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Abstract

Background: Despite low‐density lipoprotein cholesterol‐lowering therapies and

other standard‐of‐care therapy, there remains a substantial residual atherosclerotic

risk among patients with an acute coronary syndrome (ACS). This study aims to

estimate the risk of early and late recurrent major adverse cardiovascular events

(MACE) and address its implications on trial design.

Methods: A literature search was performed to collect phase III interventional trials on

high‐risk ACS patients. Pooled event rates at 90 and 360 days were estimated by fitting

random‐effects models using the DerSimonian–Laird method. Under the assumption of

a total sample size of 10,000 and 1:1 allocation at a one‐sided alpha of 0.025 using the

log‐rank test, the relationship between power and relative risk reduction (RRR) or

absolute risk reduction (ARR) was explored for early versus late MACE endpoint.

Results: Seven trials representing 82,727 recent ACS patients were analyzed. The

pooled rates of recurrent MACE were 4.1% and 8.3% at 90 and 360 days.

Approximately 49% of events occurred within the first 90 days. Based on the esti-

mated risks at 90 and 360 days, to attain 90% statistical power, a lower magnitude of

RRR is required for late MACE than early MACE (22% vs. 30%), whereas a lower

magnitude of ARR is required for early MACE than late MACE (1.2% vs. 1.8%).

Conclusion: The initial 90‐day window after ACS represents a vulnerable period for

recurrent events. From a trial design perspective, determining a clinically important

benefit by RRR versus ARR may influence the decision between early and late MACE

as the study endpoint.
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1 | INTRODUCTION

Current practice guidelines recommend the use of statins for sec-

ondary prevention following acute coronary syndrome (ACS).1 Yet,

substantial risk for recurrent atherosclerotic events exists among

individuals who achieve low‐density lipoprotein cholesterol (LDL‐C)

goals. The residual risk remains approximately 9% per year among

patients with established coronary artery disease (CAD) despite ag-

gressive LDL‐C reduction, and may be mediated at least in part by

atherogenic triglyceride‐rich lipoproteins and high‐density lipopro-

tein cholesterol (HDL‐C).2 Reducing this residual cardiovascular risk

among patients with ACS remains a major unmet medical need. The

initial 2‐to‐3‐month period following an ACS event has been re-

cognized as the acute recovery phase characterized by an increased

risk of recurrent ischemia, after which the clinical course is similar to

chronic stable coronary disease and the risk of recurrent cardiovas-

cular events declines.3

The primary aim of the study was to estimate the early (at

90 days) versus late (at 360 days) risk of major adverse cardiovas-

cular events (MACE) from recent landmark cardiovascular trials to

better characterize the time course of the residual risk among pa-

tients who receive standard‐of‐care therapies following ACS. Fur-

thermore, the incidence of early or late recurrent MACE events and

its potential implications with respect to statistical power has never

been quantitatively assessed. Accordingly, we also aimed to evalu-

ate the relative statistical power of a primary MACE endpoint at

these timepoints under a variety of assumptions. From a trial design

standpoint, if most of the recurrent MACE events occur in the early

post‐ACS phase, a question naturally arises as to whether setting

the primary endpoint at the early phase would yield a greater

statistical power compared to setting the primary endpoint at the

late phase when a consistent long‐term treatment effect cannot be

ascertained. To investigate this question, we compared the statis-

tical power of a primary endpoint at 90 versus 360 days based on

the event rates derived from the contemporary phase III rando-

mized controlled trials.

