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Purpose: Anti-hyperlipidemic drug treatments are effective in reducing the risk of cardiovascular disease. In a long-term retrospective 
inception cohort study, we aimed to assess the real-world comparative effectiveness of anti-hyperlipidemic monotherapies for primary 
prevention of cardiovascular events.
Patients and Methods: Patients aged 18 years and older, who initiated primary prevention with anti-hyperlipidemic monotherapy, 
were selected from the University of Groningen IADB.nl dispensing database. In intention-to-treat (ITT) analysis we included all 
patients, whereas in per-protocol (PP) analysis we included both all patients independent of adherence (PPIA) and adherent patients 
(PPA). Study outcome was the time to first prescription of acute cardiac drug therapy measured by valid drug proxies to identify a first 
major cardiovascular event. We applied inverse probability of treatment-weighted (IPTW) analysis using Cox regression and time- 
varying Cox regression with simvastatin as the reference category to estimate the average treatment effect hazard ratios (HR) and their 
corresponding 95% confidence intervals (CI).
Results: Atorvastatin users had significantly higher hazards compared to simvastatin users (HR range: 1.27 to 1.47, 95% CI: 1.15 to 
1.69). Similarly, Pravastatin users also exhibited increased hazards compared to simvastatin users (HR range: 1.41 to 1.56, 95% CI: 
1.14 to 2.04). Similar patterns were observed in patients with diabetes, rheumatoid arthritis, and asthma/COPD. No differences were 
found in the hazards of rosuvastatin, fluvastatin, fibrates, and simvastatin.
Conclusion: Atorvastatin and pravastatin users had higher long-term rates of cardiovascular events compared to simvastatin 
monotherapy in primary prevention, the difference may be attributed to the confounding by severity, but also possibly due to 
differences in drug mechanisms or patient response. These findings could influence current guideline recommendations, suggesting 
a potential preference for simvastatin in primary prevention, underscoring the need for further research to explore long-term impacts 
and underlying mechanisms, especially in diverse populations.
Keywords: acute cardiac drug therapy, time-varying confounding, inverse probability treatment weighting, Cox regression

Introduction
Cardiovascular diseases (CVD) are the leading cause of mortality worldwide.1 According to Statistics Netherlands data,2 

from 1950 to 2021, the mortality caused by CVD among all causes showed a trend of initially rising and then slowly 
decreasing from 2000. However, CVD still account for a substantial proportion of all causes of death in the Netherlands.

Hyperlipidemia is a prevalent risk factor for cardiovascular disease.3 Anti-hyperlipidemic drug treatments such as 
statins are effective in regulating plasma Low-Density Lipoprotein (LDL) concentrations, thus reducing the risk of 
morbidity and mortality associated with cardiovascular disease.3,4 It is also important to consider the issue of persistence 
with statin therapy, as studies have indicated poor adherence to this treatment.5
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In clinical practice, statins and fibrates are frequently prescribed as anti-hyperlipidemic drugs, no evidence of 
a difference between statins and fibrates in reducing cardiovascular events, though statins with fewer adverse effects 
compared to fibrates.6 Based on cardiovascular risk management guidelines in the Netherlands,7 atorvastatin, rosuvas
tatin, or simvastatin are recommended for patients with a desired LDL cholesterol (LDL-C) reduction of less than 40%, 
while only atorvastatin or rosuvastatin are advised to achieve reductions greater than 40%. In comparative effectiveness 
cohort studies, atorvastatin demonstrated superior performance compared to simvastatin in preventing cardiovascular 
events.8,9 However, it is important to acknowledge that the observed differences in outcomes between the two statins may 
not solely be due to the inherent characteristics of the medications, but may also be influenced by the underlying patient 
profiles and indications for their prescription.

One study,10 based on PHARMO data in the Netherlands, compared baseline conditions among new users of 
rosuvastatin, atorvastatin, simvastatin, and pravastatin. Pravastatin users had the highest CVD rates (40.7%) at baseline, 
while users of the other three drugs only had average rates of 5% to 8%. The mean LDL-C level in all three drugs users 
were similar and slightly higher than pravastatin users; however, the mean LDL-C level of all four drug users in lower 
risk group was similar (from 4.48 to 4.66), same trend in higher risk group (from 3.84 to 3.95). This may indicate that 
pravastatin was predominantly utilized for secondary prevention of CVD. In this way, this differential selection of statins 
based on patient characteristics can introduce bias in research studies comparing their effects, due to pravastatin and 
atorvastatin, more frequent prescription for secondary prevention and simvastatin for primary prevention.

