”™ Moreover, since the
absolute risks of major vascular events were higher
among older individuals, the absolute benefits were of
similar size to those among younger individuals. The
proportional risk reductions also appeared to be slightly
smaller among the women included in these trials.
However, this apparent difference could be accounted for
largely by differences in non-sex-related characteristics,
and the relative effects were similar for men and women
at equivalent risk of cardiovascular events.” The risks of
major vascular events were reduced in secondary
prevention as well as in primary prevention (including
among individuals with diabetes or hypertension),”*' but
the proportional reductions were somewhat larger
among lower-risk individuals. This finding is consistent
with results from Mendelian randomisation studies,*
which indicate that genetically determined exposure to
lower LDL cholesterol concentrations before athero-
sclerosis has developed may produce larger risk
reductions.”

In general, the absolute benefits of using statin therapy
depend on an individual’s absolute risk of atherosclerotic
events and the absolute reduction in LDL cholesterol
that can be achieved. For example, 5 years of treatment
with a statin regimen that lowers LDL cholesterol by
2 mmol/L would be expected to prevent major vascular
events in about 1000 (10%) higherrisk patients
per 10000 treated and in about 500 (5%) lower-risk
patients per 10000 treated (figure 5; which also provides
estimates of the absolute benefits with smaller LDL
cholesterol reductions).”? The continued follow-up of
patients beyond the end of the trials has found that the
benefits of statin therapy persist (and may even become
larger)*™ for many years after the differences in statin
use between the randomised groups have ceased.
However, of more relevance for a treatment that is
intended to be continued for life once it has been started,
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the meta-analyses show that statin therapy reduces the
risk of major vascular events during each year that it is
continued (figure 4). Consequently, even larger absolute
benefits would be expected with statin therapy that is
continued for longer than the average of about 5 years in
these randomised trials.

Reductions in coronary mortality

Overall in the CTT meta-analyses, there was a
statistically robust 12% proportional reduction in
vascular mortality per mmol /L LDL cholesterol reduction
(figure 6), attributable chiefly to a 20% proportional
reduction in coronary deaths (with, as was seen for
major vascular events, a greater proportional effect
after the first year of treatment), along with an 8%
reduction in other cardiac deaths (some of which, such
as those due to arrhythmias or heart failure, may not be
due to atherosclerotic causes and so not amenable to
LDL cholesterol-lowering therapy) and little effect on
death due to all types of stroke combined.**? Both for
the aggregate of all vascular deaths and for coronary
and non-coronary causes considered separately, the
proportional reductions in risk per mmol/L LDL
cholesterol reduction appear to be similar in patients
with and without pre-existing vascular disease, and in
those who present at different levels of baseline vascular
risk, as well as in other subgroups that have been
considered.”*

As discussed above, when there is compelling evidence
of an effect of a treatment on a particular outcome (ie,
vascular mortality) and this is supported by the effects on
related outcomes (ie, the even more statistically robust
reductions in non-fatal major vascular events with statin
therapy), then the appropriate question to ask is whether
there is good evidence that the treatment does not reduce
that outcome in different circumstances (rather than
whether there is direct evidence of benefit in every
circumstance).>®” Even in the aggregate of all of the
trials in the CTT meta-analyses, too few vascular deaths
occurred among lower-risk participants for reliable direct
assessment of the effects of statin therapy in such
individuals considered in isolation (as has been proposed
by some commentators™*"). However, the proportional
risk reduction was statistically compatible with the
reduction observed in higher-risk patients (trend p=0-7)
and it was supported by the clear reduction in major
vascular events among lower-risk patients.”? Similarly,
although there were too few women in these trials to
assess the effects on vascular mortality directly (which
has been the basis of assertions that statin therapy is not
beneficial for women™), the proportional reductions
were similar among women and men (interaction p=0-8)
and were reinforced by definite reductions in major
vascular events among women.*

Consequently, it is reasonable to conclude that statin
therapy produces proportional reductions of at least 20%
in coronary mortality per mmol/L LDL cholesterol

Total Annval death RR (CI) per
number rate in control 1 mmol/L reduction
of deaths arm (% per year) in LDL cholesterol
Coronary 4192 0-6 —— 0-80 (0-74-0-87)
Other cardiac 4076 06 ] 0-92 (0-85-0-99)
Stroke 1054 01 B e — 0-98 (0-83-1-15)
Other vascular 855 01 —_— 0-95 (0-80-1-14)
Any vascular 10177 1.5 ‘ 0-88 (0-84-0-91)
Cancer 3683 05 —— 0-99 (0-91-1-09)
Respiratory 538 01 —-—— 0-86 (0-70-1-06)
Trauma 275 0-0 E— 0-97 (0-70-1-34)
Other non-vascular 1748 0-2 —.— 0-94 (0-82-1-07)
Any non-vascular 6244 0-9 ‘ 0-96 (0-92-1-01)
Unknown 1036 01 —_— 0-87 (0-74-1-04)
Any death 17457 25 03 0-91(0-88-0-93)
- 99% a1 <[>95%C 05 05 155 15
LDL cholesterol  LDL cholesterol
lowering better  lowering worse

Figure 6: Effects of lowering LDL cholesterol with statin therapy on cause-specific mortality in meta-analyses

of randomised trials of statin therapy

Adapted from CTT Collaboration website. Combined comparisons in randomised trials of routine statin therapy
versus no routine statin therapy and of more versus less intensive statin therapy. RR=rate ratio.

reduction among people at different levels of occlusive
vascular risk irrespective of their sex and, assuming that
the proportions of vascular deaths due to coronary and
non-coronary causes are similar, of 12% in deaths from
all vascular causes. The availability of additional evidence
from large trials (such as the HOPE-3 trial in primary
prevention™ and the ongoing STAREE trial in people
aged older than 70 years) will provide more direct
evidence about the effects in particular circumstances.

Lack of effects on non-vascular mortality and cancer

The CTT meta-analyses involved over 6000 non-vascular
deaths, and there was no suggestion that lowering LDL
cholesterol concentration with statin therapy had an
effect on any non-vascular cause of death, including
cancer (figure 6).**? In a large database analysis, a few
years of statin therapy was associated with a 15%
proportionally lower rate of cancer-related mortality after
adjustment for the potential confounding factors that
had been recorded.” Some other observational studies
have reported similar associations with cancer
incidence,” and as much as a halving in colon cancer
incidence and prostate cancer mortality.*>* By contrast,
there were small excesses of incident breast cancer in the
CARE trial*® and of incident cancer at all sites in the
PROSPER trial” among patients who were randomised
to receive statin therapy. However, based on more than
10000 cases of incident cancer in the CTT meta-analyses
(including CARE and PROSPER), there were no apparent
effects—either overall or at any particular site—during
an average of 5 years of statin therapy (figure 7). Nor were
there any effects on incident cancer among any particular
type of patient,” including older individuals (by contrast
with claims of hazards™). Some of these trials have
extended follow-up beyond the scheduled study treatment
period (after which the use of statin treatment in the
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Total Annual cancer RR (CI) per
number rate in control 1 mmol/L reduction
of cancers  arm (% per year) in LDL cholesterol
Large bowel or intestine 1116 02 —_—— 0-95 (0-82-1-11)
Other GI 1343 0-2 s m— 0-99 (0-86-1-15)
Prostate 1877 04 —-— 0-97 (0-85-1:10)
Bladder 646 0-1 ——— 0-94 (0-76-1-16)
Other GU 797 01 —t— 1.05 (0-86-1-27)
Respiratory 1692 0-2 — 1-00 (0-88-1-14)
Female breast 517 03 —_—— 1-09 (0-85-1:39)
Haematological 614 01 —_— 1-03 (0-83-1-28)
Other/unspecified 1829 02 —t—— 1.05 (0-92-1-21)
Any cancer 10431 1.5 1.00 (0-96-1-04)
—-o9na <>osua 05 075 125 15
e
LDL cholesterol  LDL cholesterol
lowering better  lowering worse

Figure 7: Effects of lowering LDL cholesterol with statin therapy on site-specific cancer in meta-analyses of
randomised trials of statin therapy

Adapted from CTT Collaboration website. Combined comparisons in randomised trials of routine statin therapy
versus no routine statin therapy and of more versus less intensive statin therapy. RR=rate ratio. Gl=gastrointestinal.

GU=genitourinary.
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randomised groups was similar) for up to 15 years,”™'*
with no evidence that any effects on non-vascular
mortality or on incident cancer were emerging
subsequently.

All-cause mortality was reduced by statin therapy in
both secondary and primary prevention settings® in the
CTT meta-analyses of the randomised trials. However,
separate assessments of the effects of statin therapy on
vascular mortality and on non-vascular mortality
(supplemented by analyses of more specific causes of
death and of the even more definite effects on related
non-fatal outcomes’) are likely to be more sensitive to the
beneficial effects, and the absence of adverse effects, of
statin therapy on mortality than are analyses of the
composite outcome of death from all causes combined
(ie, all-cause mortality). In addition, such cause-specific
analyses are more readily generalised to different
circumstances: given the lack of any effect on non-
vascular mortality, the overall effects on all-cause
mortality of LDL cholesterol lowering with statin therapy
reflect the observed reductions in vascular mortality or,
perhaps even more specifically, in coronary mortality
(figure 6).

Other beneficial effects that have been attributed to
statin therapy

In addition to the proven benefits of lowering LDL
cholesterol concentrations with statin therapy on non-fatal
atherosclerotic events and vascular mortality, it has been
suggested that statins might produce beneficial effects on
other health outcomes (perhaps by effects that are not
related to lowering cholesterol).”*® For example, statin
therapy was found to be associated with about a halving in
cases of deep vein thrombosis and pulmonary embolism
in some large randomised trials,”**"**but this result has
not been confirmed in other trials.”® Similarly, the rate of
postoperative atrial fibrillation appeared to be halved by
perioperative statin therapy in some small randomised

trials, but not in larger trials that assessed this outcome
systematically® Use of statin therapy has also been
associated in observational studies with lower rates of
several other conditions (eg, infections, ™’ chronic
obstructive lung disease, " and acute respiratory distress
syndrome””), but those claims have been reliably refuted
by randomised trials of adequate size.”** These findings
reinforce concerns about basing inference about treatment
effects on relatively small numbers of events in
randomised trials or on observational studies irrespective
of their size.***?

In summary, lowering LDL cholesterol concentrations
with statin therapy has been shown to prevent both
non-fatal and fatal major vascular events in a wide range
of circumstances, and the absolute benefits depend
chiefly on an individual’s absolute risk of such events
and on the magnitude of the LDL reduction that is
achieved (as well as the duration of treatment). Although
statin therapy does not increase the risk of death from
non-vascular causes or the incidence of cancer, other
potential adverse effects of statin therapy still need to be
considered when deciding whether to use statin therapy.

Proven adverse effects of statin therapy

(panel 4)

The only excesses of adverse events that have been
reliably demonstrated to be caused by statin therapy are
myopathy and diabetes mellitus, along with a probable
excess of haemorrhagic stroke. These excesses are larger
in certain circumstances, but the absolute risks remain
small by comparison with the absolute benefits.

Increases in rates of myopathy
Myopathy (sometimes referred to as myositis) is typically
defined as muscle pain, tenderness, or weakness that is
accompanied by substantial increases in blood creatine
kinase concentrations (eg, greater than ten times the
laboratory upper limit of normal)."***® Rhabdomyolysis is
a severe form of myopathy involving muscle breakdown
(usually identified by even larger increases in creatine
kinase concentrations), with myoglobin released into the
circulation and, in some cases, leading to acute renal
failure or worsened renal function.” Myopathy is rare in
normal circumstances. Approved statin regimens have
been associated both in observational studies and in
randomised trials with large relative risks for
myopathy,*****?” but typically with small absolute excesses
(about 1 case per 10000 people treated per year) and even
smaller excesses in the incidence of rhabdomyolysis
(about 2-3 cases per 100000 treated per year).® It
usually resolves rapidly when statin therapy is stopped.*
The wunderlying mechanisms for statin-related
myopathy are not well understood. The risk of myopathy
is dose related and it appears to depend on the levels of
the statin in the circulation (as indicated by its association
with a SLCOI1BI gene variant that reduces the transport
of all statins from the blood into the liver).?7#92
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Cerivastatin was withdrawn from use because the
myopathy rate observed in post-marketing surveillance
with approved doses was much higher than with other
statins.”' In the SEARCH randomised trial,®* simvastatin
80 mg daily produced a more than ten-fold higher rate (at
least 1 case of myopathy per 1000 patients treated yearly)
than 20 mg daily (or 40 mg daily in HPS;** about one
case per 10000 yearly), so the high-dose regimen is no
longer recommended routinely.”” The rates of reports of
myopathy in regulatory databases are also higher with
higher doses of atorvastatin, although such spontaneous
reports may be biased and the absolute risks are still
small even with the highest approved dose.?” The rate of
myopathy can be increased substantially when statins are
used in combination with other drugs that affect their
metabolism (in particular, inhibitors of cytochrome P450
or the P-glycoprotein, such as ciclosporin and azole
antifungals) and in certain types of patient (eg, people of
Asian origin and those who have functional variation in
the SLCOIBI gene).*"*"*?** More moderate increases
(eg, risk ratios of about 1-5 to 2) in the rate of myopathy
are also seen in other circumstances (eg, in combination
with certain antihypertensive drugs and in women,
people aged older than 80 years, and those with
diabetes).””

Despite this causal association with myopathy, the
evidence from randomised controlled trials indicates that
statin therapy has little effect on less severe muscle pain
(ie, myalgia) or weakness, although such symptoms are
commonly attributed to statins in routine practice.
Indeed, an excess of muscle-related symptoms has
generally only been reported in trials when it occurs in
combination with increased creatine kinase con-
centrations, with bigger relative risks reported with
larger creatine kinase increases. For example, in the
Heart Protection Study of simvastatin 40 mg daily versus
placebo, the relative risk for any myalgia irrespective of
increased creatine kinase concentrations was 0-99
(95% CI 0-95-1-03), whereas it was 1-7 (0-9-3-1) for
myalgia in patients with a creatine kinase concentration
more than four times the upper limit of normal, and
2-5 (0-8-8-0) for those with an increase of more than
ten times the upper limit of normal.*? This result
provides another illustration of the value of using specific
outcomes to detect treatment effects, rather than
composites of outcomes that are affected by treatment
and those that are not.

Increases in rates of diabetes

In the JUPITER randomised trial among 17802 patients
without a history of vascular disease, concentrations of
glycated haemoglobin were slightly higher after about
2 years among the patients allocated rosuvastatin 20 mg
daily than among those allocated placebo (5-9% vs 5-8%;
p=0-001).%** There was also a small excess of newly
diagnosed diabetes (3-0% wvs 2-4%; p=0-01), which
corresponds to a 25% (95% CI 5-49) proportional

Panel 4: Known adverse effects of statin therapy

+ Theonly adverse events that have been reliably shown to
be caused by statin therapy are myopathy (defined as
muscle pain or weakness combined with large increases in
creatine kinase blood concentrations) and new-onset
diabetes mellitus, along with a probable increase in
strokes due to bleeding (ie, haemorrhagic strokes).

+ Typically, treatment of 10 000 patients for 5 years with a
standard statin regimen (such as atorvastatin 40 mg
daily) would be expected to cause about 5 cases of
myopathy, 50-100 new cases of diabetes, and
5-10 haemorrhagic strokes.

+ Despite reports based largely on non-randomised
observational studies, there is good evidence that statin
therapy does not cause adverse effects on other health
outcomes (chiefly muscle pain and weakness) that have
been claimed prevent a large proportion of patients
from continuing it long term (so-called “statin
intolerance”).

