
REVIEW

Latephase clinical trials of drugs and devices are typically de
signed to assess safety and efficacy considering a range of end
points, with the primary endpoint denoted as the key measure 
of therapeutic effectiveness. Clinical trials typically use one pri
mary endpoint, which is either comprised of a single outcome 
measure (e.g., allcause death or 6minute walk test), or is a 
composite endpoint (e.g., the occurrence of cardiovascular 
death or hospitalization for heart failure) or a hierarchical com
posite of multiple different outcomes (e.g., allcause death, 
heart failure hospitalizations, and/or changes in symptoms or 
functional status and other measures). However, using a single 

primary endpoint has certain drawbacks. First, chronic diseases 
have a wide spectrum of clinical sequelae that may be impor
tant in the context of an individual’s health and populationlevel 
outcomes, and one single primary endpoint cannot adequately 
reflect several or all of them. Second, although clinically mean
ingful, secondary endpoints are often underpowered as they 
are not used for estimation of sample size. Third, hierarchical 
composite outcomes account for multiple endpoints to provide 
an average or weighted estimate of a therapy’s effectiveness 
across a range of outcomes and that may (or may not) increase 
statistical power, but a significant impact on individual end
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Abstract 
 

The use of multiple primary endpoints in cardiovascular clinical trials could be useful addition to the arsenal of compre
hensive evaluations of meaningful clinical outcomes. Particularly, it may be advantageous and more economic to use several 
primary endpoints, if several useful endpoint alternatives exist and when it is uncertain what degree of benefit a certain 
intervention to be tested can achieve, i.e. what power a trial has for a given endpoint. However, analysis of multiple end
points gives rise to issues of multiplicity of outcomes and familywise error rate. There are statistical adjustment models 
(single and multistep) that modify the level of significance for each endpoint based on the number of endpoints considered 
overall to control the familywise error rate. The Bonferroni method is a single step approach that divides the nominal sig
nificance level alpha equally across all endpoints but is considered a conservative approach in cases where the number of 
endpoints is large and where endpoints are correlated. The most used multistep approaches include the Holm and 
Hochberg procedures. The Hochberg method is a more efficient, and less conservative approach towards alpha adjustment 
compared to the Holm procedure. The Bonferroni, Holm and Hochberg test procedures are all considered suitable analysis 
strategies for multiple primary endpoints with no need to determine a priori the order for the testing to be performed as 
is needed in all hierarchical test procedures that are most commonly used today. Furthermore, these strategies can also 
be used to protect the error rate when including secondary endpoints in an extended analytical procedure. The use of any 
of these methods needs to be specified a priori in the statistical analysis plan to ensure adequate statistical validity. Examples 
of clinical trials in the heart failure field that have used or are using such multiple primary endpoint approaches are: MIR
ACLE, ASCENDHF, EVEREST, FAIRHF, DELIVER, RESHAPEHF2 and FAIRHF2.
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points is undermined if the overall composite outcome is not 
statistically significant.  
When several clinical outcomes are important, typically one is 
selected as the primary endpoint, and others are termed sec
ondary endpoints. If several clinically meaningful endpoints 
are available (be that for guideline guiding or regulatory pur
poses), and if a trial has sufficient power for them, selecting 
one of these endpoints as primary – and making others for 
this reason secondary – as akin to gambling. Typically, ration
alizing of this approach involves then using arguments that 
one endpoint is more certain to get regulatory acceptance 
than others or that the power of the study for one of these 
endpoints is higher than others, but an element of guessing 
for what will work best often remains. Even if that is informed 
guessing, this exposes whole development programs of inno
vative drugs or devices to the fate of luck, one may argue, at 
least in part. This should not be how medical research is pro
gressing. 
If the type I error rate is controlled at a certain significance 
level such as 5% across secondary endpoints (αprotected or 
errorprotected), then hierarchical ordering of secondary end
points is typically planned. Of course, this approach requires 
that α is still available to test the endpoint again if the error 
protection is supposed to be intact. When the result for the 
primary endpoint is not significant, all is spent, and further 
testing cannot be considered error protected. Any hierarchy 
of endpoints comes with the risk of stopping too early, if one 
of them fails to be significant. Methods are available to derisk 
the analytical approach by moving away from hierarchies with
out reducing the overall power.1 Nevertheless, results for sec
ondary endpoints may be nominally significant and may be 
considered clinically important. The debate is the regularly oc
curring whether such results can be deemed valid. Recent ex
amples for such situations include the AFFIRMAHF (Study to 
Compare Ferric Carboxymaltose with Placebo in Patients with 
Acute Heart Failure and Iron Deficiency), IRONMAN (Effective
ness of Intravenous Iron Treatment versus Standard Care in 
Patients with Heart Failure and Iron Deficiency) and EMPACT
MI (Effect of Empagliflozin on Hospitalization for Heart Failure 
and Mortality in Patients with Acute Myocardial Infarction) tri
als.24 Metaanalyses, in part, can mitigate the issue of under
powered endpoints, but the issue of αprotection persists.5 
In such cases, creating multiple primary endpoints should be 
more often considered as a useful alternative, and may be su
perior – i.e., more effective in yielding meaningful and valid 
results – to single primary endpoint approaches.6 Moreover, 
there are analytic techniques that control the error rate. Mul
tiple primary endpoints can be designed in different ways.715 
The statistically most simple approach is that multiple primary 
endpoints are designated as coprimary endpoints whereby 
all the endpoints need to have evidence for a statistically sig
nificant treatment effect to prove efficacy of the therapy.7 This 
approach is useful if an effect needs to be demonstrated re
garding different dimensions of the disease. For instance, it 
may be appropriate if one of the primary endpoints confirms 
a certain mode of action but alone would not lead to therapy 
approval (e.g., prevent muscle wasting in a chronically ill pa
tient at a severe risk for it), whereas the other primary end