Furthermore, the real-world effectiveness between two drugs needs to be examined in comparison to other medica
tions in the same therapeutic class. Simvastatin, for instance, has demonstrated superior population-level effectiveness in 
comparison to gemfibrozil (a type of fibrate) for primary prevention of major adverse cardiovascular events.11 
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Additionally, a study conducted in France found no difference in the risk of cardiovascular disease events between 5mg 
of rosuvastatin and 20mg of simvastatin.12 Moreover, a systematic review of several randomized controlled trials 
concluded that the three main statins (pravastatin, simvastatin, and atorvastatin) at their standard dosages showed no 
statistically significant difference in their long-term prevention of CVD.13

Confounding by indication is also one problem we should take into consideration. For instance, statins could 
potentially benefit patients with conditions/diseases like rheumatoid arthritis (RA) and asthma or chronic obstructive 
pulmonary disease (COPD).14 On the other hand, statins may have a negative impact on glycemic control15 for example 
increased HbA1c. Furthermore, methotrexate (MTX) is linked to a decreased risk of CVD events in patients with RA,16 

while the interplay between asthma/COPD and cardiovascular risk is complicated.17 However, limited evidence exists 
regarding the comparative influence of drugs used for diabetes, asthma or COPD on anti-hyperlipidemic drug 
monotherapy.

We therefore set out to investigate the real-world effectiveness of anti-hyperlipidemic monotherapies in primary 
prevention of CVD taking adherence into account. We further explored any effect modification by frequent comorbidities 
as asthma/COPD, RA or diabetes.

Materials and Methods
Study Design and Setting
Our study is a retrospective inception cohort study in which we applied both an intention to treat (ITT) and per protocol 
(PP) analysis approach. We used data from the IADB.nl database of the University of Groningen, which can reflect the 
real-world information. This pharmacy dispensing database collected information of a population in the Netherlands from 
1994 till now. Registration in the database is irrespective of health care insurance and age, sex and prescription rates 
among the database population have been found to be representative of the Netherlands as a whole, and the database has 
been widely used for research. Due to the high patient-pharmacy commitment in the Netherlands, the medication records 
for each patient are virtually complete, except for over the counter drugs and medication dispensed during 
hospitalization.18,19

The study period was from January 1, 1996 to December 31, 2020. We set index date as the date of first prescription 
of exposure (start of drug therapy with any anti-hyperlipidemic monotherapy, see exposure definition).

Study Population
Inclusion and Exclusion Criteria
The criteria were similar to a previous IADB database study.20 Patients were eligible for inclusion if they were aged 18 
years or older at index date. Furthermore, each patient had at least two years of prescription records before the index date 
and at least one year of records after it to be included. In order to satisfy the condition that the exposure is monotherapy, 
every included patient had at least three prescriptions of the same class of anti-hyperlipidemic monotherapy in the 
first year from the index date.

Patients who were prescribed anti-hypertensive monotherapies within one year after the index date were excluded 
from the study. Additionally, patients who received at least two prescriptions of either antihypertensive or anti- 
hyperlipidemic drug fixed-dose combinations in the year following the index date were also excluded. Moreover, patients 
who received any acute cardiac drug therapy (CDT) within two years prior to or within 90 days after the index date were 
excluded. Patients who had been on chronic drug therapy for stable heart failure, migraine, adrenal disease, hyperpar
athyroidism, and thyroid problems (with at least two prescriptions) in the two years prior to or within 90 days after the 
index date were also excluded from the analysis.

Unlike the ITT analysis, which included all patients, we selected two subsets for PP analysis. One cohort consists of 
all patients-independent of adherence (PPIA), the other cohort consists of adherent patients with at least one-year follow- 
up time (PPA).
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Exposure
Exposures were defined as using the following anti-hyperlipidemic single-drug compounds with their ATC codes in 
brackets, simvastatin (C10AA01), pravastatin (C10AA03), fluvastatin (C10AA04), atorvastatin (C10AA05), rosuvastatin 
(C10AA07) or fibrates (C10AB). Participants within a designated group receiving anti-hyperlipidemic monotherapy were 
permitted to utilize various chemical compounds, provided they belonged to the same class as per the ATC code (at the 
level of ATC code level 3/4).

