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Abstract

The overarching goal of this study was to simultaneously model the dynamic re-
lationships among statin exposure, statin discontinuation, and potentially statin-
related myopathic outcomes. We extracted data from the Indiana Network of
Patient Care for 134,815 patients who received statin therapy between January
4, 2004, and December 31, 2008. All individuals began statin treatment, some
discontinued statin use, and some experienced myopathy and/or rhabdomyolysis
while taking the drug or after discontinuation. We developed a militate model to
characterize 12 transition probabilities among six different states defined by use
or discontinuation of statin and its associated myopathy or rhabdomyolysis. We
found that discontinuation of statin therapy was common and frequently early,
with 44.4% of patients discontinuing therapy after 1 month, and discontinua-
tion is a strong indicator for statin-induced myopathy (risk ratio, 10.8; p < 0.05).
Women more likely than men (p < 0.05) and patients aged 65 years and older
had a higher risk than those aged younger than 65 years to discontinue statin
use or experience myopathy. In conclusion, we introduce an innovative multi-
state model that allows clear depiction of the relationship between statin discon-
tinuation and statin-induced myopathy. For the first time, we have successfully
demonstrated and quantified the relative risk of myopathy between patients who
continued and discontinued statin therapy. Age and sex were two strong risk fac-
tors for both statin discontinuation and incident myopathy.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Statins demonstrate good efficacy as primary and secondary tools to prevent ath-
erosclerotic disease. However, their adverse effects can be severe and cause low
adherence to the prescription. Quantitative models are necessary to describe the
relationships among statin initiation, discontinuation, and adverse effects.
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WHAT QUESTION DID THIS STUDY ADDRESS?

Does the probability of discontinuation continue to increase after stain initiation?
Does discontinuation of statin therapy indicate adverse effect? What factors influ-
ence the risk of statin-induced adverse effects or discontinuation?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Statin discontinuation happens often and early, but the probability of discontinua-
tion decreases after 1 year; discontinuation is a strong indicator for statin-induced
myopathy. Female and older patients are at higher risk to develop myopathy and/
or rhabdomyolysis and to discontinue statin use than male and younger patients.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

A multistate transition model provides a comprehensive, dynamic, and quantita-
tive view of the relationships among medications, patient adherence, and side

INTRODUCTION

Statins are a class of drug that inhibit the synthesis of
biocholesterol by binding to the 3-hydroxy-3-methyl-gl
utaryl-coenzyme A reductase enzyme.' These drugs are
widely used as safe and effective treatments to lower
atherogenic cholesterol and prevent atherosclerotic car-
diovascular disease (ASCVD).2 Although the benefits of
statin therapy are well established,* the frequency of
statin discontinuation is high. Statin discontinuation has
been reported within 1 year in 40% to 75% of patients in a
community sample and in approximately 30% in the gen-
eral population within settings of primary and secondary
ASCVD prevention.”® Statin-associated muscle symptoms
(SAMS) include reported muscle pain (myalgias) or weak-
ness (myopathy) that a patient suspects is attributed to
statin therapy.” Objective evidence of muscle inflamma-
tion (myositis), whether or not accompanied by myalgias
or myopathy, is most often measured by creatine kinase
(CK) level elevation in blood samples and is generally felt
to represent a more severe adverse outcome associated
with statin use.® Myonecrosis involves evidence of the sig-
nificant breakdown of skeletal muscle (e.g., moderate my-
onecrosis has been defined as CK elevation >10-fold above
the upper limit of normal), and if accompanied by myo-
globinuria or renal failure, termed rhabdomyolysis.® One
observational study has reported a near 20% incidence of
myalgia,10 and another group has noted approximately
four cases of rhabdomyolysis per 100,000 person-years."*
SAMS are well-known determinants of statin discontinu-
ation, but description of the quantitative relationship is
challenging. To date, to the authors’ knowledge, no sta-
tistical model has yet characterized the frequency of both
muscle symptoms and CK level elevation induced by un-
dertaking statin therapy that continue even after discon-
tinued use."?

effects, allowing a more precise analysis of risk factors.