+ Large-scale evidence from randomised trials rules out
excesses of muscle pain and weakness with statin therapy
of more than about 10-20 cases annually per 10000
treated patients, with only about one of those cases being
associated with large creatine kinase elevations (ie,
myopathy) and requiring statin discontinuation.

+ Absolute excesses of adverse events that are caused by
statin therapy are not more than about 100-200 per
10000 patients (ie, 1-2%) treated for 5 years, and it is
unlikely that large adverse effects on serious adverse
events await discovery.

+  The harmful effects of statin therapy can usually be reversed
without any residual effects by stopping it, whereas the
harmful effects of heart attacks or strokes that occur because
statin therapy has not been used can be devastating.

increase. In subsequent meta-analyses of the available
results from the randomised trials, standard statin dose
regimens were associated with a proportional increase of
about 10% in reported diabetes, and more intensive
statin regimens (as used in JUPITER) with about a 10%
further increase.®” This excess of diabetes diagnoses
appeared soon after the start of statin therapy, chiefly
among patients who had risk factors for diabetes (eg,
elevated body-mass index or HbA,, or impaired fasting
glucose), and did not appear to get larger as treatment
continued.””?* Prior to these reports from randomised
trials, statin therapy had not been associated with
increased diabetes incidence in observational studies,
although several reports of such associations have been
published subsequently.?>**

Genetic variants that reduce the activity of HMG-CoA
reductase (which is analogous to inhibiting this enzyme
with a statin) have been associated with an increased
incidence of diabetes.” Likewise, individuals with
familial hypercholesterolaemia—in whom the numbers
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and function of LDL receptors on cell surfaces are
reduced (by contrast with the increase in receptors
produced by statins)—had been diagnosed with diabetes
less frequently than were their unaffected relatives.?
These genetic experiments of nature provide support for
the association of statin therapy with an excess of diabetes
being causal. The mechanism is not known: it could be
directly related to LDL cholesterol lowering,”* but it has
also been hypothesised that increasing the numbers of
LDL receptors (eg, with treatments like statins and
PCSK9 inhibitors) might cause diabetes by enabling
more cholesterol to enter and damage pancreatic cells.”

However, the clinical relevance of this excess of
diabetes is less clear; in particular, the cardiovascular
benefits of statin therapy are substantial despite any
increase in diabetes-related morbidity. The underlying
incidence of new-onset diabetes in the primary
prevention trials was about 1% per year,” so the absolute
excess with statin therapy was about 10-20 per 10000 per
year (with this range reflecting the intensity of the statin
regimen). If it is assumed that this statin-related diabetes
is associated with as much as a doubling of cardiovascular
risk (as is the case for spontaneously occurring diabetes?)
then it might result in major vascular events among
about 5-10 of 10000 individuals with an underlying
5-year risk of 5-10% (eg, primary prevention) who are
treated for 5 years. However, despite this potential
adverse impact, lowering LDL cholesterol by 1-2 mmol/L
with statin therapy prevents major vascular events
among about 150-300 per 10000 such individuals who
are treated for 5 years (figure 5). The absolute benefits
are even larger among higher-risk patients (including
those who already have diabetes; figures 1 and 5)** and,
again despite any adverse impact of the diabetes excess,
increase while statin therapy continues to be taken
(figure 4). There is also no good evidence of an excess of
microvascular complications related to diabetes with
statin therapy (as described below).

Probable increases in rates of haemorrhagic stroke
In observational studies, blood cholesterol concentrations
have Dbeen negatively associated with rates of
haemorrhagic stroke, particularly at low concentrations of
cholesterol in people with high blood pressure.”#**¢ In
the randomised SPARCL trial among 4731 patients with
prior cerebrovascular disease, allocation to atorvastatin
80 mg daily produced a definite reduction in ischaemic
stroke (218 [9-2%] vs 274 [11-6%)]; p=0-008), but there was
also a possible increase in haemorrhagic stroke (55 [2-3%)]
vs 33 [1-4%]; p=0-02).” When these results were combined
with those from the other trials included in the CTT
meta-analysis, there was a 21% (95% CI 5-41; p=0-01)
proportional increase in the incidence of haemorrhagic
stroke per mmol/L reduction in LDL cholesterol.”

In European and North American populations, this
would typically translate into an absolute excess of about
5-10 haemorrhagic strokes per 10000 patients in whom

LDL cholesterol is reduced by 1-2 mmol/L for 5 years
with statin therapy. The absolute excess would be
expected to be bigger in individuals with pre-existing
cerebrovascular disease® and in populations (such as in
Asia) where the underlying rates of haemorrhagic stroke
are higher.”” However, statin therapy has been found to
reduce the overall risk of stroke in many different settings
(including in people who have already had a stroke® or
have hypertension™®) irrespective of the underlying risk
of vascular disease.” For example, the increase in
haemorrhagic stroke is outweighed by the reduction in
the risk of ischaemic stroke, as well as in other occlusive
vascular events and deaths, even among individuals with
a 5-year risk of major vascular events below 10%.

Other adverse events that have been attributed
to statin therapy
It has been claimed that statin therapy causes increased
rates of other types of adverse health outcome, as well as
symptomatic side-effects (chiefly muscle pain and
weakness) that prevent a large proportion of patients
from continuing to take statin therapy long term, often
now referred to as “statin intolerance”.*22#77 These
claims have been chiefly based on reports to regulatory
authorities of adverse events that have been attributed to
a statin and on non-randomised observational studies
based on health-care databases. However, they are not
supported by the evidence from randomised controlled
trials: in particular, statin therapy has been found to be
no less well tolerated than placebo.*>®5#°22

As is discussed above, the potential biases inherent in
studies without both randomly assigned control groups
and masked ascertainment of outcomes limit their ability
to demonstrate causal associations (except for large
effects on rare outcomes). This is particularly the case for
symptomatic adverse events that are attributed to statin
use, especially if such reports have been prompted by
guidance from clinicians to their patients or from patient
information leaflets and other sources.“"242 By
contrast, the inclusion of large numbers of different
patient types in randomised controlled trials of prolonged
statin therapy with different eligibility criteria provides
unbiased evidence about adverse effects of treatment that
are relevant to routine clinical practice.

Muscle-related outcomes (other than myopathy)

The adverse events most commonly attributed to statin
therapy relate to muscle pain (ie, myalgia) or other
muscle-related symptoms. For example, based on the
NHANES database, it was reported that 23% of 671 statin
users who did not have arthritis recalled having episodes
of musculoskeletal pain (not muscle pain specifically)
during the previous month compared with 18% of
4499 individuals who were not taking a statin.** After
statistical adjustment for the recorded differences (which
were substantial) between the characteristics of the
patients using and not using a statin, a prevalence ratio
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of 1-33 (95% CI 1-06-1-67; p=0-02) was reported with
statin use. In another observational study” of statin use
based on health-care data, musculoskeletal pain was
reported by 73-4% of 6967 statin users compared with
71-6% of 6967 non-users during a median of 4.7 years,
yielding an odds ratio of 1-09 (95% CI 1-02-1-18; p=0-02)
after attempting to match patients with propensity scores
based on recorded characteristics (which, again, differed
substantially).

Both of these reports discussed the inability of such
non-randomised studies to assess causality because of
the potential for residual differences between patients
who had used statins and those who had not (despite
statistical adjustment for recorded characteristics). They
also mentioned the potential for ascertainment bias due
to patients who were taking statins being examined more
frequently. However, neither report commented on the
inherent lack of masking of treatment in such studies
and the consequent potential for bias due to patients
prescribed statins being advised by their doctors that they
may cause muscle pain (whereas such advice is, of
course, not given to patients not prescribed a statin).*
In addition, the result for NHANES excluded the
3058 individuals with arthritis in whom statin use was
not associated with any excess of musculoskeletal pain
(prevalence ratio 0-96, 95% CI 0-81-1-15).> Such data-
dependent selection of which results to emphasise
introduces yet another potential source of bias into this
assessment of the effects of statin therapy.*

In general, the data available for observational studies
based on health-care records do not derive from a
systematic approach to seeking and recording
information about symptoms or about the use of statin
therapy. The PRIMO survey tried to overcome this
limitation by systematically seeking information about
the muscle symptoms that were reported.”” Among
7924 patients with hyperlipidaemia receiving high-dose
statin therapy, 10-5% reported muscle symptoms at a
median of about 1 month after starting it. However, those
patients were required to give informed consent, which
presumably involved advising them that statins can
cause muscle problems and that the aim was to assess
this outcome specifically, increasing the likelihood of
prompting reports of muscle symptoms. In any case,
since there was no control group in that study, it is not
able to provide any useful information as to whether
statins cause an increase in such symptoms.

It has been asserted that the rates of muscle-related
symptoms caused by statins may be underestimated in
randomised trials because of the exclusion of patients at
risk of these problems (such as those with a history of
muscle problems or creatine kinase elevations with statin
therapy) and a perceived lack of systematic questioning
and standardised definitions.">?*7* However, as
discussed above, few patients would have been exposed to
statin therapy prior to recruitment into many of the large
clinical outcome trials and use of a pre-randomisation

placebo run-in phase in about half of the trials (appendix)
would tend to increase the sensitivity of the subsequent
randomised comparisons to detect any effects.*® The
inclusion of large numbers of different types of patients
in different randomised trials with different eligibility
criteria also makes the evidence about any side-effects of
statin therapy far more widely generalisable to routine
practice than is often asserted.">?2767

In addition, use of masked control groups ensures that
health outcomes are ascertained in the same way in the
different treatment groups within any particular trial.”#¢
Consequently, even though different randomised trials of
statin therapy did not always use the same methods to
identify or classify muscle symptoms (and may even
have failed to detect some relevant events; table 1), each
within-trial masked comparison should still provide a
reliable assessment of the effects of statin therapy on
muscle-related problems (and, indeed, on other adverse
events).” Moreover, even though some of the trials did
not seek information about muscle-related problems,
this would not introduce bias into the assessment of the
effects of statin therapy based on the trials that did record
them. In principle, the failure of some trials that did
record such outcomes to publish their results does have
the potential to introduce bias. However, muscle-related
problems are common, and the large numbers of such
outcomes that have been reported from many different
trials (appendix) makes it unlikely that material bias
exists in the published literature.

Consequently, the general lack of differences between
the randomised treatment groups in the rates of the
different muscle-related outcomes recorded in the large
masked trials that are eligible for the CTT meta-analysis
(some of which assessed such symptoms particularly
carefully; appendix) provides strong evidence against
statin therapy causing much effect on muscle-related
symptoms. In the JUPITER and HOPE-3 trials
(of rosuvastatin 20 mg and 10 mg daily, respectively),
there were small excesses in some muscle-related
outcomes.**** However, no excesses of muscle-related out-
comes were observed among the large numbers of
patients in the other large randomised masked trials of
long-term statin therapy. Nor were there excesses in those
trials that sought information about the severity of any
muscle symptoms or about stopping study treatment
because of muscle symptoms.**

The STOMP trial*® was specifically designed to assess
the effects of statin therapy on several prespecified
muscle-related measures. Compared with 236 patients
allocated placebo, there were no apparent effects on
muscle strength or endurance, aerobic performance, or
physical activity among 232 statin-naive patients
randomly allocated atorvastatin 80 mg daily for 6 months.
Cases of unexplained muscle pain (23 [9-9%] vs 14 [5-9%];
p=0-1) and the subset of those cases defined as myalgia
(19 [8-2%] vs 10 [4-2%]; p=0-08) were reported more
commonly among patients allocated atorvastatin, but
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these differences in the prespecified intention-to-treat
comparisons were compatible with chance. In a meta-
analysis of 26 masked trials (including STOMP) that
involved at least 6 months of statin therapy,™ there was
little difference in the reported rates of muscle problems
during an average treatment duration of 3 years: 12-7%
among 59237 participants allocated statin versus 12-4%
among 54458 allocated placebo; an absolute excess of
0-3% (95% CI 0-0-7; p=0-06) or, alternatively, a range
from zero to 20 cases per 10000 years of treatment.
Similarly, combination of the results in the large placebo-
controlled trials that were eligible for the CTT meta-
analyses (appendix) yields similar results: 5162 (11-7%)
cases allocated statin therapy versus 5015 (11-4%)
allocated placebo during an average of 5 years of
treatment (p=0-10). Moreover, the difference is even
smaller in the numbers of cases of muscle problems that
resulted in study treatment being stopped: 201 (0-63%)
versus 183 (0-58%); p=0-37.

Crossover trials, in which active and placebo treatment
are allocated in a random sequence to each patient, may
be particularly sensitive for detecting adverse effects that
emerge rapidly after treatment starts and resolve soon
after stopping treatment. No differences in myalgia or
other pain measures were observed in a randomised re-
challenge trial with three statin—placebo paired crossover
comparisons among 8 patients with prior statin-related
myalgia (with or without creatine kinase elevations), and
5 of the patients resumed statin therapy®' In another
trial, 86 patients were assigned simvastatin 40 mg daily
(combined with amlodipine, losartan, and hydrochlo-
rothiazide) or a matching placebo in a random sequence;
muscle aching was reported more commonly on the
active polypill (9 vs 1 cases), but it was not considered
sufficiently troublesome to stop treatment.** Among
492 patients with a history of not tolerating two or more
statin regimens who were randomised to receive
atorvastatin 20 mg daily then placebo or placebo then
atorvastatin,” muscle-related symptoms were reported
by 43% of the patients when on atorvastatin but not on
placebo versus 27% of them when on placebo but not on
atorvastatin, yielding a risk ratio of 1-5 (although it has
been suggested that this trial may not have been properly
masked?). In a similar crossover trial among 131 patients
with a history of muscle complaints who were
randomised to simvastatin 20 mg daily then placebo or
placebo then simvastatin, muscle pain was reported by
36% of the patients when on simvastatin but not on
placebo versus 29% of them when on placebo but not on
simvastatin.**** These results indicate that, even among
highly selected patients who have repeatedly attributed
intolerable symptoms to statin therapy, some of the
reported muscle-related intolerance may be due to the
statin but most of it is not.

In summary, given the 0-3% absolute excess of muscle
problems based on more than 10000 reported cases in
meta-analyses of randomised trials during 3-5 years of

treatment (appendix),”™ the excess rate of symptomatic
muscle pain and other muscle-related problems due to
statin therapy would appear to be no more than about
10-20 cases yearly per 10000 treated individuals, with
only about one of those cases associated with substantial
elevations in creatine kinase concentrations (ie,
myopathy) and requiring statin therapy to be stopped.

Memory and other aspects of cognition
Another adverse event that is commonly attributed to
statin therapy is memory loss. Following a review of
potential side-effects, the UK Medicines & Healthcare
products Regulatory Agency (MHRA) decided in 2009 that
memory loss should be listed as a side-effect in the
product information for all statins.*® The stated rationale
was that the evidence from re-challenge studies for cases
of memory loss reported with statin therapy was not
sufficient to rule out causality. Similarly, in 2012, the
US Food and Drug Administration (FDA) required a
statement to be added to the drug label for all statins that
there was a potential for cognitive side-effects (such as
memory loss and confusion).”” The basis for this decision
was post-marketing event reports from individuals of ill-
defined memory loss or impairment that appeared to be
reversible after discontinuing statin therapy, and not
because there was high quality evidence for a causal link.
Indeed, a subsequent assessment of FDA surveillance
databases found the reporting rates of cognition-associated
adverse events for statins to be similar to those of other
drugs used in patients with atherosclerotic disease.”®
Moreover, large randomised trials with masked control
groups have provided evidence that allocation to statin
therapy is not associated with an excess of memory loss
or adverse effects on other aspects of cognitive function.
In particular, cognitive measures were carefully assessed
among the 5804 patients aged 70-82 years who were
randomly allocated pravastatin 40 mg daily or placebo for
an average of 3-5 years in the PROSPER trial** At
baseline and then yearly, the Mini Mental State
Examination and a battery of psychometric tests (ie,
picture-word learning test, Stroop colour word test, and
letter digit coding test) were administered. This elderly
population might be expected to be especially sensitive to
effects of treatment on cognition. However, these specific
measures of cognitive function declined at the same rate
in the statin and placebo groups, with no apparent
differences between the randomised treatment groups.
Effects on memory were also systematically assessed
among the 20536 patients randomly allocated simvastatin
40 mg daily or placebo for an average of 5 years in the
Heart Protection Study.”? At the end of the scheduled
treatment period, the well-validated modified Telephone
Interview for Cognitive Status questionnaire was
administered to participants. A score of less than 22 was
prespecified as indicative of cognitive impairment and, as
would be expected, was more common among older
individuals. However, despite this discriminatory ability,
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there were no apparent differences between the
simvastatin and placebo groups in the percentages of
participants classified as cognitively impaired, either
overall (23-7% with simvastatin vs 24-2% with placebo) or
among the 5806 patients aged 75-85 years when assessed
(34-6% vs 36-2%). Nor were there differences between the
treatment groups in the numbers of participants reported
to have developed dementia during follow-up (31[0-3%)] vs
31[0-3%]), albeit that the numbers of events were small.