Adherence
Adherence to treatment was defined as the number of days covered by anti- hyperlipidemic drug monotherapy divided by 
the number of follow-up days.21,22 We distinguish between total adherence, which is adherence in the total follow-up 
time, and interval adherence, which is the adherence in each 180 days interval. Both adherence measures were 
categorized as “high adherence” (adherence ≥0.8), “intermediate adherence” (0.5 ≤ adherence < 0.8), and “low 
adherence” (adherence < 0.5).23

Primary Outcome
The primary outcome is defined as the time to the first prescription of CDT. Acute CDT is a proxy for an incident major 
cardiovascular event according to Pouwels et al.24 Based on their conclusion, the most accurate combination of acute 
CDT drugs to identify a CVD is at least two drug prescriptions of either a platelet aggregation inhibitor (B01AC), organic 
nitrate (C01DA), and/or a vitamin K antagonist (B01AA) or other vasodilators used in acute cardiac disease therapies 
(C01DX), in a time window of 180 days whichever comes first, after the index date.

Follow-Up Time – ITT versus PP Approach
Since PP analysis has stricter criteria for its participants, the study period is often shorter compared to ITT analysis. 
Compared with a 25-year study period in ITT analysis, PP analysis used a study period up to 10 years.

In ITT analysis, the end of follow-up time was defined as (1) outcome event (the date of first proxy prescription of 
CDT), (2) censored event: December 31, 2020 (the end date of our study), or the date of last prescription in the database 
(before December 31, 2020).

In PP analysis, the end of the follow-up period was determined by the occurrence of one of the following events: (1) 
outcome event (the date when patients received their first prescription for a drug indicating an CDT), (2) censored event 
(the date when patients had no outcome but discontinued their treatment, or received an additional anti-hyperlipidemic 
drug), the conclusion of a 10-year follow-up period, or reaching 31 December 2020, whichever event occurred first.

Discontinuation, Switch, Add-on
Discontinuation was defined as a period of more than 180 days without receiving a prescription from same class for 
initial monotherapy of anti-hyperlipidemic drugs.21,23 A drug switch occurred when patients discontinued a specific drug 
therapy for a duration exceeding 180 days and subsequently received a prescription for a new class of anti- 
hyperlipidemic drug monotherapy or anti-hyperlipidemic drug fixed-dose combinations within 180 days.25 Drug add- 
on was defined as the addition of a new drug class or anti-hyperlipidemic drug fixed-dose combinations to an existing 
drug class before drug discontinuation.26 If patients experienced discontinuation or add-on events prior to the occurrence 
of the outcome, they were considered to be censored in the analysis (drug switch was not considered as censored because 
it happened only after drug discontinuation).

Potential Confounders
Besides demographic characteristics including age, sex, and calendar year periods, we also considered other potential 
confounders such as comorbidities drug history and drug used for common comorbidities. Calendar year periods were 
categorized into three periods from 1996 to 2020 which reflected the time of the first prescription of an anti- 
hyperlipidemic drug monotherapy. Drugs used for common comorbidities including diabetes, RA, asthma, or COPD 
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were assessed in both the ITT and PP analysis. In the ITT analysis, the time-constant variable “comorbidities drug 
history” represents at least two prescriptions for any of these three diseases within two years before the index date. In the 
PP analysis, the time-constant variable “initial drugs for common comorbidities” indicated whether patients had 
prescriptions for any of these three diseases within the first 180 days after the index date. Additionally, the time- 
varying variable “drugs for common comorbidities” represents whether patients had prescriptions for these diseases 
within each subsequent 180-day period.

Statistical Analysis
R statistical software was used for both data preprocessing and analysis purposes. Baseline characteristics were 
succinctly summarized as mean ± standard deviations (sd) for continuous variables and frequencies presented as 
proportions and percentages for categorical variables. To test for statistically significant differences in baseline char
acteristics between comparison groups, we applied the Pearson’s χ2 test, ANOVA test, and Welch’s ANOVA test. 
A significance level of α = 0.05 was set for the two-sided tests to indicate statistical significance.