Currently, the risk of medication-induced side effects is
most commonly assessed using either logistic regression or
Cox proportional hazard models.*** Logistic regression fits
data generated from cross-sectional studies in which drug
exposure and side effects are captured in a snapshot of a
patient, whereas the Cox model can represent the longitu-
dinal relationship between drug exposure and side effects.
However, in studying the relationship among drug expo-
sure, drug discontinuation, and the onset of side effects,
both drug and side effect status are time-dependent and can
recur. This process involves intermediate events and com-
peting risk, which cannot be solved by logistic regression
or Cox proportional hazard models directly. Thus, a mul-
tistate transition model may be a superior choice versus a
Cox proportional hazard model for this evaluation.'® Such
a model has been used to characterize breast cancer recur-
rence including two intermittent transition states (distant
relapse and locoregional relapse) and two competing end
states (death from cancer and death from other cause)'® and
in a different application to model long-term medication ad-
herence in a patient population with type 2 diabetes."”

In this article, we describe our experience using a mul-
tistate transition model we have developed to characterize
the relationships among statin drug exposure, discontinu-
ation, myopathy, and rhabdomyolysis and further exam-
ine whether and how these relationships differ in various
patient population demographics.

METHODS
Data
Following the Observational Health Data Sciences and

Informatics Version 5.0 guideline for the construction of
a common data model (http://www.ohdsi.org/data-stand
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ardization), we applied the myopathy concept definition
(Table S1) to electronic medical record data extracted from
the Indiana Network of Patient Care database for patients
who took statins at any time between January 4, 2004,
and December 31, 2008. Our study population comprised
134,815 patients who had begun therapy with statins, in-
cluding simvastatin, atorvastatin, fluvastatin, lovastatin,
pitavastatin, pravastatin, or rosuvastatin, continued or
discontinued the therapy, and whether they experienced
myopathy or rhabdomyolysis during or after statin use.
We defined discontinuation as a gap exceeding 30 days be-
tween two statin prescription dates,'® and we defined the
primary side effects of statin use as myopathy (mild out-
come), including any disorder of skeletal muscle, muscle
pain, such as myalgia and myositis, muscle weakness, and
polymyositis, and rhabdomyolysis (severe outcome), con-
stituting muscle, ligament, and fascia disorders or myoglo-
binuria.'® Demographic variables noted were sex and older
age (patients younger than 65 years vs. those aged 65 years
or older).®

Multistate transition model

Our data involved two processes: (1) whether patients
were taking their statin medication and (2) whether pa-
tients were experiencing any adverse muscle weakness
symptoms, mild or severe, during or after discontinuing
therapy. Patients were considered to be taking the medi-
cation if the time gap between two prescriptions was
30 days or less, but a gap exceeding 30 days indicated their
discontinued use. If patients experienced myopathy and

TABLE 1 Transition matrix of the multistate transition model

rhabdomyolysis during the same time period, their side
effect was defined as rhabdomyolysis.

Consideration of these two processes yields the
following six possible states: (1) taking statin without
adverse muscle, (2) discontinuing statin without ad-
verse muscle effect, (3) taking statin and experiencing
myopathy, (4) discontinuing statin and experiencing
myopathy, (5) discontinuing statin and experiencing
rhabdomyolysis, and (6) taking statin and experiencing
rhabdomyolysis. However, the sixth state is not realis-
tic because a patient experiencing the severe side effect
of rhabdomyolysis would be very unlikely to continue
statin use. We have therefore formulated a five-state
model with state space S ={1,2,3,4,5} (see Figure 1)
that could potentially include 20 possible transitions,
but our multistate model actually has only 12 transi-
tions because we allow for only one transition event at
a time. For example, the model does not provide for di-
rect transition from taking statin without side effect to
statin discontinuation with myopathy. That is, it does
not allow for simultaneous change in side effect and
medication status. Table 1 outlines the transition ma-
trix, and Figure 1 displays the model. We used the R
package, mstate,?! to fit the data and estimate the tran-
sition probabilities. A Cox model was used to compare
the risk between different transitions.