2 | METHODS

A comprehensive literature search was performed in ClinicalTrials.

gov to collect completed phase III interventional trials from inception

to June 2019 targeting the study population of high‐risk ACS pa-

tients. Full‐text publications of the collected studies were retrieved

for screening. Studies fulfilling the following criteria were included:

(1) study participants had a recent ACS (up to 90 days from enroll-

ment) and at least one additional cardiovascular risk factor (age ≥ 60

years, diabetes mellitus, multivessel coronary artery disease, poly-

vascular disease, prior history of myocardial infarction [MI], stroke, or

coronary revascularization); (2) study participants received a back-

ground of optimal medical therapy including antiplatelet agents (as-

pirin or P2Y12 inhibitor), angiotensin‐converting enzyme inhibitor

(ACEI), angiotensin receptor blocker (ARB), beta‐blocker (BB), and

statin; (3) the duration of follow‐up was at least 12months; and (4)

the primary efficacy endpoint was MACE, defined as a composite of

MI, stroke, or cardiovascular death. Two independent investigators

searched and screened the qualified clinical trials, and disagreement

was resolved by discussion and consensus. A flow chart depicting the

selection of these trials is provided in Figure S1.

Data extracted from each study included study characteristics,

intervention, follow‐up duration, patient characteristics, concomitant

medications, and MACE event rates at 90 and at 360 days. For stu-

dies that did not report MACE risks at 90 or 360 days, the rates were

estimated from Kaplan–Meier (KM) curves with a validated data

extraction application (DigitizeIt; http://www.digitizeit.de/).4 The

absolute number of MACE events was estimated by multiplying the

KM rate and the number of participants, without accounting for

censoring or loss to follow‐up. The relative percentage of early MACE

was derived from the ratio of MACE event rate at 90 days to the

MACE event rate at 360 days.

The pooled event rates at 90 days and 360 days were estimated

with meta‐analytic approaches described as follows. In view of the

skewed distribution of observed proportion (i.e., the ratio of the

number of events to the number of participants was not centered

around 0.5), a logit transformation was performed to conform to the

normal distribution. In each study, the natural logarithm of the pro-

portion was deemed as the effect size statistic, and the inverse var-

iance of the transformed proportion was used as study weight. The

confidence intervals (CIs) of proportions were calculated by normal

approximation. The summary effect size was then computed by

fitting a random‐effects model using the DerSimonian and Laird

method. Heterogeneity across the studies was assessed using the

Q test (with the threshold of p < .10 indicating the presence of

heterogeneity) and I2 statistic (with the values of 0.25, 0.50, and 0.75

indicating a low, moderate, and high degree of heterogeneity, re-

spectively). A sensitivity analysis using the leave‐one‐out approach

was performed to test the robustness of estimated event rates at 90

and at 360 days. An independent investigator evaluated the risk of

bias of included studies by the Cochrane Collaboration's tool.5 The

assessment of the risk of bias was validated by a second investigator.

To provide insights on trial design, the study assessed the sta-

tistical power of setting the primary endpoint as the early MACE

versus late MACE based on estimated event rates pooled from these

contemporary phase III trials. Under the assumption of a total sample

size of 10,000 and 1:1 allocation at a one‐sided alpha of 0.025 using

the log‐rank test, two separate approaches were applied to compare

the statistical power associated with early MACE (90 days) versus late

MACE (360 days) as the primary efficacy endpoint when pro-

spectively designing an interventional trial. In the first approach, the

relationship between power and hazard ratio (ranging from 0.99 to

0.70, corresponding to a relative risk reduction [RRR] from 1% to

30%) was explored. In the second approach, the relationship between

power and absolute risk reduction (ARR; ranging from 0.1% to 3.0%)

was explored.

The analyses were performed using SAS (version 9.4; SAS Institute

Inc.), R software (Version 3.5.2; the R Foundation for Statistical
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Computing), and Power Analysis and Sample Size (PASS) software

(version 11; NCSS LLC).