We used survfit function in “survival package” to plot Kaplan–Meier survival curves of time to acute CDT for the five 
different classes of drugs compared with simvastatin, both with and without Inverse Probability Treatment Weighting 
(IPTW) for patients in three cohorts. We used ipwpoint and ipwtm function from the “ipw” R-package27 to calculate ATE 
estimand propensity scores as well as to fit marginal structural models, one with time-constant confounders and another 
with time-varying confounders, in ITT and PP analysis, respectively.

We used the coxph function in the “survival” R-package to construct the Cox regression with time constant variables 
and the time-varying Cox regression model28, with and without IPTW, to estimate the total relative effectiveness and 
relative effectiveness in subgroups of six anti- hyperlipidemic drugs monotherapy. We performed subgroup analysis, 
using sex, age, drugs used for diabetes, drugs used for RA, drugs used for asthma or COPD, calendar year, and total 
adherence as variables, we conducted the same analysis with IPTW between five other classes of anti-hyperlipidemic 
drugs and simvastatin. All R code is available from the authors upon request.

Sensitivity Analysis
In both ITT and PP analysis, a sensitivity analysis was done for comparison among equalized anti-hyperlipidemic 
drugs monotherapy doses. The equivalent doses (EQD) scheme was used to ensure that the percentage reduction in 
LDL-C was approximately the same across different anti-hyperlipidemic drugs.29,30 Based on three categories of EQD 
(less than 30%, 30–45%, and more than 45%), we divided our patients into three levels: 10 mg simvastatin (low), 
20 mg simvastatin (medium), and 40 mg simvastatin (medium) as the reference group. Patients prescribed 60 mg and 
80 mg simvastatin (high) were excluded from the analysis due to the limited number of patients in those dosage 
categories.

In the ITT analysis, we examined patients without a concurrent history of common comorbidities drugs for diabetes, 
RA, asthma, or COPD (ATC code see Supplementary Table S1). Additionally, in the PP analysis, we evaluated patients 
without common comorbidities drugs and further stratified the analysis based on patients without drug switches or drug 
add-ons, encompassing both PPIA and PPA. The same analytical methods employed in the primary analysis were used to 
estimate the overall relative effectiveness and relative effectiveness within subgroups in these cohorts.

Results
Baseline Characteristics for ITT and PP Analysis
Between January 1996 and December 2020 in Netherland, a total of 18375 patients initiated with any of the five types of 
statins or fibrates with most starting (79.6%) simvastatin monotherapy (Table 1). The average follow-up time was 7.3 
years (sd 5.2). Males were more common than females with 55.7% and the mean age of was 56.2 years (sd 11.5). Except 
for simvastatin and fibrates users, the vast majority of patients had their first prescription of an antihyperlipidemic drug 
from 2000 to 2010. In patients with a history of drug use for any of the comorbidities, diabetes was the most common 
comorbidity with a prevalence of 23.9%.
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Supplementary Table S2 and S3 showed the baseline characteristic for PPIA and PPA. The average follow-up times 
for each cohort of patients were 3.6 years (sd: 3.3) and 5.1 years (sd: 3.2), respectively. Similar baseline characteristics 
distribution were observed in these two tables as in Table 1.

Incidence Rate
Over the 25-year follow-up period, fluvastatin and pravastatin users exhibited the highest incidence rate of CDT among 
the five observed time periods (Figure 1A), while simvastatin users had the lowest incidence rate. Even after age 
stratification, fluvastatin users still have a higher incidence rate in the 18 to 39 (Figure 1B) and 40 to 69 age groups 
(Figure 1C), whereas rosuvastatin users had the highest rate of CDT among the elderly population (Figure 1D). With the 
exception of patients who used fibrates, simvastatin users consistently maintained the lowest incidence rate 
(Supplementary Table S4; Figure 1).