In addition, a randomised placebo-controlled trial
among 1016 individuals without cardiovascular disease
or diabetes has been conducted specifically to assess the
effects of statin therapy on cognition (as well as on
several outcomes related to mood and behaviour).” In
that trial, the patients were allocated simvastatin 20 mg
daily, pravastatin 40 mg daily, or placebo for 6 months,
with the administration of a battery of tests of cognition
(ie, recurrent words, Elithorn maze, digital vigilance,
and grooved pegboard) at baseline and at 1 month,
6 months, and 8 months. Although the trial was
completed in 2004, results for the primary outcome of
cognition have not yet been published in full (although
selected results for some of the other outcomes have
been®); however, the results reported in a meeting
abstract indicate that the statin regimens tested were not
associated with adverse effects on cognitive function,
although the duration of exposure was comparatively
short.*® Qualitative and quantitative systematic reviews
of available evidence from randomised trials have also
not found evidence of any adverse effects of exposure to
statin therapy on a wide range of different cognitive
measures.”**"

In a particularly rigorous assessment of effects on
cognitive function, 640 patients aged 50-90 years with
mild-to-moderate Alzheimer’s disease were randomised
to receive atorvastatin 80 mg daily or placebo for
72 weeks.* The co-primary outcomes were Alzheimer’s
Disease Assessment Scale-cognitive subscale score and
Alzheimer’s Disease Cooperative Study Clinical Global
Impression of Change score, which were assessed at
3-monthly intervals for 18 months, along with several
other measures of cognition at 6-monthly intervals. The
results for both of these scores were slightly in favour of
statin therapy, with no apparent differences between the
treatment groups in any of the other cognitive outcomes
assessed, which provides further reassurance. Similarly,
there was a lack of any effect on measures of cognitive
function in a randomised trial of simvastatin 20-40 mg
daily versus placebo for 18 months in 406 patients with
mild-to-moderate Alzheimer’s disease.®

Consequently, given the weight of evidence against
adverse effects of statin therapy on memory or other
aspects of cognition, it would now be appropriate for
regulatory authorities to consider their removal from
lists of potential adverse effects on the drug labels so that
patients are not inappropriately deterred from using
statin therapy.

Measures related to quality of life

Few of the large longterm randomised placebo-
controlled trials of statin therapy specifically assessed
quality of life, but there was no evidence of any adverse
effect in those that did. For example, in the AFCAPS trial
in primary prevention,® an adapted version of the
Medical Outcomes Study Short-Form General Health
Survey was administered to 1126 patients assigned to
lovastatin 2040 mg daily or placebo. Mean scores at
baseline were 84 for the emotional wellbeing measure
and 83 for the health perception measure (range 0-100;
with a higher score representing better quality of life)
and differences between the treatment groups of
£1-2 points and +1-5 points in these measures,
respectively, at 1 year were excluded. In the LIPID trial**
among patients with coronary disease, an enhanced
version of the utility-based quality-of-life questionnaire
was administered at baseline and 1 year, 3 years, and
5 years later in a subcohort of 1112 randomised patients.
The summary utility score was 0-98 (where O=dead and
1=normal good health) at baseline, with a slight decline
over time but no apparent difference in scores among
survivors at 5 years between the pravastatin and placebo
groups (0-978 vs 0-976).

The CRISP trial** was conducted specifically to assess
the effects of statin therapy on health-related quality of life
in 431 men and women aged older than 65 years. At
6 months and 12 months, there were no apparent
differences between patients allocated lovastatin 40 mg
versus 20 mg daily versus placebo in terms of a battery of
tests related to physical functioning, sleep, social support,
depression, cognitive function, and health perception. Nor
were there any apparent differences in reported
symptoms, including worsening muscle pain (15-0% vs
14-5% vs 15-0%) at 6 months. Measures related to quality
of life have also been assessed in randomised controlled
trials of statin therapy in specific types of patient (eg, those
with rheumatoid arthritis, systemic lupus erythematosus,
peripheral arterial disease, and erectile dysfunction),*2*
with no good evidence of any adverse effects on any of
these measures. Nor was there evidence for an adverse
effect of statin therapy in a meta-analysis® of randomised
trials that assessed psychological outcomes.

Cataract and other vision-related outcomes

It has been claimed, based on an observational study® of
the records of more than 2 million people in general
practice databases, that statin therapy produces absolute
increases in the risk of developing cataract that are of
about the same magnitude as the absolute reductions in
major coronary events and cerebrovascular events when
used in primary prevention for people with a 10-year risk
of cardiovascular events of at least 20%. The report of
that study mentions that observational studies have
potential biases and that it was not designed to show
causality. However, it goes on to describe the observed
associations with cataract as “effects” of statin therapy (as
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does a related website”) and refers to “numbers needed
to harm”, which implies that there is a causal association.

In the report of that observational study, the authors
stated that the study had advantages over the available
randomised controlled trials of statin therapy because the
trials lacked sufficient detail about health outcomes,
duration of follow-up, and statistical power.” However,
with respect to data quality, information obtained from
retrospective interrogation of databases created for other
purposes (primary care records in this case) are not likely
to be more reliable than information about adverse events
sought prospectively and systematically in randomised
trials. In addition, the ability to mask the treatment
assignment in randomised trials helps to ensure that
outcomes are ascertained and reported in the same way
(within any particular randomised trial) both among the
patients who are allocated to statin therapy and among
those who are not, which helps to avoid biased
ascertainment (by contrast with observational studies).
With regard to the point about the duration of exposure to
statin therapy, it was not reported explicitly in the
observational study,® but the person-years of follow-up
indicate that it was not longer than in several randomised
trials of the effects of statin therapy on clinical outcomes.*
Consequently, any real effects would be expected to have
emerged in those trials, particularly since the risk of
cataract was reported in this observational study to have
been increased within a year of starting a statin.

With respect to statistical power, this very large
observational study did involve more cases of different
health outcomes than even the meta-analyses of the
randomised trials of statin therapy. However, some of the
larger trials involved sufficient numbers of cases of various
outcomes to be able to confirm or refute quite moderate
effects reliably. The relative risk of cataract in the
observational study that was used to estimate the stated
“numbers needed to harm” with statin therapy was about
1-30 (with 95% ClIs of about 1-25 to 1-35 for men and
women separately).” Two large randomised trials have
reported information on cataract: in the Heart Protection
Study” of simvastatin 40 mg daily and HOPE-3 trial*® of
rosuvastatin 10 mg daily, cataracts were recorded among a
total of 634 (3-8%) patients assigned 5-6 years of statin
therapy versus 598 (3 -6%) who had been assigned placebo,
corresponding to an odds ratio of 1-06 (95% CI 0-95-1-19),
which excludes the effect size that had been claimed.

Moreover, as was the case for cognition, some of the
randomised controlled trials of statin therapy were
designed specifically to detect effects on lens opacities
and on other outcomes related to vision. For example, the
EXCEL trial® involved pupil dilation and slit lamp
examination at baseline and after 48 weeks of lovastatin
(20 mg or 40 mg daily) or matching placebo in
8245 patients. Despite using such sensitive measures in
large numbers of patients, there were no apparent
differences between the statin and placebo groups in the
rates of ocular opacities after 48 weeks of exposure.

Nor did detailed ophthalmic examination at 6 months
and 18 months in the Oxford Cholesterol Study® find any
differences in lens opacities between the 621 patients
randomly assigned simvastatin (20 or 40 mg daily) or
placebo. In the 4S placebo-controlled trial of simvastatin®
(2040 mg daily) among 4444 patients, slit lamp
examination conducted at baseline, 1 year, and 5-6 years
also did not identify any excesses in lens opacities with
prolonged exposure to statin therapy, and nor was there
an excess of cataract: 53 (2-4%) cases among patients
allocated simvastatin versus 66 cases (3-0%) among those
allocated placebo (odds ratio 0-80, 95% CI 0-55-1-17).

In addition, there is no good evidence of eye-related
microvascular complications due to statin therapy. For
example, despite careful assessment of more than
12000 patients in EXCEL and 4S, no adverse effects on
visual acuity were detected.”*' Annual fundoscopy in the
ongoing EMPATHY trial”” comparing 4-5 years of more
versus less intensive statin therapy among about
5144 randomised patients who have diabetic retinopathy
will provide more information about the retinopathy
outcome. Statin therapy has been associated with lower
rates of progression of age-related macular degeneration
in observational studies, but there is only limited
evidence from randomised trials to support this apparent
protective effect.”

The refutation of the claims of large effects of statin
therapy on cataract, reinforced by the clear lack of effects on
more sensitive measures of lens opacities, provides another
illustration of how the combination of large size and the
inherent biases of non-randomised studies can lead to
associations of a treatment with an outcome that may be
precise (ie, involve small random errors) but not causal.

Kidney-related outcomes

In light of the increased incidence of diabetes with statin
therapy, it is appropriate to consider whether there are
any excesses of microvascular complications related to
the kidney. In a meta-analysis”™ of 57 randomised
controlled trials involving a total of about 140 000 patients
treated for at least 6 months, statin therapy slowed the
rate of decline of the estimated glomerular filtration rate
(eGFR) by 0-41 mL/min per 1-73 m2 per year (95% CI
0-11-0-70). In addition, compared with control, statin
therapy produced a smaller standardised mean difference
in change in albuminuria or proteinuria of 0- 65 standard
deviations (95% CI 0-37-0-94) among about
5000 patients in 29 trials that had reported such data.
Despite these beneficial effects, statin therapy did not
appear to have an effect on progression to end-stage
renal disease in randomised trials: 1261 (13- 5%) cases on
statin versus 1282 (13-6%) cases on control (odds ratio
0-98,95% CI 0-90-1-07).

It has been variously reported from observational
studies that use of a statin is associated with increases,
decreases, and no change in rates of kidney injury or
failure.®”=”* Short-term perioperative statin therapy
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increased blood concentrations of creatinine consistent
with acute kidney injury in some randomised trials in
cardiac surgery.?” However, in large randomised
controlled trials of long-term statin-based therapy,
excesses of renal failure were not observed—eg, acute-
on-chronic renal failure in the SHARP trial® among
people who already had chronic kidney disease when
randomised was recorded in 209 (6-7%) patients on
simvastatin 20 mg plus ezetimibe 10 mg daily versus
231 (7-4%) patients on placebo (risk ratio 0-91, 95% CI
0-75-1-09); renal failure or impairment in the Heart
Protection Study® among people with pre-existing
cardiovascular disease or diabetes was recorded in
65 (0-6%) patients on simvastatin 40 mg daily versus
60 (0-6%) patients on placebo (risk ratio 1-07, 95% CI
0-76-1-52); and renal failure in the JUPITER trial* in
the primary prevention setting was recorded in 71 (0-9%)
patients on rosuvastatin 20 mg daily versus 70 (0-9%)
patients on placebo (risk ratio 1-01, 95% CI 0-73-1-41).

Consequently, as with differences in the rates of other
outcomes that have been associated with statin use in
observational studies, the evidence from randomised
controlled trials does not provide support for an adverse
effect of statin therapy on the kidney (except perhaps in
the perioperative setting) and, instead, indicates that it
may slow the progression of renal impairment (although
the clinical significance of the small effect that has been
observed is uncertain). If, however, statin therapy is not
stopped when statin-related myopathy occurs, this may
lead to renal failure, so doctors and patients should be
alert to the possibility of this rare complication (while
also being careful not to attribute muscle symptoms to
statin therapy without confirmatory evidence and so not
stop the statin unnecessarily).

Evidence against adverse effects on other outcomes

In addition to the proven and refuted adverse effects
described above, it has also been suggested that statin
therapy might produce adverse effects on several other
health outcomes (eg, liver disease, sleep disturbance,
aggression, suicidal Dbehaviour, erectile dysfunction,
neuropathy).”*?**?* These claims have typically been based
on case reports or observational studies of statin use and,
in most cases, reliable evidence exists that refutes them.
For example, although statin therapy can lead to increases
in concentrations of liver enzymes, it is associated with
very low rates of serious liver injury (about 1 case per
100000 users)? in post-marketing surveillance data and it
is uncertain that this association is causal.” Indeed, the
National Lipid Association’s Liver Expert Panel*®* concluded
that routine liver function monitoring might motivate
doctors to discontinue statin therapy inappropriately when
liver enzyme elevations are detected and, by so doing, put
patients at increased risk of cardiovascular events. Statin
therapy has also been associated with increased rates of
pancreatitis in observational studies, whereas a meta-
analysis of the available evidence from randomised trials

indicates that it may reduce the risk (although more
evidence is required to confirm that finding).”

Even when not all the adverse events that were recorded
in randomised trials have been reported publicly, they are
likely to have been reviewed in detail by regulatory
authorities.®® Moreover, the data that are publicly available
from large randomised trials are often sufficient to rule
out excesses of the magnitude claimed from non-
randomised and uncontrolled studies (as with the
examples of myalgia and cataract discussed above and,
similarly, with the refutation®****° of case reports®
suggesting more than a three-fold risk of peripheral
neuropathy with statin therapy). In many cases, the lack
of availability of recorded data reflects restrictions that
used to exist on the amount of information that could be
included in a journal paper, with the emphasis being on
reporting observed differences in outcome between the
treatment groups (which tended to result in bias against
reporting null findings). That limitation can now be
avoided by linking web-tabulations of all recorded adverse
events to the journal article, as was done recently for the
THRIVE trial of niacin® and HOPE-3 trial of rosuvastatin
10 mg daily.”® Such tabulations have also been provided
for the Heart Protection Study of simvastatin 40 mg daily
versus placebo®™ and for the SEARCH trial of simvastatin
20 mg versus 80 mg daily,® and it is anticipated that they
will become available for other statin trials.

Although meta-analyses based on all of the adverse
events recorded in all of the major trials of statin therapy—
as are now being conducted by the CTT Collaborative
Group™—may identify some small additional adverse or
beneficial effects, it is not likely that large absolute effects
on any outcome will emerge. Consequently, their findings
are not likely to alter the balance of benefit and harm
materially for any particular type of patient (even those at
low risk of cardiovascular events).

Conclusions

There is an important need for greater recognition of the
limitations of observational studies and case reports as a
source of reliable information about the effects of a
treatment on health outcomes (except in the special
circumstances where both the effects are large and the
outcome would not normally be expected to occur). By
contrast, a Dbetter understanding is needed of the
strengths of randomised controlled trials of adequate
size with systematic assessment of adverse health
outcomes and, particularly for symptomatic side-effects,
masked assignment of treatment for the identification of
any moderate beneficial and adverse effects on common
outcomes that may exist.