3 | RESULTS

3.1 | Summary of study characteristics

Seven trials, representing a total of 82,727 high‐risk patients with

recent ACS, were analyzed (Table S1).6–12 The duration of follow‐

up ranged from 12 to 36 months. Various interventions were

evaluated, including P2Y12 inhibitors in three studies (TRITON‐

TIMI 38, PLATO, and TRILOGY ACS), antidiabetic agents in

two studies (EXAMINE and AleCardio), factor Xa inhibitor in one

study (ATLAS ACS 2‐TIMI 51), and lipoprotein‐associated phos-

pholipase A2 inhibitor in one study (SOLID‐TIMI 52). Most patients

received standard of care secondary prevention medications,

including aspirin (90.6%–99%), P2Y12 inhibitor (79.8%–93.0%),

statin (83.1%–94.9%), BB (65.6%–89.7%), and ACEI or ARB

(38.2%–88.2%). The majority of the included trials had a low risk of

bias (Figure S2).

3.2 | Absolute risk and relative percentage of early
versus late MACE

The absolute risk of 90‐ and 360‐day MACE ranged from 2.7% to

8.5% and 6.2% to 11.7%, respectively (Table S1 and Figure 1).

With respect to the timing of events, 37% to 75% of the MACE

events occurred within the first 90 days (Figure 2). Pooled

analysis demonstrated that the risk of recurrent MACE was 4.1%

at 90 days (95% CI: 3.0%–5.7%; Figures 3A) and 8.3% at 360 days

(95% CI: 7.1%–9.8%; Figure 3B), with a high degree of hetero-

geneity across studies (p < .01). Approximately 49% of events

occurred within the first 90 days, whereas 51% of events

occurred in the subsequent 270 days (between 90 and 360 days).

In the sensitivity analysis, the 90‐day risk (ranging from 3.7%

to 4.4%; Figure S3) and 360‐day risk (ranging from 8.0% to

8.7%; Figure S4) were similar to the estimates from primary

analysis.

3.3 | Statistical power of early versus late MACE as
the primary endpoint

Based on pooled results from contemporary landmark trials, event

rates of 4.1% at 90 days and 8.3% at 360 days were assumed in the

comparator arm. With a total sample size of 10,000 and 1:1 allocation

at a one‐sided alpha of 0.025 using the log‐rank test, two separate

approaches were applied to compute the statistical power for early

versus late MACE as the primary endpoint when prospectively de-

signing an interventional trial.

3.4 | Relationship between power and HR

The relationship between power and hazard ratio (ranging from 0.99

to 0.70, corresponding to a RRR from 1% to 30%) was evaluated and

is illustrated in Figure 4. When a predetermined HR was employed in

the power calculation, greater statistical power was consistently

achieved when late MACE was selected as the primary endpoint

compared with early MACE. Specifically, with a hazard ratio (HR) of

0.80 (i.e., RRR of 20%) in favor of the intervention, the power would

be 86% for the late MACE (corresponding to an event rate of 8.3% in

the comparator arm vs. 6.7% in the experimental arm at 360 days,

with an ARR of 1.6%) and 57% for early MACE (corresponding to an

event rate of 4.1% in the comparator arm vs. 3.3% in the experi-

mental arm at 90 days, with an ARR of 0.8%). Interpreted differently,

if RRR were maintained at 20% from 90 to 360 days, there would be

an increase in statistical power from 57% to 86%. In this scenario, the

KM curves for the experimental and comparator arms may continue

to diverge beyond 90 days, reflecting an augmentation of ARR from

0.8% to 1.6%.

If a prespecified HR were used when designing a trial, a lower

magnitude of RRR would be required if the late MACE were selected as

the primary endpoint. For instance, to attain at least 90% power, an RRR

of 22% would be required for the late MACE endpoint (corresponding

to 8.3% vs. 6.5% at 360 days) compared to an RRR of 30% for the early

MACE endpoint (corresponding to 4.1% vs. 2.9% at 90 days).