Cox Regression Analysis
After IPTW, Cox regression analysis revealed that atorvastatin exhibited higher hazards compared to simvastatin in both 
ITT and PP analysis, as observed in the ITT analysis [Hazard ratio (HR): 1.27, 95% Confidence interval (CI): 1.15 to 
1.40]. The same trend was observed in PPIA and PPA (1.47, 1.29 to 1.68; 1.41, 1.18 to 1.69). Except for ITT, pravastatin 
exhibited higher hazards compared to simvastatin (Table 2).

Table 1 Baseline Characteristics for Population in ITT Analysis Who Used Anti-Hyperlipidemic Drugs Monotherapy

Demographics Patients in ITT Analysis

Overall Simvastatin Atorvastatin Rosuvastatin Pravastatin Fluvastatin Fibrates P§

N (%) N (%) N (%) N (%) N (%) N (%) N (%)

N=18375 N=14624 (79.6)* N=2062 (11.2)* N=773 (4.2)* N=689 (3.7)* N=107 (0.6)* N=120 (0.7)*

Average follow up years† 7.3±5.2 6.9 ±4.8 8.8 ±6.4 8.0 ±5.7 9.1 ±6.1 11.4 ±7.6 8.0 ±6.0 /

Sex:male 10234 (55.7) 8180 (55.9) 1125 (54.6) 405 (52.4) 367 (53.3) 62 (57.9) 95 (79.2) <0.001

Age†† (years) 56.2 ±11.5 56.5 ±11.4 54.5 ±12.0 55.1 ±12.1 56.0 ±11.5 55.4 ±9.4 45.9 ±10.3 <0.001‡

18–39 1445 (7.9) 1061 (7.3) 219 (10.6) 80 (10.3) 49 (7.1) 5 (4.7) 31 (25.8) <0.001

40–69 14,667 (79.8) 11,703 (80.0) 1625 (78.8) 605 (78.3) 552 (80.1) 95 (88.8) 87 (72.5)

≥70 2263 (12.3) 1860 (12.7) 218 (10.6) 88 (11.4) 88 (12.8) 7 (6.5) 2 (1.7)

Calendar-year periods <0.001¢

1996–2000 813 (4.4) 501 (3.4) 159 (7.7) 0 (0) 80 (11.6) 48 (44.9) 25 (20.8)

2000–2010 7538 (41.0) 5197 (35.5) 1298 (62.9) 472 (61.1) 474 (68.8) 54 (50.5) 43 (35.8)

2010–2020 10,024 (54.6) 8926 (61.0) 605 (29.3) 301 (38.9) 135 (19.6) 5 (4.7) 52 (43.3)

Comorbidities drug history£

Diabetes drug: Yes 4398 (23.9) 3633 (24.8) 398 (19.3) 130 (16.8) 194 (28.2) 20 (18.7) 23 (19.2) <0.001

RA drug: Yes 168 (0.9) 143 (1.0) 17 (0.8) 5 (0.6) 3 (0.4) 0 (0) 0 (0) 0.613¢

Asthma/COPD drug: Yes 1408 (7.7) 1168 (8.0) 143 (6.9) 47 (6.1) 41 (6.0) 2 (1.9) 7 (5.8) 0.011

Notes: *Row percentage, others are all column percentage. § P value: significance value of the Chi-squared test or anova test, which showed the difference of distribution of 
patients who used three anti-hyperlipidemic monotherapies at baseline in different subgroups of covariates. †Use mean ± sd to describe average follow-up years. †† Use 
mean ± sd to describe continuous age. ‡ Welch anova test to describe whether patients of different classes of anti-hyperlipidemic monotherapy were different in age 
(Heterogeneity of variance). ¢ Fisher’s Exact Test. £ At least two prescriptions of any of these three diseases two years before index date.
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Subgroup Analysis
In the ITT analysis, atorvastatin had higher HR than simvastatin in both male and female patients. Among patients who 
had drugs history for diabetes or RA, atorvastatin exhibited significantly higher hazards (Supplementary Table S5; 
Supplementary Figure S1).

In PPIA, atorvastatin had higher hazards compared to simvastatin in patients with both sexes, with and without initial 
diabetes or RA or asthma/COPD drug use, the values were even higher in patients with initial three drugs mentioned 
above. Furthermore, pravastatin showed a higher hazard compared to simvastatin in patients with initial diabetes drug use 
(Supplementary Table S6; Supplementary Figure S2). In PPA, the comparison between atorvastatin and simvastatin 
showed the same trend as in PPIA (Supplementary Table S7; Supplementary Figure S3).