Proven benefits of lowering LDL cholesterol with
effective statin regimens

Large-scale evidence from randomised controlled trials
demonstrates clearly that, after a somewhat smaller risk
reduction in the first year of treatment, statin therapy

www.thelancet.com Published online September 8, 2016 http://dx.doi.org/10.1016/50140-6736(16)31357-5



Review

22

reduces the risk of major vascular events during each
subsequent year by about one-quarter for each mmol/L
reduction in LDL cholesterol.®* The failure to recognise
that the reported risk reductions with statin therapy
related specifically to 1 mmol/L LDL cholesterol
reductions led some commentators to underestimate
substantially the benefits of actually taking statin
therapy.">%72" For, whereas lowering LDL cholesterol by
1 mmol/L would reduce risk by about one-quarter during
each year after the first, the effective statin regimens now
available that can reduce LDL cholesterol by 2 mmol/L in
many patients would approximately halve their risk of
heart attacks and strokes.

Statins have been shown to produce similar
proportional reductions per mmol/L LDL cholesterol
reduction in the risks of major vascular events in many
different types of patient (eg, lower and higher risk,
women and men, older and younger), irrespective
of their presenting cholesterol concentrations.”*
Consequently, the absolute benefits of lowering LDL
cholesterol by a given amount depend on the absolute
risk of the individuals being treated rather than their
presenting cholesterol concentrations (or other
characteristics). For that reason, treatment guidelines
now focus on an individual’s risk of vascular events
rather than on their LDL cholesterol concentrations
alone.”*'* Lowering LDL cholesterol by 2 mmol/L with
an effective low-cost statin regimen (eg, atorvastatin
40 mg daily, which costs less than £2 per month™) for
5 years in 10000 patients would typically prevent major
vascular events from occurring in about 1000 high-risk
patients (ie, 10% absolute benefit) with pre-existing
occlusive vascular disease (secondary prevention) and in
500 patients (ie, 5% absolute benefit) who are at increased
risk but have not yet had a vascular event (primary
prevention).”” Moreover, since statin therapy reduces
vascular event risk further during each year it is taken,
more prolonged therapy would produce even larger
absolute benefits.”***

The proportional reduction in LDL cholesterol
produced by a given statin regimen is similar
irrespective of the starting cholesterol concentration.
As a consequence, and perhaps somewhat counter-
intuitively, more potent statin regimens are required to
produce the same absolute reduction in LDL cholesterol
and, thus, the same proportional risk reduction among
individuals presenting with lower rather than higher
LDL cholesterol concentrations.®™ This finding is
reflected in the recent American College of Cardiology/
American Heart Association guidelines,* with the
high-intensity statin regimens considered to be
warranted for patients at elevated risk of vascular
events even if they present with average or below
average LDL cholesterol concentrations (ie, a change in
emphasis towards treating high risk levels and away
from treating only high cholesterol concentrations).
Adoption of this strategy should help avoid

undertreatment of higher-risk patients who have LDL
cholesterol concentrations close to the values that were
recommended in previous guidelines as targets for
dose titration of statin therapy.

Proven harms of statin therapy, but minimal
symptomatic side-effects

The only adverse events shown definitely to be caused
by statin therapy—ie, are adverse effects of statins—are
myopathy (specifically defined as muscle pain or
weakness combined with large increases in blood
concentrations of creatine kinase) and diabetes,
although it is likely that the risk of haemorrhagic stroke
is also increased. Typically, treatment of 10 000 patients
for 5 years with an effective statin regimen (eg,
atorvastatin 40 mg daily) would be expected to cause
about 5 extra cases of myopathy (one of which might
progress to rhabdomyolysis), 50-100 cases of diabetes,
and 5-10 haemorrhagic strokes. Statin therapy may also
cause symptomatic adverse events (eg, muscle pain or
weakness) in up to 50-100 patients per 10000 treated
for 5 years. The absolute excesses of adverse events
with statin therapy are increased in certain
circumstances (eg, with higher statin doses and in
combination with certain drugs, or in particular types
of patient or population), but they are still small by
comparison with the beneficial effects. Moreover, any
adverse impact on major vascular events that is caused
by the excesses of diabetes and haemorrhagic stroke
has already been taken into account in the estimates of
the overall benefits.

Even so, because statins are taken by so many people,
substantial numbers of people will still experience
adverse effects of statin therapy. For example, about
100 cases of myopathy would be caused each year among
each million people who are prescribed statin therapy.
However, whereas these adverse events are readily
attributed to the statin (along with many other events
that are not causally related®), it is not possible to
identify those individuals in whom statin therapy has
prevented a heart attack or stroke, even though these
absolute benefits are much larger. For example, among
each million patients taking statins for secondary
prevention, about 20000 people would avoid major
vascular events each year that statin therapy continues.*
In addition, whereas many of the adverse effects (such as
myopathy) can be reversed with no residual effects by
stopping the statin therapy, the effects of a heart attack or
stroke are often irreversible.

As discussed above, it has been claimed—based chiefly
on case series (eg, reports to regulatory authorities of
adverse events attributed to a statin) and non-randomised
observational studies (eg, analyses of health-care
databases)">—that statin therapy causes increased rates
of many other types of adverse event, including
symptomatic side-effects (in particular, muscle pain and
weakness) that prevent a large proportion of patients
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from continuing statin therapy long term. This idea that
so-called statin intolerance is a common problem is
being widely promulgated, not just in the medical
literature'™227*72% hut also in the public media.®*##2>2%
In addition, the focus of new LDL cholesterol-lowering
agents in development (such as PCSK9 inhibitors) is
shifting towards their use in patients classified as “statin
intolerant”®****” in whom the reductions in LDL
cholesterol would, in the absence of any background
statin therapy, be larger (and, hence, their value might be
perceived to be greater).

Whereas statins are now generic and low cost, the
newer agents are costly and there may be commercial
pressures to create a market (eg, with the drafting of
some of the reports about statin intolerance®”**” being
funded by manufacturers of the new agents). Of most
relevance, however, are claims that statin intolerance
occurs in up to one-fifth of treated patients," which are
not supported by the large-scale evidence from
randomised trials: in particular, statin therapy has
generally been found to be no less well tolerated than
placebo. For example, there was no excess of
discontinuations related to adverse events with statin
therapy, and any excesses of muscle-related symptoms
due to statin therapy occurred in only about 0-1-0-2% of
patients during each year of treatment.*?*202¢

Public health consequences of misleading claims about
the safety of statins

There is a serious cost to public health of making
misleading claimg27219024252%829 ghout the safety and
efficacy of statin therapy. Following publication of
reports of exaggerated side-effect rates,**” and related
media coverage, researchers at the Picker Institute
(Oxford, UK) conducted in-depth interviews and focus
groups with patients, general practitioners, and
cardiologists, along with online surveys, in 2015.*° They
found that the adverse media coverage was linked to
increased reticence among the doctors to discuss
and prescribe statins, and reduced compliance by
the patients (including those with pre-existing
cardiovascular disease) due to raised awareness of
perceived side-effects.

Cholesterol-lowering therapy is substantially under-
used by people at high risk of heart attacks and strokes.
For example, in the PURE study across 22 countries in
2016, 66% of individuals aged 35-70 years with
cardiovascular disease were using statin therapy in high-
income countries (eg, Sweden or Canada), but only 27%
in upper middle-income countries (eg, Poland, Turkey, or
Brazil) and about 5% in lower-income countries (eg,
China or India).***? Across mainland Europe, in the
SHARE study, only 42% of individuals aged at least
50 years with prior cardiovascular disease were taking
any form of cholesterol-lowering therapy in 2013, with
large variations between different countries (eg, 55-56%
in Belgium, Denmark, or the Netherlands vs 27-29% in

Estonia or Slovenia).’** There was also evidence of
substantial levels of drug discontinuation, particularly
among people who had not had recent cardiovascular
events. In a cross-sectional study based on the Australian
National Health Measures Survey in 2011-12, cholesterol-
lowering therapy was being taken by 56% of people aged
45-74 years who had pre-existing cardiovascular disease
and by 33% of those considered to have a high 5-year risk
(>15%) of a primary cardiovascular event.*® Similarly, in
the US Medical Expenditure Survey, statin therapy was
being used in 2010 by 58% of people aged 30-79 years
with coronary artery disease and by 52% of those aged
older than 40 years with diabetes.™ In the UK, analyses
of the Clinical Practice Research Datalink in 2014-15
indicated that statin therapy had been started by only
about 60% of patients who had recently had a first
cardiovascular event and by only about 25% of patients in
whom a 10-year cardiovascular risk of 20% or more had
been recorded by their general practitioner within the
past month.>”

A study in Denmark found that negative statin-related
news stories were repeatedly followed by average
proportional increases of about 10% in the likelihood of
stopping statin therapy.*® An Australian television
programme that was withdrawn after being broadcast
because it misrepresented the evidence about statins®*
was followed during the subsequent year by a reduction
in the numbers of prescriptions of statin therapy for
patients at elevated risk of heart attacks and strokes.*®
The researchers estimated that about 60000 fewer
Australians had statins dispensed than predicted from
previous rates and that, if those patients continue to
avoid statin therapy during the next 5 years, between
1500 and 3000 potentially fatal heart attacks and strokes
will occur that would otherwise have been avoided.
Similarly, following publication of claims that statins
cause side-effects in about one-fifth of patients,*"
analyses of prescription data from the UK Clinical
Practice Research Datalink indicate that there was a
proportional increase of about 10% in patients stopping
statin therapy for secondary and primary prevention (as
well as reductions in the numbers of patients who had
their cardiovascular risk assessed to determine their
eligibility for statin therapy).”” The researchers
estimated that more than 200000 UK patients had
stopped taking their statin therapy and that (depending
on what proportion resume treatment) this will result in
between about 2000 and 6000 cardiovascular events
occurring during the subsequent decade that would
otherwise have been avoided.

In such circumstances, much greater caution is
warranted than has sometimes been the case when
making claims about possible side-effects, since
otherwise patients at high risk of heart attacks, strokes,
and related deaths, and their doctors, may well be
inappropriately dissuaded from using statin therapy
despite the proven benefits.

www.thelancet.com Published online September 8, 2016 http://dx.doi.org/10.1016/50140-6736(16)31357-5



Review

24

Contributors

RC had the idea for this paper and wrote the initial drafts. Substantial
revisions were made in response to detailed comments from the other
authors through a series of iterations. The table in the appendix was

produced by CR and the figures were produced by JE and LB (except for

figure 2). All of the authors agreed the final version.

Declaration of interests
JA, CB, LB, RC, JE, RP, DP, and CR work in the Clinical Trial Service

Unit & Epidemiological Studies Unit (CTSU) at the University of Oxford.
The CTSU has received research grants from Abbott, AstraZeneca, Bayer,

GlaxoSmithKline, Merck, Novartis, Pfizer, Roche, Schering, and Solvay
that are governed by University of Oxford contracts that protect its
independence, and it has a staff policy of not taking personal payments
from industry (with reimbursement sought only for the costs of travel

and accommodation to attend scientific meetings). RC is co-inventor of a
genetic test for statin-related myopathy risk, but receives no income from
it. DP has participated in advisory meetings for Sanofi related to PCSK9

inhibitor therapy in his previous employment. The CTT Collaboration,
which is coordinated by CTSU with colleagues from the University of
Sydney, does not receive industry funding. JD has received research
grants from, and served as a consultant to, Merck and Pfizer. GDS has
twice received travel and accommodation funding and honoraria from
Merck; DD receives compensation for serving on data monitoring
committees for clinical trials (including of statins) funded by Abbvie,

Actelion, Amgen, AstraZeneca, Boehringer Ingelheim, GlaxoSmithKline,

Merck, Sanofi, and Teva. NW and ML are inventors of a combination

formulation for the prevention of cardiovascular disease that includes a

statin, covered by patents licensed to Polypill in which they both hold
shares and which owns the website polypill.com. SMac has received
research grants for research on statins and polypill development from
Bristol-Myers Squibb and BUPA. SMar is co-inventor on a pending
patent for a LDL cholesterol estimation method, and has served as an
advisor to Sanofi, Regeneron, Quest Diagnostics, Pressed Juicery, and
Abbott Nutrition. NP has received research grants and honoraria for

participating in advisory meetings and giving lectures from Amgen, Lilly,

Menorini, and Merck. PR has received investigator-initiated research
grants from Amgen, AstraZeneca, Kowa, Novartis, and Pfizer. PSe has
received research grants and honoraria for consultancies from Amgen
and Pfizer. LS has undertaken advisory work unrelated to statins for
AstraZeneca and GlaxoSmithKline. SY has received a research grant

from AstraZeneca through Hamilton Health Sciences. AR declares that

George Health Enterprises, the social enterprise arm of The George
Institute, has received investment to develop combination products
containing statin, aspirin, and blood-pressure-lowering drugs. JS has

received grants from the National Health and Medical Research Council,
Australia; Bayer Pharmaceuticals; Roche; and Merck Serono. RB, SE, BN,

IR, and PSa declare no competing interests.

Acknowledgments

We thank Emily Banks, Robert Califf, Barbara Casadei, Janet Darbyshire,
Paul Glasziou, Mark Huffman, Ross Prentice, Michael Rawlins,

Robert Temple, and Jan Vandenbrouke for comments on earlier drafts of

this paper; Sarah Lewington for providing figure 2 based on the Prospective

Studies Collaboration database; and Kelly Davies, Heather Halls,
William Herrington, Lisa Holland, Borislava Mihaylova, and Kate Wilson
from the Secretariat of the Cholesterol Treatment Trialists Collaboration.

References
1 The Academy of Medical Sciences. Identifying the environmental

causes of disease: how should we decide what to believe and when

to take action? London: The Academy of Medical Sciences, 2007.

2 Rawlins M. De testimonio: on the evidence for decisions about the

use of therapeutic interventions. Lancet 2008; 372: 2152-61.

3 Collins R, MacMahon S. Reliable assessment of the effects of
treatment on mortality and major morbidity, I: clinical trials.
Lancet 2001; 357: 373-80.

4 MacMahon S, Collins R. Reliable assessment of the effects of
treatment on mortality and major morbidity, II: observational
studies. Lancet 2001; 357: 455-62.

5  Effects of calcium antagonists on the risks of coronary heart

disease, cancer and bleeding. Ad Hoc Subcommittee of the Liaison
Committee of the World Health Organisation and the International

Society of Hypertension. ] Hypertens 1997; 15: 105-15.

10

11

12

13

14
15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Grimes DA, Schulz KF. Bias and causal associations in
observational research. Lancet 2002; 359: 248-52.

Grimes DA, Schulz KF. False alarms and pseudo-epidemics:

the limitations of observational epidemiology. Obstet Gynecol 2012;
120: 920-27.

Byar DP. Problems with using observational databases to compare
treatments. Stat Med 1991; 10: 663—66.

Pocock SJ, Elbourne DR. Randomized trials or observational
tribulations? N Engl ] Med 2000; 342: 1907-09.

Malhotra A. Saturated fat is not the major issue. BMJ 2013;

347: £6340.

Abramson JD, Rosenberg HG, Jewell N, Wright JM. Should people
at low risk of cardiovascular disease take a statin? BMJ 2013;

347: £6123.

Redberg RF, Katz MH. Healthy men should not take statins. JAMA
2012; 307: 1491-92.

Baigent C, Peto R, Gray R, Parish S, Collins R. Large-scale
randomized evidence: trials and meta-analyses of trials. Oxford
Textbook of Medicine, 5th edn. Oxford: Oxford University Press, 2010.
Pocock SJ. Clinical Trials. Chichester: John Wiley & Sons, 1983.
Altman DG, Bland JM. Statistics notes. Treatment allocation in
controlled trials: why randomise? BMJ 1999; 318: 1209.