point provides the evidence for clinical efficacy.  
However, using multiple primary endpoints should provide a 
spectrum of outcomes across which a therapy is effective, and 
it should further guide investigation into why certain outcomes 
are more affected than others.16 If that is considered as the 
key reason, coprimary outcomes are not the appropriate 
methodological approach to take. 
Analyses of multiple primary endpoints represents a complex 
issue in trial statistics mainly due to multiplicity of outcomes, 
increases in the rate of type 1 error, and concerns about the 
power for each component individually (usually overcome by 
an increase in sample size).17 This is not an issue with copri
mary endpoints where all endpoints are required to reach sta
tistical significance to establish effectiveness of therapy, 
precluding the need for α adjustment. However, in cases 
where statistically significant changes in at least one of several 
primary endpoints is sufficient to demonstrate effectiveness, 
controlling for type 1 error becomes crucial. When type 1 error 
is observed across a group of endpoints, it is referred to as the 
familywise error rate, which is the probability of incorrectly 
rejecting at least one null hypothesis.16 In general, the higher 
the number of endpoints/comparisons/observations, the 
higher the familywise error rate. For example, in case of 5 in
dependent endpoints being tested at a significance level of 
α=0.05, the familywise error rate amounts to 23%.6 This can 
be calculated from the following formula: 1(1α)n. That means 
for 20 independent endpoints, the familywise error rate 
would go up to 64%.  
Several further methods of α adjustment have been explored 
to minimize the effect of multiplicity and control the family
wise error rate – they are categorized as singlestep or multi
step approaches. A key advantage is that these methods allow 
testing for several primary endpoints, but they do not assume 
a hierarchy (or prespecified order) of testing for these several 
endpoints. The most common singlestep method is the Bon
ferroni method which simply involves dividing the significance 
level (i.e. α) by the number of endpoints (n) which is consid
ered for testing.18 Each outcome is then tested against the ad
justed α/n for statistical significance. The Bonferroni method 
is best used in cases with a small number of independent (i.e. 
uncorrelated) endpoints.19 Of course, this is unlikely to occur 
in practice, since endpoints are likely to be correlated. The 
Bonferroni method is widely used due to its simplicity, al
though it is a conservative measure to control for familywise 
error rate, especially in cases where correlation (positive or 
negative) between different endpoints exists and the number 
of endpoints is rather large.  
The second approach to addressing multiplicity is using a multi
step approach, the most common being the Holm and the 
Hochberg procedures.20,21 Both methods adjust the α in a data 
dependent manner, testing each subsequent endpoint at a 
more liberal level of significance, i.e. a higher pvalue (Holm pro
cedure), or at each subsequent step at a more stringent level of 
significance, i.e. lower pvalue (Hochberg procedure). In the fol
lowing both procedures are considered in more detail.  
The Holm procedure is a multistep procedure where the end
points are ordered from lowest to highest pvalues. The end
point with the lowest pvalue (P1) is chosen and tested against 
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a prespecified α level (e.g. 0.05) divided by the total number 
of endpoints (n). If P1 is lower than the adjusted α, the endpoint 
is considered significant, and the next smallest pvalue (P2) is 
tested. This pvalue is evaluated against a less conservative level 
of significance [α divided by the remaining number of end
points, α/(n1)]. If P2 is higher than the new adjusted a level, 
the null hypothesis is not rejected, and all endpoints thereafter 
with higher pvalues are also rendered not successful. This ap
proach is more efficient than the Bonferroni method; it is less 
conservative and does not require prespecified ordering of 
endpoints based on clinical significance.  
An alternative multistep method has been described by 
Hochberg, which is considered more efficient than the Holm ap
proach. In the Hochberg procedure, the endpoints are se
quenced in the order of decreasing pvalues (Figure 1). The 
highest value is then tested against the original α (usually 0.05). 
If the pvalue is greater than α, the next largest pvalue is tested 
against a more stringent level of significance (α/2). If this pvalue 
also does not surpass the adjusted α, the next pvalue is then 
tested against an even more stringent α (α/3). Once the statis
tical significance is established at any point in the sequence of 
decreasing pvalue, all endpoints with pvalues lower than the 
one at which statistical significance was established are auto
matically rendered statistically significant.  
Several trials have successfully employed the Hochberg and 
other procedure for testing multiple endpoints (Table 1). The 
Hochberg approach was utilized in the MIRACLE trial (Multicen
ter InSync Randomized Clinical Evaluation) study that evaluated 