Figure 1 Incidence rates of CDT of six types of anti-hyperlipidemic drug stratified by age. (A) Total; (B) 18–39 year group; (C) 40–69 year group; (D) ≥70 year group.
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Sensitivity Analysis
Equivalent Dosing Comparison
After IPTW, in the ITT analysis, 20 mg pravastatin exhibited greater hazards than 10 mg simvastatin; 40 mg pravastatin 
exhibited higher hazards compared to both 20 mg simvastatin and 40 mg simvastatin (Supplementary Table S8).

In the PP analysis, the primary results remained consistent. After IPTW, in both PPIA and PPA cohorts, 40 mg 
pravastatin demonstrated higher hazards compared to 20 mg and 40 mg simvastatin. Moreover, higher hazard was 
observed for 10 mg atorvastatin compared to 20 mg simvastatin. The 10 mg atorvastatin and 20 mg atorvastatin both had 
higher hazards compared to 40 mg simvastatin in both PPIA and PPA (Supplementary Table S9).

Other Cohorts
The ITT analysis demonstrated that atorvastatin still had higher hazard compared to simvastatin before and after IPTW in 
patients without common comorbidities drug history, fluvastatin had higher hazard than simvastatin after IPTW 
(Supplementary Table S10).

PP analysis revealed that among patients who did not utilize common comorbidities drugs or undergo drug switch or drug 
add-on, atorvastatin and pravastatin demonstrated higher hazards when compared to simvastatin (Supplementary Table S11).

Discussion
Atorvastatin and pravastatin users had higher rates of CDT over a long-term follow-up period than simvastatin 
monotherapy users in the prevention of cardiovascular events.

Atorvastatin and Pravastatin Users Had Higher Rates of CDT Than Simvastatin Users 
in ITT and/or PP Analysis
Simvastatin, pravastatin and atorvastatin are three the most prescribed statins.31 Despite their shared classification as 
statins, there are still differences in their mechanisms of action. Simvastatin and atorvastatin exhibit higher oral 
bioavailability compared to pravastatin.32 These features may influence their relative effectiveness in primary preventing 

Table 2 Cox Regression Analysis of Acute CDT

Acute CDT

Patients in ITT Analysis (N=18375) PPIA (N=18375) PPA (N=11247)

Anti- 
hyperlipidemic 
Monotherapies

Crude HR 
(95% CI)

P IPTW 
Adjusteda  

HR (95% CI)

P Crude HR 
(95% CI)

P IPTW 
Adjustedb  

HR (95% CI)

P Crude HR 
(95% CI)

P IPTW  
Adjustedc 

HR (95% CI)

P

Reference: 
simvastatin

Exposure

Atorvastatin 1.21 

(1.11,1.33)

<0.001 1.27 

(1.15,1.40)

<0.001 1.43 

(1.26,1.63)

<0.001 1.47 

(1.29,1.68)

<0.001 1.36 

(1.14,1.62)

<0.001 1.41 

(1.18,1.69)

<0.001

Rosuvastatin 1.10 

(0.95,1.27)

0.217 1.17 

(1.00,1.38)

0.053 1.17 

(0.94,1.46)

0.152 1.23 

(0.98,1.55)

0.080 1.00 

(0.71,1.40)

0.995 1.02 

(0.72,1.44)

0.928

Pravastatin 1.38 
(1.21,1.57)

<0.001 1.14 
(0.96,1.35)

0.139 1.41 
(1.14,1.74)

0.001 1.41 
(1.14,1.74)

0.001 1.57 
(1.21,2.04)

<0.001 1.56 
(1.20,2.04)

<0.001

Fluvastatin 1.36 
(1.02,1.82)

0.036 1.73 
(0.82,3.67)

0.151 0.98 
(0.51,1.89)

0.956 1.00 
(0.50,1.98)

0.989 1.26 
(0.56,2.81)

0.575 1.29 
(0.56,2.97)

0.549

Fibrates 1.15 

(0.81,1.64)

0.431 1.49 

(0.88,2.54)

0.137 0.56 

(0.25,1.26)

0.161 0.64 

(0.27,1.48)