Kunz R, Vist G, Oxman AD. Randomisation to protect against
selection bias in healthcare trials. Cochrane Database Syst Rev 2007;
MR000012.

Day SJ, Altman DG. Statistics notes: blinding in clinical trials and
other studies. BMJ 2000; 321: 504.

Schulz KF, Grimes DA. Blinding in randomised trials: hiding who
got what. Lancet 2002; 359: 696-700.

Armitage ], Baigent C, Collins R. Misrepresentation of statin safety
evidence. Lancet 2014; 384: 1263-64.

Collins R, Gray R, Godwin ], Peto R. Avoidance of large biases and
large random errors in the assessment of moderate treatment
effects: the need for systematic overviews. Stat Med

1987; 6: 245-54.

Early Breast Cancer Trialists’ Collaborative Group. Treatment of
Early Breast Cancer, volume 1. Worldwide Evidence 1985-1990.
Oxford: Oxford University Press, 1990.

Malhotra A. Maximising the benefits and minimising the harms of
statins. Prescriber 2015; 26: 6—7.

Mansi I, Mortensen E. The controversy of a wider statin utilization:
why? Expert Opin Drug Saf 2013; 12: 327-37.

Fernandez G, Spatz ES, Jablecki C, Phillips PS. Statin myopathy:

a common dilemma not reflected in clinical trials. Cleve Clin | Med
2011; 78: 393-403.

Pogue ], Walter SD, Yusuf S. Evaluating the benefit of event
adjudication of cardiovascular outcomes in large simple RCTs.

Clin Trials 2009; 6: 239-51.

Goldacre B. Statins have no side effects? This is what our study
really found... http://www.theguardian.com/science/blog/2014/
mar/14/statins-side-effects-study-placebo-ben-goldacre (accessed
Oct 17, 2015).

Thompson R, Gerada C, Haslam D, et al. Concerns about the latest
NICE draft guidance on statins. http://www.nice.org.uk/Media/
Default/News/NICE-statin-letter.pdf (accessed March 14, 2016).
Cuzick ], Edwards R, Segnan N. Adjusting for non-compliance and
contamination in randomized clinical trials. Stat Med 1997;

16: 1017-29.

Cholesterol Treatment Trialists’ (CTT) Collaborators. Efficacy and
safety of cholesterol-lowering treatment: prospective meta-analysis
of data from 90056 participants in 14 randomised trials of statins.
Lancet 2005; 366: 1267-78.

Cholesterol Treatment Trialists’ (CTT) Collaborators. Efficacy of
cholesterol-lowering therapy in 18 686 people with diabetes in

14 randomised trials of statins: a meta-analysis. Lancet 2008;

371: 117-25.

Cholesterol Treatment Trialists’ (CTT) Collaboration. Efficacy and
safety of more intensive lowering of LDL cholesterol: a
meta-analysis of data from 170 000 participants in 26 randomised
trials. Lancet 2010; 376: 1670-81.

Cholesterol Treatment Trialists’ (CTT) Collaborators. The effects of
lowering LDL cholesterol with statin therapy in people at low risk of
vascular disease: meta-analysis of individual data from

27 randomised trials. Lancet 2012; 380: 581-90.

www.thelancet.com Published online September 8, 2016 http://dx.doi.org/10.1016/50140-6736(16)31357-5



Review

33

34

35

36

37

38

39

41

42

43

45

46

47

48

49

50

51

52

53

54

55

56

Cholesterol Treatment Trialists’ (CTT) Collaboration. Efficacy and
safety of LDL-lowering therapy among men and women:
meta-analysis of individual data from 174000 participants in

27 randomised trials. Lancet 2015; 385: 1397-405.

Cholesterol Treatment Trialists’ (CTT) Collaboration. Impact of renal
function on the effects of LDL cholesterol lowering with statin-based
regimens: a meta-analysis of individual participant data from

28 randomised trials. Lancet Diabetes Endocrinol 2016; published
online July 29. http://dx.doi.org/10.1016/$2213-8587(16)30156-5.
Pogue |, Devereaux PJ, Thabane L, Yusuf S. Designing and
analyzing clinical trials with composite outcomes: consideration of
possible treatment differences between the individual outcomes.
PLoS One 2012; 7: e34785.

Albers GW. Choice of endpoints in antiplatelet trials: which outcomes
are most relevant to stroke patients? Neurology 2000; 54: 1022-28.
Roberts I, Prieto-Merino D. Applying results from clinical trials:
tranexamic acid in trauma patients. | Intensive Care 2014; 2: 56.
Prieto-Merino D, Smeeth L, Staa TP, Roberts I. Dangers of non-specific
composite outcome measures in clinical trials. BM] 2013; 347: f6782.
The Stroke Prevention by Aggressive Reduction in Cholesterol
Levels (SPARCL) Investigators. High-dose atorvastatin after stroke
or transient ischemic attack. N Engl ] Med 2006; 355: 549-59.
Antithrombotic Trialists’ (ATT) Collaboration. Aspirin in the
primary and secondary prevention of vascular disease: collaborative
meta-analysis of individual participant data from randomised trials.
Lancet 2009; 373: 1849-60.

Smeeth L, Haines A, Ebrahim S. Numbers needed to treat derived
from meta-analyses--sometimes informative, usually misleading.
BM]J 1999; 318: 1548-51.

HPS2-THRIVE Collaborative Group. Effects of extended-release
niacin with laropiprant in high-risk patients. N Engl ] Med 2014;
371: 203-12.

Anderson TJ, Boden WE, Desvigne-Nickens P, et al. Safety profile
of extended-release niacin in the AIM-HIGH trial. N Engl ] Med
2014; 371: 288-90.

Garg AX, Hackam D, Tonelli M. Systematic review and
meta-analysis: when one study is just not enough.

Clin ] Am Soc Nephrol 2008; 3: 253-60.

Toannidis JP, Lau J. Pooling research results: benefits and limitations
of meta-analysis. Jt Comm J Qual Improv 1999; 25: 462-69.

Egger M, Smith GD. Meta-Analysis. Potentials and promise. BM]
1997; 315: 1371-74.

Tsang R, Colley L, Lynd LD. Inadequate statistical power to detect
clinically significant differences in adverse event rates in
randomized controlled trials. J Clin Epidemiol 2009; 62: 609-16.
Ridker PM, Danielson E, Fonseca FA, et al. Rosuvastatin to prevent
vascular events in men and women with elevated C-reactive protein.
N Engl ] Med 2008; 359: 2195-207.

Sattar N, Preiss D, Murray HM, et al. Statins and risk of incident
diabetes: a collaborative meta-analysis of randomised statin trials.
Lancet 2010; 375: 735-42.

Sacks FM, Pfeffer MA, Moye LA, et al. The effect of pravastatin on
coronary events after myocardial infarction in patients with average
cholesterol levels. Cholesterol and Recurrent Events Trial
investigators. N Engl ] Med 1996; 335: 1001-09.

Shepherd J, Blauw GJ, Murphy MB, et al. Pravastatin in elderly
individuals at risk of vascular disease (PROSPER): a randomised
controlled trial. Lancet 2002; 360: 1623-30.

Cholesterol Treatment Trialists’ (CTT) Collaboration. Lack of effect
of lowering LDL cholesterol on cancer: meta-analysis of individual
data from 175000 people in 27 randomised trials of statin therapy.
PLoS One 2012; 7: €29849.

Desai CS, Martin SS, Blumenthal RS. Non-cardiovascular effects
associated with statins. BMJ 2014; 349: g3743.

Houx PJ, Shepherd J, Blauw GJ, et al. Testing cognitive function in
elderly populations: the PROSPER study. PROspective Study of
Pravastatin in the Elderly at Risk. J Neurol Neurosurg Psychiatry
2002; 73: 385-89.

Trompet S, van Vliet P, de Craen AJ, et al. Pravastatin and cognitive
function in the elderly. Results of the PROSPER study. ] Neurol
2010; 257: 85-90.

Feldman HH, Doody RS, Kivipelto M, et al. Randomized controlled
trial of atorvastatin in mild to moderate Alzheimer disease: LEADe.
Neurology 2010; 74: 956—64.

57

58

59

60

61

63

64

65

66

67

68

69

70

71

72

73

74

75

76

78

79

80

Golomb BA, Criqui MH, White HL, Dimsdale JE. The UCSD Statin
Study: a randomized controlled trial assessing the impact of statins
on selected noncardiac outcomes. Control Clin Trials 2004;

25: 178-202.

Sano M, Bell KL, Glasko D, et al. A randomized, double-blind,
placebo-controlled trial of simvastatin to treat Alzheimer disease.
Neurology 2011; 77: 556—63.

Laties AM, Shear CL, Lippa EA, et al. Expanded clinical evaluation
of lovastatin (EXCEL) study results. II. Assessment of the human
lens after 48 weeks of treatment with lovastatin. Am J Cardiol 1991;
67: 447-53.

Harris ML, Bron AJ, Brown NA, et al. Absence of effect of
simvastatin on the progression of lens opacities in a randomised
placebo controlled study. Oxford Cholesterol Study Group.

Br J Ophthalmol 1995; 79: 996-1002.

Pedersen TR, Berg K, Cook TJ, et al. Safety and tolerability of
cholesterol lowering with simvastatin during 5 years in the
Scandinavian Simvastatin Survival Study. Arch Intern Med 1996;
156: 2085-92.

The Academy of Medical Sciences. Real world evidence. London:
The Academy of Medical Sciences, 2016.

Nallamothu BK, Hayward RA, Bates ER. Beyond the randomized
clinical trial: the role of effectiveness studies in evaluating
cardiovascular therapies. Circulation 2008; 118: 1294-303.

Guyton JR, Bays HE, Grundy SM, Jacobson TA, The National Lipid
Association Statin Intolerance Panel. An assessment by the Statin
Intolerance Panel: 2014 update. J Clin Lipidol 2014;

8 (3 suppl): S72-81.

Tobert JA, Newman CB. Statin tolerability: In defence of
placebo-controlled trials. Eur J Prev Cardiol 2016; 23: 891-96.
Rothman KJ, Gallacher JE, Hatch EE. Why representativeness
should be avoided. Int J Epidemiol 2013; 42: 1012-14.

Roberts I, Prieto-Merino D. Blood pressure lowering and
cardiovascular risk. Lancet 2014; 384: 1745.

Assmann SF, Pocock SJ, Enos LE, Kasten LE. Subgroup analysis
and other (mis)uses of baseline data in clinical trials. Lancet 2000;
355: 1064-69.

Sun X, Briel M, Busse JW, et al. Credibility of claims of subgroup
effects in randomised controlled trials: systematic review. BMJ 2012;
344: e1553.

Yusuf S, Wittes ], Probstfield J, Tyroler HA. Analysis and
interpretation of treatment effects in subgroups of patients in
randomized clinical trials. JAMA 1991; 266: 93-98.

Cuzick J. Forest plots and the interpretation of subgroups.

Lancet 2005; 365: 1308.

Diamond DM, Ravnskov U. How statistical deception created the
appearance that statins are safe and effective in primary and
secondary prevention of cardiovascular disease.

Expert Rev Clin Pharmacol 2015; 8: 201-10.

Rosenson RS, Baker SK, Jacobson TA, Kopecky SL, Parker BA,
The National Lipid Association’s Muscle Safety Expert Panel.

An assessment by the Statin Muscle Safety Task Force: 2014 update.
J Clin Lipidol 2014; 8 (3 suppl): S58-71.

Maningat P, Breslow JL. Needed: pragmatic clinical trials for
statin-intolerant patients. N Engl ] Med 2011; 365: 2250-51.

Stroes ES, Thompson PD, Corsini A, et al. Statin-associated muscle
symptoms: impact on statin therapy-European Atherosclerosis
Society Consensus Panel Statement on Assessment, Aetiology and
Management. Eur Heart J 2015; 36: 1012-22.

Feinstein AR, Horwitz RI. Problems in the “evidence” of
“evidence-based medicine”. Am J Med 1997; 103: 529-35.

Rothwell PM. External validity of randomised controlled trials:

“to whom do the results of this trial apply?”. Lancet 2005;

365: 82-93.

Black N. Why we need observational studies to evaluate the
effectiveness of health care. BMJ 1996; 312: 1215-18.

Cholesterol Treatment Trialists” Collaboration. Protocol for a
prospective collaborative overview of all current and planned
randomized trials of cholesterol treatment regimens. Am J Cardiol
1995; 75: 1130-34.

Lang JM, Buring JE, Rosner B, Cook N, Hennekens CH.
Estimating the effect of the run-in on the power of the Physicians’
Health Study. Stat Med 1991; 10: 1585-93.

www.thelancet.com Published online September 8, 2016 http://dx.doi.org/10.1016/50140-6736(16)31357-5



Review

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

26

MRC/BHF Heart Protection Study Collaborative Group. Effects of
simvastatin 40 mg daily on muscle and liver adverse effects in a
5-year randomized placebo-controlled trial in 20536 high-risk
people. BMC Clin Pharmacol 2009; 9: 6.

Cooper A, O’Flynn N, on behalf of the Guideline Development
Group. Risk assessment and lipid modification for primary and
secondary prevention of cardiovascular disease: summary of NICE
guidance. BMJ 2008; 336: 1246-48.

SEARCH Collaborative Group. Intensive lowering of LDL
cholesterol with 80 mg versus 20 mg simvastatin daily in

12064 survivors of myocardial infarction: a double-blind
randomised trial. Lancet 2010; 376: 1658-69.

Glasziou P, Chalmers I, Rawlins M, McCulloch P. When are
randomised trials unnecessary? Picking signal from noise.

BM] 2007; 334: 349-51.

Temple R. Meta-analysis and epidemiologic studies in drug
development and postmarketing surveillance. JAMA 1999; 281: 841-44.
Egger M, Schneider M, Davey Smith G. Spurious precision?
Meta-analysis of observational studies. BMJ 1998; 316: 140—44.
Smeeth L, Douglas I, Hubbard R. Commentary: we still need
observational studies of drugs-they just need to be better.

Int J Epidemiol 2006; 35: 1310-11.

Vandenbroucke JP. Observational research, randomised trials, and
two views of medical science. PLoS Med 2008; 5: e67.
Hippisley-Cox ], Coupland C. Unintended effects of statins in men
and women in England and Wales: population based cohort study
using the QResearch database. BMJ 2010; 340: c2197.
Garcia-Rodriguez LA, Masso-Gonzalez EL, Wallander MA,
Johansson S. The safety of rosuvastatin in comparison with other
statins in over 100,000 statin users in UK primary care.
Pharmacoepidemiol Drug Saf2008; 17: 943-52.

Mansi I, Frei CR, Pugh M], Makris U, Mortensen EM. Statins and
musculoskeletal conditions, arthropathies, and injuries.

JAMA Intern Med 2013; 173: 1318-26.

Nielsen SF, Nordestgaard BG, Bojesen SE. Statin use and reduced
cancer-related mortality. N Engl | Med 2012; 367: 1792-802.

Zhang H, Plutzky ], Skentzos S, et al. Discontinuation of statins in
routine care settings: a cohort study. Ann Intern Med 2013;

158: 526-34.

Skentzos S, Shubina M, Plutzky J, Turchin A. Structured vs.
unstructured: factors affecting adverse drug reaction documentation
in an EMR repository. AMIA Annu Symp Proc 2011; 2011: 1270-79.
Madigan D, Stang PE, Berlin JA, et al. A systematic statistical
approach to evaluating evidence from observational studies.

Ann Rev Stat Appl 2014; 1: 11-39.