The calculation of the transition probability ma-
trix P(t,,t;) in an interval (¢y,¢;) is based on the Aalen-
Johansen estimator,*

P (ty,ty) = tout; < ﬁ <I+d?1 (u)),

Taking statin  Discontinuing Taking Experiencing Experiencing
without statin without statin and myopathy after rhabdomyolysis
adverse adverse experiencing discontinuing after discontinuing
muscle effect  muscle effect myopathy statin statin
Taking statin without adverse @ 1 2 NA NA
muscle effect
Discontinuing statin without 3 a NA 4 5
adverse muscle effect
Taking statin and experiencing 6 NA 4 7 NA
myopathy
Experiencing myopathy after NA 8 9 4 10
discontinuing statin
Experiencing rhabdomyolysis NA 11 NA 12 a

after discontinuing statin

Note: NA indicates that the transition cannot happen.
Abbreviation: NA, not applicable.

*The diagonal part of the intensity matrix can be calculated by the sum of other transition intensities in the same row.


http://www.ohdsi.org/data-standardization

A MULTISTATE STATIN DISCONTINUATION MODEL

| 1239

State 1.
Taking statin

Myopathy with
Statin

FIGURE 1 Five-state transition model with 12 total transitions

where I'is a 5 X 5 identity matrix, and dﬁ(u) is the estimated
transition intensity estimate matrix at the time u. The off di-
agonal element (i, j) of the intensity matrix is estimated by
N dNy; (u)
U (ll) = Y. (l[) )
1

which is the Nelson-Aalen estimator derived by a count-
ing process.”® The diagonal element (i, i)is estimated by the
negative summation of other transition intensities in the
same row. Y;(u)is the total number of patients at risk who
stay at state iat time u. dNj; (w)is the transition frequency
or change in patient number from state ito state jat time u
. The (i, ) thelemet of transition probability matrix P(,, ¢;)
will be interpreted as the the probability of transitioning
from state ito state jin the time interval (¢, t;).

Let P; (0, n) denote the transition probability from
state i to state j between Day 0 to Day n, which is the (i, j)th
elemet of transition probability matrix P(0, n). The transi-
tion probability from Day 0 to Day (n+1) will be calculated
based on the following recursive equations.

Transition probability calculation between two directly
connected states:

Py O.n+1) = Y Py(0.n) <1+d21(n+1))
i=1,2,3

i
PLOn+1) = Y Py(0n) <I+dﬁ(n+1))‘
=12 2

Py (0.n+1) = Y Py (0.n) (1+d,?1(n+1))_3
i=1,3 !

The calculations of probabilities for other direct con-
nected transitions can be found in Supplementary Text S1.

Transition probability calculation between two
indirectly connected states:

Py (On+1) =i2,3= Y Py (0,n) <I+d21(n+1)>i4

State 2:
Discontinuation

ASCPT

State 5
Rhabdomyolysis
No statin

State 4:
Myopathy no statin

Pys(0,n+1) =Py, (0,n) (I+d21 (n+1))25

Py O.n+1) = ¥ Py (0,n) (I+d21(n+1))

i=2,4 i3

Py (0,n+1) = Py, (0, 1) <I+d21 (n+1)>42

P35 (0,n+1) = Py, (0,n) (I+d21 (n+1))45

Py ©On+1)= Y Py (Om) (T+dA(n+1))

=23 a

P, (0,n+1) =P, (0,n) (I+d21 (n+ 1))21

Py (0,n+1) = Psy (0, 1) <I+d21 (n+1))43

Model validation

The difference between observed and expected prevalence
will be investigated. The expected prevalence P at time ¢ is
estimated as follows:

P=x,P(0,1),

where 7 is the initital state distribution. The observed
and expected prevalence will be calculated monthly, that
is, t € {1,31,61, ---}. Meanwhile, a comparison between
the Kaplan-Meier estimator and the Aalen-Johansen es-
timator for showing the advantage of a multistate model
over a survival analysis that ignores intermediate events is
provided in the Supplementary Text S2.
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RESULTS