0.293 0.68 

(0.22,2.10)

0.498 0.77 

(0.24,2.49)

0.668

Notes: aIPTW model, Exposure: five types of Anti- hyperlipidemic monotherapy and simvastatin, numerator: ~ 1, denominator = ~ sex + age + diabetes drug history + RA 
drug history + asthma or COPD drug history + calendar year. bIPTW model, Exposure: five types of Anti-hyperlipidemic monotherapy and simvastatin, numerator: ~ sex + 
age + calendar year, denominator = ~ drugs for diabetes + drugs for RA+ drugs for asthma or COPD + adherence in each 180 days + sex + age + calendar year. cIPTW 
model, Exposure: five types of Anti-hyperlipidemic monotherapy and simvastatin, numerator: ~ sex + age + calendar year, denominator = ~ drugs for diabetes + drugs for 
RA+ drugs for asthma or COPD + sex + age + calendar year.
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CVD events. Atorvastatin has been demonstrated to have a stronger effect on reducing LDL-C levels and a longer-lasting 
impact.31,33 In our study, we found that simvastatin users had a lower rate of CDT compared to atorvastatin users and 
pravastatin users. The comparison between simvastatin users and pravastatin users can be attributed to its mechanism of 
action. The comparison between atorvastatin and simvastatin was different compared with many studies8,9 that showed 
atorvastatin had better performance than simvastatin. This difference may be related to guideline recommendations in the 
Netherlands, where atorvastatin is more likely to be recommended for high-risk patients to facilitate LDL-C reductions of 
40% or more.7 However, we used IPTW to balance the uneven distribution between simvastatin and atorvastatin, which 
means the difference may be less related to the guideline preference.

Atorvastatin Users Showed Higher Rates of CDT Than Simvastatin Users in Most 
Subgroups Analysis
There was not much difference in HR between male and female patients, sex may not influence the comparison between 
atorvastatin and simvastatin. The hazards in patients with three common comorbidities drug history or with initial three 
common comorbidities were much higher than in patients without.

For example, in patient with RA drugs history or with initial RA drug use, atorvastatin had higher hazards compared 
with simvastatin, and interaction effect showed that RA drug history or initial RA drug use may worsen the effect of 
atorvastatin compared to simvastatin, vice versa. The combination of MTX and simvastatin seems to be more effective in 
improving overall cardiovascular health compared to the combination of MTX and atorvastatin. The use of MTX to treat 
RA can reduce the risk of cardiovascular disease,16 while simvastatin has a positive effect on the body’s anti- 
inflammatory mechanism,34 but whether it is because of the synergistic or additive effect MTX has with simvastatin 
or the effectiveness difference between simvastatin and atorvastatin remains uncertain.

Some studies showed that statins can worsen glycemic control, especially for atorvastatin,35,36 maybe this can explain 
why atorvastatin and pravastatin performed even worse than simvastatin in patients with diabetes drug history or with 
initial diabetes drug use. Notably, inhaled corticosteroids could potentially reduce the risk of coronary heart disease in 
patients with COPD,37 however, it also cannot be proved that whether Inhaled steroids the same effect worked on 
worsening atorvastatin or improve simvastatin due to effect size of interaction effect.

Sensitivity Analysis Improve the Robustness of Our Results
The primary results of sensitivity analysis remained consistent. Even after excluding potential biases caused by patients 
deviating from their original treatment choice or using drugs for other conditions, simvastatin continued to demonstrate 
superiority over atorvastatin and pravastatin in Dutch patients. This observation reinforces the recommendation for 
simvastatin as the preferred option.

Potential Strengths and Limitations
In our study, we employed both ITT and PP analyses, which allowed us to address different aspects of treatment 
outcomes. The ITT analysis provided an assessment of the overall effectiveness of the interventions, regardless of 
treatment adherence or protocol deviations. On the other hand, the PP analysis focused on patients who strictly adhered 
to the treatment protocol, providing insights into the potential benefits of optimal adherence. By incorporating both 
approaches, we were able to obtain a more comprehensive understanding of the outcomes and their interpretations.

Furthermore, we took into account the time-varying nature of medication adherence in PP analysis, which provided 
a dynamic reflection of patients’ real-world drug usage patterns over time. This approach can enhance the accuracy of our 
findings.