Brookhart MA, Sturmer T, Glynn RJ, Rassen |, Schneeweiss S.
Confounding control in healthcare database research: challenges
and potential approaches. Med Care 2010; 48 (6 suppl): S114-20.
Schneeweiss S, Avorn J. A review of uses of health care utilization
databases for epidemiologic research on therapeutics.

J Clin Epidemiol 2005; 58: 323-37.

Ford I, Murray H, McCowan C, Packard CJ. Long-term safety and
efficacy of lowering low-density lipoprotein cholesterol with statin
therapy: 20-year follow-up of West of Scotland Coronary Prevention
Study. Circulation 2016; 133: 1073-80.

Heart Protection Study Collaborative Group. Effects on 11-year
mortality and morbidity of lowering LDL cholesterol with
simvastatin for about 5 years in 20536 high-risk individuals:

a randomised controlled trial. Lancet 2011; 378: 2013-20.

Hague WE, Simes |, Kirby A, et al. Long-term effectiveness and
safety of pravastatin in patients with coronary heart disease:

16 years of follow-up of the LIPID Study. Circulation 2016;

133: 1851-60.

Strandberg TE, Pyorilid K, Cook TJ, et al. Mortality and incidence of
cancer during 10-year follow-up of the Scandinavian Simvastatin
Survival Study (4S). Lancet 2004; 364: 771-77.

Holdaas H, Fellstrom B, Cole E, et al. Long-term cardiac outcomes
in renal transplant recipients receiving fluvastatin: the ALERT
extension study. Am | Transplant 2005; 5: 2929-36.

Margolis KL, Davis BR, Baimbridge C, et al. Long-term follow-up of
moderately hypercholesterolemic hypertensive patients following
randomization to pravastatin vs usual care: the Antihypertensive
and Lipid-Lowering Treatment to Prevent Heart Attack Trial
(ALLHAT-LLT). J Clin Hypertens 2013; 15: 542-54.

104

10

w2

106

107

108

109

110

11

112

113

114

115

116

117

118

119

120

121

122

123

124

125

Lloyd SM, Stott DJ, de Craen AJ, et al. Long-term effects of statin
treatment in elderly people: extended follow-up of the PROspective
Study of Pravastatin in the Elderly at Risk (PROSPER). PLoS One
2013; 8: €72642.

Sever PS, Chang CL, Gupta AK, Whitehouse A, Poulter NR.

The Anglo-Scandinavian Cardiac Outcomes Trial: 11-year mortality
follow-up of the lipid-lowering arm in the UK. Eur Heart J 2011;
32:2525-32.

Knatterud GL, Rosenberg Y, Campeau L, et al. Long-term effects on
clinical outcomes of aggressive lowering of low-density lipoprotein
cholesterol levels and low-dose anticoagulation in the post coronary
artery bypass graft trial. Post CABG Investigators. Circulation 2000;
102: 157-65.

Million Women Study Collaborators. Patterns of use of hormone
replacement therapy in one million women in Britain, 1996-2000.
BJOG 2002; 109: 1319-30.

Deeks JJ, Dinnes ], D’Amico R, et al. Evaluating non-randomised
intervention studies. Health Technol Assess 2003; 7: 1-173.

Fewell Z, Davey Smith G, Sterne JA. The impact of residual and
unmeasured confounding in epidemiologic studies: a simulation
study. Am J Epidemiol 2007; 166: 646-55.

Phillips AN, Davey Smith G. How independent are “independent”
effects? Relative risk estimation when correlated exposures are
measured imprecisely. J Clin Epidemiol 1991; 44: 1223-31.

Grady D, Rubin SM, Petitti DB, et al. Hormone therapy to prevent
disease and prolong life in postmenopausal women. Ann Intern Med
1992; 117: 101637,

Stampfer MJ, Colditz GA. Estrogen replacement therapy and
coronary heart disease: a quantitative assessment of the
epidemiologic evidence. Prev Med 1991; 20: 47-63.

Barrett-Connor E. Hormones and heart disease in women:

the timing hypothesis. Am ] Epidemiol 2007; 166: 506-10.
Vandenbroucke JP. Postmenopausal oestrogen and
cardioprotection. Lancet 1991; 337: 833-34.

Meade TW, Berra A. Hormone replacement therapy and
cardiovascular disease. Br Med Bull 1992; 48: 276-308.

Wilkes HC, Meade TW. Hormone replacement therapy in general
practice: a survey of doctors in the MRC's general practice research
framework. BMJ 1991; 302: 1317-20.

Hulley S, Grady D, Bush T, et al. Randomized trial of estrogen plus
progestin for secondary prevention of coronary heart disease in
postmenopausal women. Heart and Estrogen/progestin
Replacement Study (HERS) Research Group. JAMA 1998;

280: 605-13.

Rossouw JE, Anderson GL, Prentice RL, et al. Risks and benefits of
estrogen plus progestin in healthy postmenopausal women:
principal results From the Women’s Health Initiative randomized
controlled trial. JAMA 2002; 288: 321-33.

Grady D, Herrington D, Bittner V, et al. Cardiovascular disease
outcomes during 6.8 years of hormone therapy: Heart and
Estrogen/progestin Replacement Study follow-up (HERS II).
JAMA 2002; 288: 49-57.

Anderson GL, Limacher M, Assaf AR, et al. Effects of conjugated
equine estrogen in postmenopausal women with hysterectomy: the
Women’s Health Initiative randomized controlled trial. JAMA 2004;
291: 1701-12.

Vandenbroucke JP. The HRT controversy: observational studies and
RCTs fall in line. Lancet 2009; 373: 1233-35.

Hernan MA, Alonso A, Logan R, et al. Observational studies
analyzed like randomized experiments: an application to
postmenopausal hormone therapy and coronary heart disease.
Epidemiology 2008; 19: 766-79.

Banks E, Canfell K. Invited commentary: hormone therapy risks
and benefits--The Women'’s Health Initiative findings and the
postmenopausal estrogen timing hypothesis. Am J Epidemiol 2009;
170: 24-28.

Prentice RL, Manson JE, Langer RD, et al. Benefits and risks of
postmenopausal hormone therapy when it is initiated soon after
menopause. Am | Epidemiol 2009; 170: 12-23.

Manson JE, Chlebowski RT, Stefanick ML, et al. Menopausal
hormone therapy and health outcomes during the intervention and
extended poststopping phases of the Women’s Health Initiative
randomized trials. JAMA 2013; 310: 1353-68.

www.thelancet.com Published online September 8, 2016 http://dx.doi.org/10.1016/50140-6736(16)31357-5



Review

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

Chlebowski RT, Rohan TE, Manson JE, et al. Breast cancer after use
of estrogen plus progestin and estrogen alone: analyses of data
from 2 Women’s Health Initiative randomized clinical trials.
JAMA Oncol 2015; 1: 296-305.

Million Women Study Collaborators. Breast cancer and
hormone-replacement therapy in the Million Women Study.

Lancet 2003; 362: 419-27.

Prentice RL, Langer R, Stefanick ML, et al. Combined
postmenopausal hormone therapy and cardiovascular disease:
toward resolving the discrepancy between observational studies and
the Women’s Health Initiative clinical trial. Am J Epidemiol 2005;
162: 404-14.

Prentice RL, Langer RD, Stefanick ML, et al. Combined analysis of
Women’s Health Initiative observational and clinical trial data on
postmenopausal hormone treatment and cardiovascular disease.
Am ] Epidemiol 2006; 163: 589-99.

Boushey CJ, Beresford SA, Omenn GS, Motulsky AG.

A quantitative assessment of plasma homocysteine as a risk factor
for vascular disease. Probable benefits of increasing folic acid
intakes. JAMA 1995; 274: 1049-57.

Ye Z, Song H. Antioxidant vitamins intake and the risk of coronary
heart disease: meta-analysis of cohort studies.

Eur ] Cardiovasc Prev Rehabil 2008; 15: 26-34.

Vivekananthan DP, Penn MS, Sapp SK, Hsu A, Topol E]. Use of
antioxidant vitamins for the prevention of cardiovascular disease:
meta-analysis of randomised trials. Lancet 2003; 361: 2017-23.
Clarke R, Halsey J, Lewington S, et al. Effects of lowering
homocysteine levels with B vitamins on cardiovascular disease,
cancer, and cause-specific mortality: meta-analysis of 8 randomized
trials involving 37485 individuals. Arch Intern Med 2010;

170: 1622-31.

Lawlor DA, Davey Smith G, Kundu D, Bruckdorfer KR, Ebrahim S.
Those confounded vitamins: what can we learn from the differences
between observational versus randomised trial evidence? Lancet
2004; 363: 1724-27.

Giordano SH, Kuo YF, Duan Z, Hortobagyi GN, Freeman J,
Goodwin JS. Limits of observational data in determining outcomes
from cancer therapy. Cancer 2008; 112: 2456—66.

Bosco JL, Silliman RA, Thwin SS, et al. A most stubborn bias:

no adjustment method fully resolves confounding by indication in
observational studies. J Clin Epidemiol 2010; 63: 64-74.

McGale P, Cutter D, Darby SC, Henson KE, Jagsi R, Taylor C.

Can observational data replace randomized trials? J Clin Oncol 2016;
published online July 25. DOI: 10.1200/]CO.2016.68.8879.

Graaf MR, Beiderbeck AB, Egberts AC, Richel DJ, Guchelaar HJ.
The risk of cancer in users of statins. J Clin Oncol 2004; 22: 2388-94.
Poynter JN, Gruber SB, Higgins PD, et al. Statins and the risk of
colorectal cancer. N Engl | Med 2005; 352: 2184-92.

Yu O, Eberg M, Benayoun S, et al. Use of statins and the risk of
death in patients with prostate cancer. J Clin Oncol 2014; 32: 5-11.
Faasse K, Petrie K]J. The nocebo effect: patient expectations and
medication side effects. Postgrad Med 2013; 89: 540-46.

Barron AJ, Zaman N, Cole GD, Wensel R, Okonko DO, Francis DP.
Systematic review of genuine versus spurious side-effects of
beta-blockers in heart failure using placebo control: recommendations
for patient information. Int | Cardiol 2013; 168: 3572-79.

Grimes DA, Schulz KF. Nonspecific side effects of oral
contraceptives: nocebo or noise? Contraception 2011; 83: 5-9.
Barsky AJ, Saintfort R, Rogers MP, Borus JF. Nonspecific
medication side effects and the nocebo phenomenon. JAMA 2002;
287: 622-27.

Armitage J. The safety of statins in clinical practice. Lancet 2007;
370: 1781-90.

Pfizer Pharmaceuticals. Package leaflet: Information for the User,
10/2015. Atorvastatin 10mg, 20mg, 40mg and 80 mg film-coated
tablets. http://www.medicines.org.uk/emc/PIL.26485 latest.pdf
(accessed Aug 22, 2016).

Boots Web MD. Cholesterol management guide. Side effects of
statins. http://www.webmd.boots.com/cholesterol-management/
guide/side-effects-of-statin-medicines (accessed Aug 22, 2016).
NHS Choices Information. Statins - Side Effects. http://www.nhs.
uk/Conditions/Cholesterol-lowering-medicines-statins/Pages/
Side-effects.aspx (accessed Aug 22, 2016).

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

16

@

166

167

168

169

Vandenbroucke JP. When are observational studies as credible as
randomised trials? Lancet 2004; 363: 1728-31.

Vandenbroucke JP. Why do the results of randomised and
observational studies differ? BMJ 2011; 343: d7020.

Buettner C, Davis RB, Leveille SG, Mittleman MA, Mukamal KJ.
Prevalence of musculoskeletal pain and statin use. Int J Cardiol
2008; 23: 1182-16.

Macedo AF, Taylor FC, Casas JP, Adler A, Prieto-Merino D,
Ebrahim S. Unintended effects of statins from observational studies
in the general population: systematic review and meta-analysis.
BMC Med 2014; 12: 51.

Rief W, Avorn ], Barsky AJ. Medication-attributed adverse effects in
placebo groups: implications for assessment of adverse effects.
Arch Intern Med 2006; 166: 155-60.

Moriarty P, Thompson PD, Cannon CP, et al. ODYSSEY
ALTERNATIVE: Efficacy and safety of the proprotein convertase
subtilisin/kexin type 9 monoclonal antibody, alirocumab, versus
ezetimibe, in patients with statin intolerance as defined by a
placebo run-in and statin rechallenge arm. http://circ.ahajournals.
org/content/130/23/2105.full#T116 (accessed Aug 22, 2016).
Moriarty PM, Thompson PD, Cannon CP, et al. Efficacy and safety
of alirocumab vs ezetimibe in statin-intolerant patients, with a
statin rechallenge arm: The ODYSSEY ALTERNATIVE randomized
trial. J Clin Lipidol 2015; 9: 758-69.

Emerging Risk Factors Collaboration. Major lipids, apolipoproteins,
and risk of vascular disease. JAMA 2009; 302: 1993-2000.
Prospective Studies Collaboration. Blood cholesterol and vascular
mortality by age, sex, and blood pressure: a meta-analysis of
individual data from 61 prospective studies with 55000 vascular
deaths. Lancet 2007; 370: 1829-39.

Chen Z, Peto R, Collins R, MacMahon S, Lu J, Li W. Serum
cholesterol concentration and coronary heart disease in population
with low cholesterol concentrations. BMJ 1991; 303: 276-82.
Zhang X, Patel A, Horibe H, et al. Cholesterol, coronary heart
disease, and stroke in the Asia Pacific region. Int | Epidemiol 2003;
32:563-72.

Law MR, Wald NJ, Rudnicka AR. Quantifying effect of statins on
low density lipoprotein cholesterol, ischaemic heart disease, and
stroke: systematic review and meta-analysis. BM] 2003; 326: 1423.
Taylor F, Huffman MD, Macedo AF, et al. Statins for the primary
prevention of cardiovascular disease. Cochrane Database Syst Rev
2013; 1: Cd004816.

Stone NJ, Robinson JG, Lichtenstein AH, et al. 2013 ACC/AHA
guideline on the treatment of blood cholesterol to reduce
atherosclerotic cardiovascular risk in adults: a report of the
American College of Cardiology/American Heart Association Task
Force on Practice Guidelines. Circulation 2014;

129 (suppl 2): S1-45.

National Institute for Health and Care Excellence. Lipid
modification: cardiovascular risk assessment and the modification
of blood lipids for the primary and secondary prevention of
cardiovascular disease. NICE guideline CG181 2014. https://www.
nice.org.uk/guidance/cg181 (accessed Aug 22, 2016).

Petersen LK, Christensen K, Kragstrup J. Lipid-lowering treatment
to the end? A review of observational studies and RCTs on
cholesterol and mortality in 80+-year olds. Age Ageing 2010;

39: 674-80.

Schatz I, Masaki K, Yano K, Chen R, Rodriguez BL, Curb JD.
Cholesterol and all-cause mortality in elderly people from the
Honolulu Heart Program: a cohort study. Lancet 2001;

358: 351-55.

Ravnskov U, Diamond DM, Hama R, et al. Lack of an association or
an inverse association between low-density-lipoprotein cholesterol
and mortality in the elderly: a systematic review. BM] Open 2016;
6: €010401.

Postmus I, Deelen J, Sedaghat S, et al. LDL cholesterol still a
problem in old age? A Mendelian randomization study.

Int J Epidemiol 2015; 44: 604-12.

Law MR, Thompson SG, Wald NJ. Assessing possible hazards of
reducing serum cholesterol. BMJ 1994; 308: 373-79.

Williams K], Feig JE, Fisher EA. Rapid regression of atherosclerosis:
insights from the clinical and experimental literature.

Nat Clin Pract Cardiovasc Med 2008; 5: 91-102.

www.thelancet.com Published online September 8, 2016 http://dx.doi.org/10.1016/50140-6736(16)31357-5

27



Review

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

19

@

28

Zadelaar S, Kleemann R, Verschuren L, et al. Mouse models

for atherosclerosis and pharmaceutical modifiers.