The difference between observed and
expected prevalence is small

Figure 2 shows, with the prevalence in percentages for
five states, that the mapping of expected to observed is
good. The observed survival can be captured accurately. It
can be used to predict the prevalence for all five states only
based on the baseline data. Besides goodness of fit, the
prevalence for five states during the study time are clearly
described in Figure 2. In the long term, the prevalence for
patients taking statins and discontinuation was about 50%
and 45%, respectively. The prevalence for State 4 (myo-
pathy no statin) and State 5 (rhabdomyolysis no statin)
increase over time. At the end of the study, 4% patients
had myopathy, and the percentage of patients developing
rhabdomyolysis was less than 0.5%. The proportion of pa-
tients with myopathy who kept taking statins decreased
over time at <0.1%.

Statin discontinuation
happens often and early

Most statin discontinuations happened after the first month
(Figure 3a,b). Frequency of discontinuation at the end of
the first month was 381 times greater than the average

frequency thereafter. Figure 3b shows that approximately
44.4% (44.1%, 44.7%) of patients discontinued statin use im-
mediately after the first month; that number rose to 53.3%
(53.0%, 53.6%) within the first 6 months, and the proportion
of discontinuation decreased slightly thereafter. During the
entire observational period, the overall proportion of dis-
continuation ranged between 44% and 54%.

After the first 6 months, both the probability of statin
continuation and the probabilities of transition from tak-
ing statin to experiencing myopathy and rhabdomyoly-
sis (with or without statin) increased, and the transition
probability for statin discontinuation decreased.

Discontinuation is a strong indicator for
statin-induced myopathy

Careful scrutiny of Figure 3b reveals an almost invisible
probability of transition between statin use and the devel-
opment of myopathy (with statin use) compared with the
probabilities of transition between statin use and the de-
velopment of myopathy or rhabdomyolysis after discon-
tinuation. Therefore, we further compared two transition
probabilities-from statin use to myopathy with its use and
from statin use to myopathy without statin use (Figure 4).
We observed an apparent 10.8-times greater risk of develop-
ing myopathy among patients who discontinued statin use
compared with those who continued on statins at the end of
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(a) Transition frequency from taking statin to discontinuation
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transition probabilities from taking statin to the other states. The state myopathy with statin is imperceptible in the plot for low frequency

~
=]

=]
- 4
o

0.08
L

Transition probability

—— Myopathy with statin

95% Confidence interval
—— Myopathy after discontinuation
----- 95% Confidence interval

Years after the first prescription statin
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development of myopathy without statin

the first year(p < 0.05), and in the course of time, the prob-
ability of myopathy after discontinuation increased com-
pared with those who kept taking stains with myopathy.

Sex and age are two important

risk factors in predicting statin
discontinuation and the development of
myopathy and/or rhabdomyolysis

We compared the risk factors of sex and age, 65 years and
older versus younger than 65 years, among transition prob-
abilities starting from State 1 in patients taking statins.

Because all patients are in State 1 at the beginning of the
study, the prevalence of the other four states can be easily
captured during the whole course of time. Figure 5 shows
the effects of sex on the transition probabilities from taking
statins to statin discontinuation, experiencing myopathy
with statin use and following its discontinuation, and expe-
riencing rhabdomyolysis without statin use. After the first 6
months, the probability of discontinuation decreased by time
in both sex groups. The proportion for male and female pa-
tients taking stain with myopathy decreases after six months.
The overall trends in both sex groups for myopathy or rhab-
domyolysis after discontinuation increased with time. We
observed a greater likelihood of both statin discontinuation
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Taking statin to discontinuation
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FIGURE 5 Sex comparisons of transition probabilities from taking statin to other states

and the development of myopathy following discontinua-
tion among women, evidence that was statistically signifi-
cant because their 95% confidence intervals did not overlap.
However, sex demonstrated no statistically significant effect
on the transition probabilities from taking statins and either
developing myopathy while taking the medication or devel-
oping rhabdomyolysis after its discontinuation.