3.5 | Relationship between power and ARR

The relationship between power and ARR (ranging from 0.1% to

3.0%) was also evaluated and is illustrated in Figure 5. When a pre-

determined ARR was employed in the power calculation, greater

statistical power was consistently achieved when early MACE was

selected as the primary endpoint compared with late MACE. Speci-

fically, with an ARR of 1% in favor of the intervention, the power

would be 77% for early MACE (corresponding to an event rate of

4.1% in the comparator arm vs. 3.1% in the experimental arm at

90 days, with a hazard ratio [HR] of 0.75) and 46% for late MACE

(corresponding to an event rate of 8.3% in the comparator arm vs.

7.3% in the experimental arm at 360 days, with an HR of 0.87). Stated

differently, if ARR were maintained at 1.0% from 90 to 360 days,

there would be a decline in the statistical power from 77% to 46%. In

this scenario, the KM curves for the experimental and comparator

arms would be parallel beyond 90 days, which in fact suggests a di-

minution of RRR from 25% to 13%.

If a prespecified ARR were used when designing a trial, a lower

magnitude of ARR would be required if the early MACE were se-

lected as the primary endpoint. For instance, to attain at least 90%

power, an ARR of 1.2% would be required for the early MACE

endpoint (corresponding to 4.1% vs. 2.9% at 90 days) compared to an

ARR of 1.8% for the late MACE endpoint (corresponding to 8.3% vs.

6.5% at 360 days).
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4 | DISCUSSION

The pooled results from contemporary phase III trials of high‐risk

ACS patients demonstrate that 4.1% and 8.3% of patients developed

a recurrent major cardiovascular event (i.e., cardiovascular death, MI,

or stroke) at 90 days and 360 days, respectively. Approximately 49%

of events occurred within the first 90 days, whereas 51% of events

occur between 90 and 360 days. Therefore, the time course of

residual atherosclerotic risk likely follows a nonlinear trajectory, with

a steeper slope in the first 90 days, as opposed to the period after

90 days. Despite standard‐of‐care medications, the initial 90 days

following an ACS episode should be considered as a vulnerable

window for recurrent events. This observation supports the hy-

pothesis of two distinct periods following ACS with an early vulner-

able period with markedly heightened cardiovascular risk and a late

stable period. This distinction is important when gauging potential

F IGURE 1 Absolute risk at 90 days versus 90–360 days
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treatment benefits in novel agents and when investigating the

underlying pathophysiology for recurrent ACS.

The nonlinear trajectory of residual risk was also evident in the

meta‐analysis of statin trials from the Cholesterol Treatment Trialists'

(CTT) Collaboration.13 Specifically, the annual risk of major vascular

events was greater in the first year (2.2% in the statin arm vs. 2.5% in

the control arm) than in the subsequent 4 years (1.5%–1.6% in the

statin arm vs. 1.8%–2.0% in the control arm). More importantly, the

magnitude of RRR by statins was less pronounced in the first year

(12%) than in the subsequent 4 years (22%–28%). The unattenuated

early residual risk points to the unmet medical need for interventions

that target atherothrombotic pathways unrelated to platelet

activation or LDL‐C (e.g., triglycerides, very‐low‐density lipoproteins

[VLDL], and HDL‐C), which have been extensively investigated in the

past three decades. For instance, among statin‐treated patients from

the PROVE IT‐TIMI 22 trial, a low triglyceride level was associated

with a reduced cardiovascular risk independent of LDL‐C levels.14

Similarly, pharmacological reductions in the small, triglyceride‐

depleted VLDL were associated with a decreased atherosclerotic risk

among participants in the JUPITER trial who had low LDL‐C levels.15

With respect to HDL‐C, its inverse relationship with cardiovascular

disease was supported by a meta‐analysis of 20 statin trials with

adjustment for statin potency and LDL‐C levels.16 However, HDL‐C‐

raising therapies, such as fibrates, niacin, and cholesteryl ester

F IGURE 2 Relative percentage of risk at 90 days versus 90–360 days
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transfer protein inhibitors, have not consistently demonstrated

cardiovascular benefits.17 Furthermore, Mendelian randomization

studies did not demonstrate a causal relationship between

genetically‐altered plasma HDL‐C levels and cardiovascular risk.18–22

More research is warranted to unravel the underlying mechanisms

and optimal preventive strategies for modifying the residual risk.