Arterioscler Thromb Vasc Biol 2007; 27: 1706-21.

Cuchel M, Bruckert E, Ginsberg HN, et al. Homozygous familial
hypercholesterolaemia: new insights and guidance for clinicians to
improve detection and clinical management. A position paper
from the Consensus Panel on Familial Hypercholesterolaemia of
the European Atherosclerosis Society. Eur Heart | 2014;

35: 2146-57.

Nordestgaard BG, Chapman MJ, Humphries SE, et al. Familial
hypercholesterolaemia is underdiagnosed and undertreated in the
general population: guidance for clinicians to prevent coronary
heart disease: consensus statement of the European Atherosclerosis
Society. Eur Heart | 2013; 34: 3478-90.

Ference BA, Yoo W, Alesh I, et al. Effect of long-term exposure to
lower low-density lipoprotein cholesterol beginning early in life on
the risk of coronary heart disease: a Mendelian randomization
analysis. | Am Coll Cardiol 2012; 60: 2631-39.

Law MR, Wald NJ, Thompson SG. By how much and how quickly
does reduction in serum cholesterol concentration lower risk of
ischaemic heart disease?® BMJ 1994; 308: 367—72.

Davey Smith G, Pekkanen J. Should there be a moratorium on the
use of cholesterol lowering drugs? BMJ 1992; 304: 431-34.
Muldoon MF, Manuck SB, Matthews KA. Lowering cholesterol
concentrations and mortality: a quantitative review of primary
prevention trials. BMJ 1990; 301: 309-14.

Ravnskov U. Cholesterol lowering trials in coronary heart disease:
frequency of citation and outcome. BMJ 1992; 305: 15-19.

Tobert JA. Lovastatin and beyond: the history of the HMG-CoA
reductase inhibitors. Nat Rev Drug Discov 2003; 2: 517-26.

Carroll MD, Kit BK, Lacher DA, Shero ST, Mussolino ME. Trends in
lipids and lipoproteins in US adults, 1988-2010. JAMA 2012;

308: 1545-54.

Cohen JD, Cziraky MJ, Cai Q, et al. 30-year trends in serum lipids
among United States adults: results from the National Health and
Nutrition Examination Surveys II, III, and 1999-2006. Am ] Cardiol
2010; 106: 969-75.

Carroll MD, Lacher DA, Sorlie PD, et al. Trends in serum lipids and
lipoproteins of adults, 1960-2002. JAMA 2005; 294: 1773-81.

Finch S, Doyle W, Lowe C, et al. National Diet and Nutrition Survey:
people aged 65 years and over. Volume 1: Report of the diet and
nutrition survey. London: HM Stationery Office, 1998.

Hopewell JC, Parish S, Offer A, et al. Impact of common genetic
variation on response to simvastatin therapy among

18 705 participants in the Heart Protection Study. Eur Heart J 2013;
34: 982-92.

British National Formulary. Atorvastatin. https://www.evidence.nhs.
uk/formulary/bnf/current/2-cardiovascular-system/212-lipid-
regulating-drugs/statins/atorvastatin/ (accessed Aug 22, 2016).
British National Formulary. Crestor. https://www.evidence.nhs.uk/
formulary/bnf/current/2-cardiovascular-system/212-lipid-
regulating-drugs/statins/rosuvastatin/ (accessed Aug 22, 2016).
Soran H, Schofield JD, Durrington PN. Cholesterol, not just
cardiovascular risk, is important in deciding who should receive
statin treatment. Eur Heart ] 2015; 36: 2975-83.

Cholesterol Treatment Trialists’ (CTT) Collaboration. Protocol for
analyses of adverse event data from randomized controlled trials of
statin therapy. Am Heart ] 2016; 176: 63-69.

Cholesterol Treatment Trialists’ (CTT) Collaboration Secretariat.
Personal Communication, Mihaylova B, 2016.

Davey Smith G, Hemani G. Mendelian randomization:

genetic anchors for causal inference in epidemiological studies.
Hum Mol Genet 2014; 23: R89-98.

Abramson ]D, Redberg RF. Don’t Give More Patients Statins.

The New York Times, Nov 13, 2013. http://www.nytimes.
com/2013/11/14/opinion/dont-give-more-patients-statins.html?_r=0
(accessed Aug 22, 2016).

Abramson J, Wright JM. Are lipid-lowering guidelines
evidence-based? Lancet 2007; 369: 168-69.

Walsh JM, Pignone M. Drug treatment of hyperlipidemia in
women. JAMA 2004; 291: 2243-52.

Petretta M, Costanzo P, Perrone-Filardi P, Chiariello M. Impact of
gender in primary prevention of coronary heart disease with statin
therapy: a meta-analysis. Int ] Cardiol 2010; 138: 25-31.

194

195

196

197

198

199

200

202

204

205

206

207

208

209

210

211

212

213

214

21

93

216

217

218

Dale KM, Coleman CI, Shah SA, Patel AA, Kluger J, White CM.
Impact of gender on statin efficacy. Curr Med Res Opin 2007;

23: 565-74.

Gutierrez ], Ramirez G, Rundek T, Sacco RL. Statin therapy in the
prevention of recurrent cardiovascular events: a sex-based
meta-analysis. Arch Intern Med 2012; 172: 909-19.

Yusuf S, Bosch ], Dagenais G, et al. Cholesterol lowering in
intermediate-risk persons without cardiovascular disease.

N Engl ] Med 2016; 374: 2021-31.

A Clinical Trial of STAtin Therapy for Reducing Events in the
Elderly (STAREE). https://clinicaltrials.gov/ct2/show/NCT02099123
(accessed Aug 22, 2016).

Mangin D, Sweeney K, Heath I. Preventive health care in elderly
people needs rethinking. BMJ 2007; 335: 285-87.

Zhou Q, Liao JK. Pleiotropic effects of statins. Basic research and
clinical perspectives. Circ J 2010; 74: 818-26.

Pedersen TR. Pleiotropic effects of statins: evidence against benefits
beyond LDL-cholesterol lowering. Am J Cardiovasc Drugs 2010;

10 (suppl 1): 10-17.

Glynn R], Danielson E, Fonseca FA, et al. A randomized trial of
rosuvastatin in the prevention of venous thromboembolism.

N Engl ] Med 2009; 360: 1851-61.

Newman CB, Szarek M, Colhoun HM, et al. The safety and
tolerability of atorvastatin 10 mg in the Collaborative Atorvastatin
Diabetes Study (CARDS). Diab Vasc Dis Res 2008; 5: 177-83.
Rahimi K, Bhala N, Kamphuisen P, et al. Effect of statins on venous
thromboembolic events: a meta-analysis of published and
unpublished evidence from randomised controlled trials. PLoS Med
2012; 9: €1001310.

Zhe Z, Jayaram R, Jiang L, et al. Perioperative rosuvastatin in
cardiac surgery. N Engl ] Med 2016; 374: 1744-53.

Khan AR, Riaz M, Bin Abdulhak AA, et al. The role of statins in
prevention and treatment of community acquired pneumonia:

a systematic review and meta-analysis. PLoS One 2013; 8: €52929.
van de Garde EM, Hak E, Souverein PC, Hoes AW,

van den Bosch JM, Leufkens HG. Statin treatment and reduced risk
of pneumonia in patients with diabetes. Thorax 2006; 61: 957-61.
Chalmers JD, Singanayagam A, Murray MP, Hill AT. Prior statin
use is associated with improved outcomes in community-acquired
pneumonia. Am J Med 2008; 121: 1002-07.

Mortensen EM, Copeland LA, Pugh M], et al. Impact of statins and
ACE inhibitors on mortality after COPD exacerbations. Respir Res
2009; 10: 45.

Janda S, Park K, FitzGerald JM, Etminan M, Swiston J. Statins in
COPD: a systematic review. Chest 2009; 136: 734—43.

Blamoun AI, Batty GN, DeBari VA, Rashid AO, Sheikh M,

Khan MA. Statins may reduce episodes of exacerbation and the
requirement for intubation in patients with COPD: evidence from a
retrospective cohort study. Int J Clin Pract 2008; 62: 1373-78.
O’Neal HR Jr, Koyama T, Koehler EA, et al. Prehospital statin and
aspirin use and the prevalence of severe sepsis and acute lung
injury/acute respiratory distress syndrome. Crit Care Med 2011;

39: 1343-50.

Criner GJ, Connett JE, Aaron SD, et al. Simvastatin for the
prevention of exacerbations in moderate-to-severe COPD.

N Engl ] Med 2014; 370: 2201-10.

McAuley DF, Laffey ]G, O’Kane CM, et al. Simvastatin in the acute
respiratory distress syndrome. N Engl | Med 2014; 371: 1695-703.
National Heart Lung Blood Institute ARDS Clinical Trials Network.
Rosuvastatin for sepsis-associated acute respiratory distress
syndrome. N Engl ] Med 2014; 370: 2191-200.

Roberts I, Ker K, Edwards P, Beecher D, Manno D, Sydenham E.
The knowledge system underpinning healthcare is not fit for
purpose and must change. BMJ 2015; 350: h2463.

McKenney JM, Davidson MH, Jacobson TA, Guyton JR, National
Lipid Association Statin Safety Assessment Task Force. Final
conclusions and recommendations of the National Lipid Association
Statin Safety Assessment Task Force. Am ] Cardiol 2006; 97: 89C-94C.
Holbrook A, Wright M, Sung M, Ribic C, Baker S. Statin-associated
rhabdomyolysis: is there a dose-response relationship?

Can J Cardiol 2011; 27: 146-51.

Law M, Rudnicka AR. Statin safety: a systematic review.

Am ] Cardiol 2006; 97: 52C-60C.

www.thelancet.com Published online September 8, 2016 http://dx.doi.org/10.1016/50140-6736(16)31357-5



Review

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

Link E, Parish S, Armitage J, et al. SLCO1B1 variants and
statin-induced myopathy—a genomewide study. N Engl ] Med 2008;
359: 789-99.

Ramsey LB, Johnson SG, Caudle KE, et al. The clinical
pharmacogenetics implementation consortium guideline for
SLCO1B1 and simvastatin-induced myopathy: 2014 update.

Clin Pharmacol Ther 2014; 96: 423-28.

US Food and Drug Administration. Safety Alerts for Human
Medicinal Products. Baycol (cerivastatin sodium tablets) Aug 2001.
http://www.fda.gov/Safety/MedWatch/SafetyInformation/
SafetyAlertsforHumanMedicalProducts/ucm172268.htm (accessed
Aug 22, 2016).

Heart Protection Study Collaborative Group. MRC/BHF Heart
Protection Study of cholesterol lowering with simvastatin in

20536 high-risk individuals: a randomised placebo-controlled trial.
Lancet 2002; 360: 7-22.

US Food and Drug Administration. FDA Drug Safety
Communication December 2011: New restrictions,
contraindications, and dose limitations for Zocor (simvastatin) to
reduce the risk of muscle injury. http://www.fda.gov/Drugs/
DrugSafety/ucm256581.htm (accessed Aug 22, 2016).
HPS2-THRIVE Collaborative Group. HPS2-THRIVE randomized
placebo-controlled trial in 25 673 high-risk patients of ER niacin/
laropiprant: trial design, pre-specified muscle and liver outcomes, and
reasons for stopping study treatment. Eur Heart ] 2013; 34: 1279-91.
Ridker PM, Pradhan A, MacFadyen ]G, Libby P, Glynn R].
Cardiovascular benefits and diabetes risks of statin therapy in
primary prevention: an analysis from the JUPITER trial. Lancet
2012; 380: 565-71.

Preiss D, Seshasai SR, Welsh P, et al. Risk of incident diabetes with
intensive-dose compared with moderate-dose statin therapy:

a meta-analysis. JAMA 2011; 305: 2556-64.

Waters DD, Ho JE, DeMicco DA, et al. Predictors of new-onset
diabetes in patients treated with atorvastatin: results from 3 large
randomized clinical trials. | Am Coll Cardiol 2011; 57: 1535-45.
Livingstone S]J, Looker HC, Akbar T, et al. Effect of atorvastatin on
glycaemia progression in patients with diabetes: an analysis from
the Collaborative Atorvastatin in Diabetes Trial (CARDS).
Diabetologia 2016; 59: 299-306.

Culver AL, Ockene IS, Balasubramanian R, et al. Statin use and risk
of diabetes mellitus in postmenopausal women in the Women’s
Health Initiative. Arch Intern Med 2012; 172: 144-52.

Shen L, Shah BR, Reyes EM, et al. Role of diuretics, beta blockers,
and statins in increasing the risk of diabetes in patients with
impaired glucose tolerance: reanalysis of data from the
NAVIGATOR study. BM] 2013; 347: {6745.

Swerdlow DI, Preiss D, Kuchenbaecker KB, et al. HMG-coenzyme A
reductase inhibition, type 2 diabetes, and bodyweight: evidence from
genetic analysis and randomised trials. Lancet 2015; 385: 351-61.
Besseling ], Kastelein JJ, Defesche JC, Hutten BA, Hovingh GK.
Association between familial hypercholesterolemia and prevalence
of type 2 diabetes mellitus. JAMA 2015; 313: 1029-36.

White ], Swerdlow D, Preiss D, et al. Association of lipid fractions
with risks for coronary artery disease and diabetes. JAMA Cardiol
2016; published online Aug 3. DOI: 10.1001/jamacardio.2016.1884.
Emerging Risk Factors Collaboration. Diabetes mellitus, fasting blood
glucose concentration, and risk of vascular disease: a collaborative
meta-analysis of 102 prospective studies. Lancet 2010; 375: 2215-22.
Ebrahim S, Sung J, Song YM, Ferrer RL, Lawlor DA,

Davey Smith G. Serum cholesterol, haemorrhagic stroke, ischaemic
stroke, and myocardial infarction: Korean national health system
prospective cohort study. BMJ 2006; 333: 22.

Iso H, Jacobs DR Jr, Wentworth D, Neaton JD, Cohen ]D.

Serum cholesterol levels and six-year mortality from stroke in
350977 men screened for the multiple risk factor intervention trial.
N Engl ] Med 1989; 320: 904-10.

Tsai CF, Thomas B, Sudlow CL. Epidemiology of stroke and its
subtypes in Chinese vs white populations: a systematic review.
Neurology 2013; 81: 264-72.

Sever PS, Dahlof B, Poulter N, et al; for the ASCOT investigators.
Prevention of coronary and stroke events with atorvastatin in
hypertensive patients who have average or lower-than-average
cholesterol concentrations, in the Anglo-Scandinavian Cardiac
Outcomes Trial—Lipid Lowering Arm (ASCOT-LLA): a multicentre
randomised controlled trial. Lancet 2003; 361: 1149-58.

239

240

241

242

243

244

245

246

247

248

249

250

251

252

254

255

256

257

258

259

260

261

Finegold JA, Manisty CH, Goldacre B, Barron AJ, Francis DP.
What proportion of symptomatic side effects in patients taking
statins are genuinely caused by the drug? Systematic review of
randomized placebo-controlled trials to aid individual patient
choice. Eur ] Prev Cardiol 2014; 21: 464-74.

Kashani A, Phillips CO, Foody JM, et al. Risks associated with statin
therapy: a systematic overview of randomized clinical trials.
Circulation 2006; 114: 2788-97.

Naci H, Brugts ], Ades T. Comparative tolerability and harms of
individual statins: a study-level network meta-analysis of

246955 participants from 135 randomized, controlled trials.

Circ Cardiovasc Qual Outcomes 2013; 6: 390-99.

Newman CB, Tobert JA. Statin intolerance: reconciling clinical trials
and clinical experience. JAMA 2015; 313: 1011-12.