To mitigate potential indication bias, we implemented rigorous inclusion and exclusion criteria in our study design. 
These criteria were designed to minimize the influence of confounding factors related to patients’ baseline characteristics 
and indications for treatment.

As previously mentioned, individuals using pravastatin exhibited a heightened risk of CVD at the start of the study 
conducted by Heintjes et al.10 Atorvastatin is more likely to be recommended for high-risk patients.7 This uneven 
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distribution of CVD risk among different exposures disrupted the balance necessary for accurate comparisons of the 
effects of various statins. The differential selection of statins based on patient characteristics can introduce biases in 
research studies examining their effects. Nonetheless, we employed IPTW to mitigate this selection bias by equalizing 
the uneven distribution of measured characteristics. IPTW helps eliminate the disparities and ensure a more balanced 
comparison among the different statins. In addition to this, in both PPA and PPIA analysis, the results stayed the same, 
adherence will not influence the effect between pravastatin and atorvastatin when compared to simvastatin. Furthermore, 
the EQD analysis also showed atorvastatin and pravastatin performed worse than simvastatin in different dosage 
categories. All results suggested that the differences between pravastatin and atorvastatin, compared with simvastatin, 
were less related to baseline selection bias.

The use of subgroup analysis as a strategy to reduce residual confounding is a notable strength. By focusing on 
specific subgroups within a study population, we can control for potential confounders more effectively, identify effect 
modifiers, and enhance the internal validity of their findings.

In terms of the robustness of our results, we conducted analyses separately for PPIA and PPA. This approach allowed 
us to assess the consistency of our findings across different subgroups and evaluate the impact of adherence on the 
outcomes. Additionally, we performed primary analysis and sensitivity analyses before and after employing IPTW, and 
the results remained consistent. This consistency indicates that our findings are robust and not overly influenced by 
specific analytical approaches.

However, it is important to acknowledge the limitations of our study. First, we focused on a single-drug compound rather 
than comparing entire classes of drugs. This narrow focus may limit the generalizability of our findings to other medications 
within the same therapeutic class. Second, the measurement of adherence itself can introduce bias, as it relies on prescription 
refill data, which may not accurately reflect actual medication intake. Third, despite our efforts to control for confounding 
variables, unmeasured confounders, such as other disease for which our exposure medicine is used as common treatment 
may still exist and could potentially influence the observed associations. Fourth, while acknowledging the multifactorial 
nature of assigning high-risk status (atorvastatin in our study), it is important to note that utilizing statistical correction, 
specifically through propensity scores based on the limited determinants available in the provided pharmacy database (only 
prescription information, lack of information on lifestyle, etc.)., may be insufficient for comprehensive adjustment. The 
unbalanced number of patients in each exposure groups will also affect the comparison. Furthermore, we still face the 
confounding caused by co-morbidities and co-medications.38 More clinical evidence may be needed to prove it in the future.

Summary
Overall, the superior performance of simvastatin in both the general population and patients with certain comorbidities, 
as demonstrated in our main and sensitivity analyses, offers valuable insights for practical medication guidelines in the 
Netherlands, despite some limitations.

Conclusion
Atorvastatin and pravastatin users had higher long-term rates of cardiovascular events compared to simvastatin mono
therapy in primary prevention, the difference may be attributed to the confounding by severity, but also possibly due to 
differences in drug mechanisms or patient response. These findings could influence current guideline recommendations, 
suggesting a potential preference for simvastatin in primary prevention, underscoring the need for further research to 
explore long-term impacts and underlying mechanisms, especially in diverse populations.
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ATC code, Anatomical therapeutical chemical code; CDT, Cardiac drug therapy; CVD, Cardiovascular diseases; COPD, 
Chronic obstructive pulmonary disease; CI, Confidence interval; EQD, equivalent doses; HR, Hazard ratio; ITT, intention 
to treat; IPTW, Inverse Probability Treatment Weighting; LDL-C, LDL cholesterol; MTX, Methotrexate; PP, per 
protocol; PPA, PP analysis in adherent patients; PPIA, PP analysis in all patients-independent of adherence; RA, 
Rheumatoid arthritis; sd, Standard deviations.
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