The first 90 days following an ACS episode marks not only the

vulnerable window in which half of the MACE events occur, but also

F IGURE 3 Pooled risk at (A) 90 days and (B) 360 days

F IGURE 4 Power and hazard ratio of early versus late major adverse cardiovascular events endpoint
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the acute recovery period during which a robust treatment effect

could be established. Among the three trials that demonstrated

significant efficacy of investigational drugs (i.e., TRITON‐TIMI 38,

PLATO, and ATLAS ACS 2‐TIMI 51), a considerable proportion of

MACE reduction was attained early at 90 days (TRITON‐TIMI 38:

1.7% at 90 days vs. 2.0% at 360; PLATO: 1.0% at 90 days vs. 1.9% at

360 days, ATLAS ACS 2‐TIMI 51: 0.9% and 0.8% at 90 days vs. 0.6%

and 0.3% at 360 days). It is also noteworthy that the treatment effect

attained at 90 days was either sustained, expanded, or diminished at

360 days, indicating the need to consider the appropriateness of the

Cox proportional hazards model assumption in clinical trial design, as

well as the importance of applying alternative approaches to asses-

sing the treatment effect, such as restricted mean survival time.23

The distinction of early residual risk has practical implications on

trial design. If a novel intervention is hypothesized to primarily reduce

early residual risk but not late residual risk (in which Kaplan‐Meier

curves separate before 90 days and stay parallel through 360 days),

then the early MACE endpoint should be employed for sample size

determination, because the early vulnerable period represents a more

appropriate window for examining the mechanistic effect of such

intervention. In this scenario, the proportionality of hazards as-

sumption may be violated when the primary endpoint is set at

360 days. Conversely, if a novel intervention is hypothesized to re-

duce both early and residual risk with a constant HR over time, then

the late MACE endpoint should be employed for sample size de-

termination, as it accounts for both early and late events. Additional

considerations should be made regarding the statistical power. This

study demonstrates that the early MACE endpoint is associated with

a greater power when ARR is employed to gauge the treatment ef-

fect, whereas the late MACE endpoint is associated with a greater

power when RRR is employed to gauge the treatment effect.

Therefore, a clinically important reduction in ARR or RRR should be

predetermined, as the decision affects the statistical power and

selection between early versus late MACE endpoint.

5 | LIMITATIONS

The cumulative incidence from the present analysis was estimated

indirectly from the KM curves provided in the original publications.

As the exact patient‐level event rates at 90 and at 360 days were not

available, the results only serve the purposes of hypothesis‐

generating and benchmarking for trial design. Furthermore, the tim-

ing of the index ACS event and treatment initiation varied across the

studies. Given the variety of enrichment risk factors, the cardiovas-

cular risk profile of patients may differ within and across the studies.

In addition, the efficacy of specific therapy to prevent cardiovascular

events may vary with the time course. These factors may have

contributed to the substantial heterogeneity of 90‐ and 360‐day risks

observed in the meta‐analysis. Finally, as multiple treatments were

used in the ACS patients, it remains uncertain whether the time‐

varying treatment effect applies to only lipid‐lowering medications or

other therapies.

6 | CONCLUSION

The initial 90‐day window after an ACS event represents a vulnerable

period for recurrent cardiovascular events, possibly attributable to

atherothrombosis mechanisms not sufficiently attended by current

optimal medical therapy. When designing an interventional trial, a

clinically important reduction in absolute risk versus relative risk

should be predetermined, as the decision affects the selection

between early MACE versus late MACE as the primary endpoint.

F IGURE 5 Power and absolute risk reduction of early versus late major adverse cardiovascular events endpoint
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