Statins can weaken muscles and joints: cholesterol drug raises risk
of problems by up to 20 per cent. MailOnline, 2013. http:/ /www.
dailymail.co.uk/health/article-2335397/Statins-weaken-muscles-
joints-Cholesterol-drug-raises-risk-problems-20-cent.
html#ixzz304]P2tLA (accessed Aug 22, 2016).

Godlee F. Adverse effects of statins. BMJ 2014; 348: g3306.
Buettner C, Rippberger MJ, Smith JK, Leveille SG, Davis RB,
Mittleman MA. Statin use and musculoskeletal pain among adults
with and without arthritis. Am ] Med 2012; 125: 176-82.

Tobert JA, Newman CB. The nocebo effect in the context of statin
intolerance. J Clin Lipidol 2016; published online May 13.
DOI:10.1016/j.jacl.2016.05.002.

Bruckert E, Hayem G, Dejager S, Yau C, Begaud B. Mild to
moderate muscular symptoms with high-dosage statin therapy in
hyperlipidemic patients—the PRIMO study. Cardiovasc Drugs Ther
2005; 19: 403-14.

Parker BA, Capizzi JA, Grimaldi AS, et al. Effect of statins on
skeletal muscle function. Circulation 2013; 127: 96-103.

Hsia J, MacFadyen ]G, Monyak J, Ridker PM. Cardiovascular event
reduction and adverse events among subjects attaining low-density
lipoprotein cholesterol <50 mg/dl with rosuvastatin. The JUPITER
trial (Justification for the Use of Statins in Prevention: an Intervention
Trial Evaluating Rosuvastatin). | Am Coll Cardiol 2011; 57: 1666-75.
Ganga HV, Slim HB, Thompson PD. A systematic review of
statin-induced muscle problems in clinical trials. Am Heart J 2014;
168: 6-15.

Joy TR, Monjed A, Zou GY, Hegele RA, McDonald CG, Mahon JL.
N-of-1 (single-patient) trials for statin-related myalgia.

Ann Intern Med 2014; 160: 301-10.

Wald DS, Morris JK, Wald NJ. Randomized Polypill crossover trial
in people aged 50 and over. PLoS One 2012; 7: e41297.

Nissen SE, Stroes E, Dent-Acosta RE, et al. Efficacy and tolerability
of evolocumab vs ezetimibe in patients with muscle-related statin
intolerance: the GAUSS-3 randomized clinical trial. JAMA 2016;
315: 1580-90.

Taylor BA, Panza G, Thompson PD. Increased creatine kinase with
statin treatment may identify statin-associated muscle symptoms.
Int J Cardiol 2016; 209: 12-13.

Taylor BA, Lorson L, White CM, Thompson PD. A randomized trial
of coenzyme Q10 in patients with confirmed statin myopathy.
Atherosclerosis 2015; 238: 329-35.

Medicines and Healthcare products Regulatory Agency. Statins:
updates to product safety information November 2009. Public
Assessment Report. http://www.mhra.gov.uk/home/groups/s-par/
documents/websiteresources/con079339.pdf (accessed Aug 22, 2016).
US Food and Drug Administration. FDA Drug Safety
Communication 2012: Important safety label changes to
cholesterol-lowering statin drugs. http://www.fda.gov/Drugs/
DrugSafety/ucm293101.htm (accessed Aug 22, 2016).

Richardson K, Schoen M, French B, et al. Statins and cognitive
function: a systematic review. Ann Intern Med 2013; 159: 688-97.
Golomb BA, Dimsdale JE, Koslik HJ, et al. Statin effects on
aggression: results from the UCSD Statin Study, a randomized
control trial. PLoS One 2015; 10: e0124451.

Golomb BA. Abstract 1501 do low dose statins affect cognition?
Results of the UCSD Statin study. Circulation 2006; 114: 11-289.
Swiger K], Manalac RJ, Blumenthal RS, Blaha MJ, Martin SS.
Statins and cognition: a systematic review and meta-analysis of
short- and long-term cognitive effects. Mayo Clin Proc 2013;

88: 1213-21.

www.thelancet.com Published online September 8, 2016 http://dx.doi.org/10.1016/50140-6736(16)31357-5

29



Review

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

30

Downs JR, Oster G, Santanello NC. HMG CoA reductase inhibitors
and quality of life. JAMA 1993; 269: 3107-08.

Glasziou PP, Eckermann SD, Mulray SE, et al. Cholesterol-lowering
therapy with pravastatin in patients with average cholesterol levels
and established ischaemic heart disease: is it cost-effective?

Med ] Aust 2002; 177: 428-34.

Santanello NC, Barber BL, Applegate WB, et al; for the CRISP
Collaborative Study Group. Effect of pharmacologic lipid lowering
on health-related quality of life in older persons: results from the
Cholesterol Reduction in Seniors Program (CRISP) pilot study.

J Am Geriatr Soc 1997; 45: 8-14.

McCarey DW, McInnes IB, Madhok R, et al. Trial of Atorvastatin in
Rheumatoid Arthritis (TARA): double-blind, randomised
placebo-controlled trial. Lancet 2004; 363: 2015-21.

Kiani AN, Strand V, Fang H, Jaranilla ], Petri M. Predictors of
self-reported health-related quality of life in systemic lupus
erythematosus. Rheumatology (Oxford) 2013; 52: 1651-57.

Mohler ER 3rd, Hiatt WR, Creager MA. Cholesterol reduction with
atorvastatin improves walking distance in patients with peripheral
arterial disease. Circulation 2003; 108: 1481-86.

Trivedi D, Wellsted DM, Collard ] B, Kirby M. Simvastatin improves
the sexual health-related quality of life in men aged 40 years and
over with erectile dysfunction: additional data from the erectile
dysfunction and statin trial. BMC Urol 2014; 14: 24.

O’Neil A, Sanna L, Redlich C, et al. The impact of statins on
psychological wellbeing: a systematic review and meta-analysis.
BMC Med 2012; 10: 154.

QIntervention website. http://www.qintervention.org/index.php
(accessed Aug 22, 2016).

Spence JD. Statins and cataracts: reverse causality? Can J Cardiol
2015; 31: 691 ell.

Ueshima K, Itoh H, Kanazawa N, et al. Rationale and design of the
standard versus intensive statin therapy for hypercholesterolemic
patients with diabetic retinopathy (EMPATHY) study: a randomized
controlled trial. J Atheroscler Thromb 2016; 23: 976-90.

Guymer RH, Baird PN, Varsamidis M, et al. Proof of concept,
randomized, placebo-controlled study of the effect of simvastatin on
the course of age-related macular degeneration. PLoS One 2013;

8: e83759.

Su X, Zhang L, Lv J, et al. Effect of statins on kidney disease
outcomes: a systematic review and meta-analysis. Am J Kidney Dis
2016; 67: 881-92.

Dormuth, CR, Hemmelgarn, BR, Paterson JM, et al. Use of high
potency statins and rates of admission for acute kidney injury:
multicenter, retrospective observational analysis of administrative
databases. BMJ 2013; 346: f880. doi: 10.1136/bm)j.f880.

Layton JB, Kshirsagar AV, Simpson, R], et al. Effect of statin use on
acute kidney injury risk following coronary artery bypass grafting.
Am ] Cardiol 2013; 111: 823-28.

Mithani S, Kuskowski M, Slinin Y, et al. Dose-dependent effect of
statins on the incidence of acute kidney injury after cardiac surgery.
Ann Thorac Surg 2011; 91: 520-26.

Argalious M, Xu M, Sun Z, et al. Preoperative statin therapy is not
associated with a reduced incidence of postoperative acute kidney
injury after cardiac surgery. Anesth Analg 2010; 111: 324-30.

Billings FT, Hendricks PA, Schildcrout JS, et al. High-dose
perioperative atorvastatin and acute kidney injury following cardiac
surgery: a randomized clinical trial. JAMA 2016; 315: 877-88.

The SHARP Collaborative Group. Effects of lowering LDL
cholesterol on progression of kidney disease. | Am Soc Nephrol 2014;
25:1825-33.

Heart Protection Study Collaborative Group. Serious adverse events
by MedDRA classification. http://www.hpsinfo.org/hps_ae_
meddra_2016-04-28T12-22-26.html. (accessed Aug 22, 2016).
Golomb BA, Kane T, Dimsdale JE. Severe irritability associated with
statin cholesterol-lowering drugs. Q | Med 2004; 97: 229-35.

Lester D. Serum cholesterol levels and suicide: a meta-analysis.
Suicide Life Threat Behav 2002; 32: 333—46.

Gaist D, Rodriguez LAG, Huerta C, Hallas J, Sindrup SH. Are users
of lipid-lowering drugs at increased risk of peripheral neuropathy?
Eur ] Clin Pharmacol 2001; 56: 931-33.

Bjornsson E, Jacobsen EI, Kalaitzakis E. Hepatotoxicity associated
with statins: reports of idiosyncratic liver injury post-marketing.

J Hepatol 2012; 56: 374-80.

286

287

289

290

291

292

293

294

295

296

297

298

299

300

301

302
303

304

305

306

307

308

309

Cohen DE, Anania FA, Chalasani N, National Lipid Association
Statin Safety Task Force Liver Expert Panel. An assessment of statin
safety by hepatologists. Am ] Cardiol 2006; 97: 77C-81C.

Preiss D, Tikkanen MJ, Welsh P, et al. Lipid-modifying therapies
and risk of pancreatitis: a meta-analysis. JAMA 2012; 308: 804-11.
Heart Protection Study Collaborative Group. Effects of
cholesterol-lowering with simvastatin on stroke and other major
vascular events in 20 536 people with cerebrovascular disease or
other high-risk conditions. Lancet 2004; 363: 757-67.

Brass LM, Alberts MJ, Sparks L. An assessment of statin safety by
neurologists. Am J Cardiol 2006; 97 (suppl): 86C-88C.

Gaist D, Jeppesen U, Andersen M, Garcia Rodriguez LA, Hallas J,
Sindrup SH. Statins and risk of polyneuropathy: a case-control
study. Neurology 2002; 58: 1333-37.

SEARCH Collaborative Group. Serious adverse events by MedDRA
classification. http://www.searchtrial.org/results/sr_ae_
meddra_2016-04-28T14-12-24.html (accessed Aug 22, 2016).

Joint British Societies’ Board. Consensus recommendations for the
prevention of cardiovascular disease (JBS3). Heart 2014;

100 (suppl 2): ii1-ii67

NHS Choices. Statins and reporting bias. http://www.nhs.uk/
news/2014/07July/Pages/More-adults-should-be-taking-statins-says-
NICE.aspx (accessed Aug 22, 2016).

Fitchett DH, Hegele RA, Verma S. Cardiology patient page.

Statin intolerance. Circulation 2015; 131: €389-91.

Catalyst ABC 2014. Heart of the Matter. The Cholesterol Myth:
Dietary Villains and Cholesterol Drug War. http://about.abc.net.au/
press-releases/statement-from-abc-managing-director-on-catalyst-
ruling/ (accessed Aug 22, 2016).

How Big Pharma greed is killing tens of thousands around the
world: Patients are over-medicated and often given profitable drugs
with ‘little proven benefits,” leading doctors warn. MailOnline,
February, 2016. http://www.dailymail.co.uk/health/article-3460321/
How-Big-Pharma-greed-killing-tens-thousands-world-Patients-
medicated-given-profitable-drugs-little-proven-benefits-leading-
doctors-warn.html (accessed Aug 22, 2016).

PCSK9 Forum. Why are new treatments needed? http://www.
pesk9forum.org/about-pesk9/why-are-new-treatments-needed/
(accessed Aug 22, 2016).

Abramson JD, Rosenberg HG, Jewell N, Wright J]M. Authors’ reply
to Huffman and colleagues. BM] 2014; 348: g1523.

Okuyama H, Langsjoen PH, Hamazaki T, et al. Statins stimulate
atherosclerosis and heart failure: pharmacological mechanisms.
Expert Rev Clin Pharmacol 2015; 8: 189-99.

Picker Institute Europe. Perceptions of statins. Research with
patients, GPs and cardiologists. Oxford: Picker Institute Europe, 2015.
Yusuf S, Islam S, Chow CK, et al. Use of secondary prevention
drugs for cardiovascular disease in the community in high-income,
middle-income, and low-income countries (the PURE Study):

a prospective epidemiological survey. Lancet 2011; 378: 1231-43.
Rangarajan S, Yusuf S. Personal communicaction. 2016.
Borsch-Supan A, Brandt M, Hunkler C, et al. Data Resource Profile:
the Survey of Health, Ageing and Retirement in Europe (SHARE).
Int ] Epidemiol 2013; 42: 992-1001.

Achelrod D, Gray A, Preiss D, Mihaylova B. Personal
communication. 2016.

Banks E, Crouch SR, Korda RJ, et al. Absolute risk of cardiovascular
disease events, and blood pressure- and lipid-lowering therapy in
Australia. Med J Aust 2016; 204: 320.

Johansen ME, Green LA, Sen A, Kircher S, Richardson CR.
Cardiovascular risk and statin use in the United States.

Ann Fam Med 2014; 12: 215-23.

Matthews A, Herrett E, Gasparrini A, et al. Impact of statin related
media coverage on use of statins: interrupted time series analysis
with UK primary care data. BM] 2016; 353:13283.

Nielsen SF, Nordestgaard BG. Negative statin-related news stories
decrease statin persistence and increase myocardial infarction and
cardiovascular mortality: a nationwide prospective cohort study.
Eur Heart ] 2016; 37: 908-16.

Schaffer A, Buckley N, Dobbins T, Banks E, Pearson S-A. The crux
of the matter: did the ABC’s Catalyst program change statin use in
Australia? Med J Aust 2015; 202: 591-94.

www.thelancet.com Published online September 8, 2016 http://dx.doi.org/10.1016/50140-6736(16)31357-5



	Interpretation of the evidence for the efficacy and safety of statin therapy
	Introduction
	Randomised controlled trials: strengths and weaknesses for assessing the benefits and harms of treatment (panel 1)
	Like-with-like comparisons within randomised trials
	Robustness for detecting real treatment effects
	Specificity versus sensitivity of composite outcomes
	Value of meta-analyses of randomised trials
	Generalisability of evidence on efficacy from randomised trials
	Generalisability of evidence on side-effects from randomised trials

	Observational studies: limited additional value for assessing the effects of treatment when large-scale evidence exists from randomised controlled trials (panel 2)
	Potential to detect large effects on rare outcomes
	Potential to assess the effects of prolonged exposure to treatment
	Biases due to differences in underlying risks of health outcomes
	Biases due to differences in the ascertainment of health outcomes

	Potential benefits and harms of lowering LDL cholesterol concentrations
	Associations between LDL cholesterol and vascular disease
	Causal relationship between LDL cholesterol and vascular disease

	Proven beneficial effects of lowering LDL cholesterol concentration with statin therapy
	Effects of statin therapy on LDL cholesterol concentrations
	Reductions in rates of major vascular events (panel 3)
	Reductions in coronary mortality
	Lack of effects on non-vascular mortality and cancer
	Other beneficial effects that have been attributed to statin therapy

	Proven adverse effects of statin therapy (panel 4)
	Increases in rates of myopathy
	Increases in rates of diabetes
	Probable increases in rates of haemorrhagic stroke

	Other adverse events that have been attributed to statin therapy
	Muscle-related outcomes (other than myopathy)
	Memory and other aspects of cognition
	Measures related to quality of life
	Cataract and other vision-related outcomes
	Kidney-related outcomes
	Evidence against adverse effects on other outcomes

	Conclusions
	Proven benefits of lowering LDL cholesterol with effective statin regimens
	Proven harms of statin therapy, but minimal symptomatic side-effects
	Public health consequences of misleading claims about the safety of statins

	Acknowledgments
	References