Figure 6 shows the effects of younger or older age on
the transition probabilities. The overall trends for the four
transitions probabilities changing were similar to the sex
group. Patients younger than 65 years appeared more likely
to discontinue statin use, but patients 65 years or older were
more likely to develop myopathy and/or rhabdomyolysis
after discontinuing statin use. This evidence was statisti-
cally significant because their 95% confidence intervals did
not overlap, but no evidence suggested statistically signifi-
cant difference between the two age groups with regard to
developing myopathy while taking the medication.

CONCLUSION AND DISCUSSION

Statin discontinuation happens often and early. Our data
suggested that approximately 45% of patients discontinued

statin use 1 month after starting their prescriptions, and
50% discontinued the medication within 1 year, results re-
sembling those of a cohort study that showed an abrupt
increase in statin discontinuation after one prescrip-
tion and an approximately 50% discontinuation rate at 1
year.”* The observed abruptly high statin discontinuation
rate at 1 month was largely attributed to our assumption
of 1 month statin prescription between two prescriptions.
In our data analysis, even if we increased the prescription
time to 3 months, the same trend holds, that is, the same
abruptly high discontinuation rate at 3 months.
Nevertheless, whereas they showed a continuing increase
in the probability of discontinuation, we noted a decreas-
ing trend in the probability of discontinuation after the first
6 months. We believe this was attributable to the fact that
those investigators based their data analysis on the traditional
Cox proportional hazard regression model, which considered
two states, the initiation and discontinuation of statin use, but
their model discarded cases of retaking statin after discontin-
uation. In contrast, our multistate transition model allows for
patients to take statins after discontinuation. Consequently,
we found a decrease in the probability of discontinuation after
the first 6 months, which seems to suggest that if patients take
statins long enough, they will be less likely to discontinue use.
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FIGURE 6 Age comparison of transition probabilities from taking statin to other states

We also observed a much higher risk for myopathy to de-
velop among patients who discontinued statin use compared
with those who continued the medication. This may result
from a long-lasting myopathy effect of statin use in some pa-
tients even after they discontinue its use,'* or it may stem from
patients’ discontinuing the medication after experiencing
myopathy immediately after starting statin therapy without
their early myopathy symptoms being noted in their elec-
tronic medical records before they stopped taking the statin.
Another alternative interpretation is that some patients who
discontinued the statin may take other medications, such as
pain management, and continue on experiencing myopathy
afterward. These confounding variables are not yet justified
in our current multistate model. Adding more confounding
variables to extend the research scope will be our future aim.
Nevertheless, the data suggest that statin discontinuation is a
strong indicator for statin-induced myopathy.

Both sex and age are strong risk factors in predicting
statin discontinuation and myopathy. We observed that
women were more likely than men to discontinue statin
therapy as well as to develop myopathy, which is a finding
supported by other studies. One group reported a myopathy
risk ratio of 1.52 (1.37-1.66, 95% confidence interval [CI])
for women compared with men.”> Another group noted a

rhabdomyolysis risk ratio of 2.53 (0.91-7.32) for women
compared with men,*® and a study of adherence to statin
therapy observed an odds ratio of 1.10 (1.07-1.13, 95% CI)
between women and men for statin nonadherence.”’

We observed that older patients were less likely than
younger patients to discontinue statin use and demon-
strated higher risks of developing myopathy or rhabdomy-
olysis. With regard to medication discontinuation, Perreault
et al. reported a hazard ratio between older and younger pa-
tients of 0.85 (0.81-0.90, 95% CI), and Halava and colleagues
(2016) reported a ratio of 0.81 (0.68-0.98, 95% CI). *** With
respect to the likelihood to develop rhabdomyolysis, Schech
et al. noted a four-times higher risk among older patients.*®

Our multistate transition model framework permits the
characterization of the relationship between statin discon-
tinuation and the risks of statin-induced myopathy and/
or rhabdomyolysis. Analysis of this relationship has been
impossible with other statistical models, such as logistic re-
gression and Cox proportional hazard regression, because
they cannot depict transition probabilities among various
mutually exclusive states and do not allow recurrence. This
is the primary strength we describe. Our proposed multi-
state transition model can be broadly applied to pharmaco-
epidemiological studies and will provide an improved
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approach in the identification of subpopulations for the
evaluation of drug efficacy and/or adverse drug effects.
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