the efficacy of cardiac resynchronisation therapy in patients 
with heart failure with reduced ejection fraction and intraven
tricular conduction delay.8 The study had 3 primary endpoints 
and used the Hochberg method for α adjustment (although not 
naming the approach; Figure 2); for all 3 primary endpoints to 
be statistically significant, their pvalues had to be significantly 
lower than the prespecified level of significance (α=0.05). For 
two of the endpoints to be deemed statistically significant, both 
would require independent pvalues to be less than a more 
stringent level of significance of 0.025 (α/2). For a single end
point to be successful, it was to surpass a much more rigorous 
level of significance of 0.0167 (α/3). This approach is less con
servative than the Holm approach and prioritizes preservation 
of α, since once an endpoint is successful, all subsequent end
points are also rendered significantly significant without being 
formally tested against its endpoint specific sequential α level. 
In contrast, in the Holm procedure, the opposite happens when 
statistical significance is not established, all subsequent end
points with higher pvalues are also considered statistically not 
significant. The Hochberg procedure, unlike the Bonferroni and 
Holm procedure, is reliant on the assumption that endpoints 
are either independent or are positively correlated. However, 
the latter is a theoretical concern, as any outcome could also be 
considered from an inverse perspective (e.g. event rates be
come rates of freedom of an event etc.), rendering a negative 
correlation positive by definition. 
There are several ongoing cardiovascular clinical trials that are 
incorporating multiple primary endpoints. The RESHAPEHF2 
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(A Randomized Study of the MitraClip Device in Heart Failure 
Patients with Clinically Significant Functional Mitral Regurgi
tation trial) is an ongoing randomized controlled trial evaluat
ing the efficacy of mitral transcatheter edgetoedge repair in 
patients with heart failure with reduced ejection fraction and 
functional mitral regurgitation.22 The trial uses 3 primary end
points including 1) composite of total heart failure hospital
izations and cardiovascular death during 24 months of 
followup, 2) total (first and recurrent) HF hospitalizations for 
24 months, and 3) change from baseline to 12 months in the 
Kansas City Cardiomyopathy Questionnaire overall score. 
These endpoints will be analyzed using the Hochberg proce
dure for a adjustment to control the familywise error rate. As 
an interesting additional feature, the Hochberg procedure will 
also be applied to the secondary endpoints of RESHAPEHF2 
(Figure 3). All the arguments that can be used for primary end
points and selecting one over another, can also be used to re
consider the typical approach of preselecting a list of 
hierarchically selected secondary endpoints. Using the 
Hochberg procedure also there may provide additional bene
fits that enhance the way we plan and execute our clinical tri
als in innovative ways.23 
Lastly, the FAIRHF2 (Intravenous Iron in Patients with Systolic 
Heart Failure and Iron Deficiency to Improve Morbidity & Mor
tality) is the last ongoing trial of intravenous iron in patients 
with heart failure and a reduced ejection fraction, which will 
include multiple primary endpoints with Hochberg procedure 
used for α adjustment (personal communication).24 The trial 
is designed to comprehensively assess the role of intravenous 

iron therapy in heart failure in an attempt to provide a defini
tive conclusion, given a recent run of equivocal trial results in 
this space owing to inherent issues with the definitions of iron 
deficiency and dosing criteria.25,26 One of the earlier trials of 
intravenous iron in heart failure, FAIRHF (Ferinject Assess
ment in Patients with Iron Deficiency and Chronic Heart Fail
ure), also included dual primary endpoints, 1) selfreported 
Patient Global Assessment at 24 weeks, and 2) NYHA func
tional class at 24 weeks and were analyzed using the Hochberg 
procedure. The trial found that intravenous ferric carboxymal
tose had a significantly favorable effect on both primary end
points with pvalue for both endpoints lower than the 
prespecified α level of p=0.05 (p<0.001).9 
There is a growing emphasis on the inclusion of multiple pri
mary endpoints in cardiovascular clinical trials to allow for a 
more comprehensive evaluation of clinically meaningful out
comes. It does come with the issue of multiplicity resulting in 
loss of statistical power and high familywise error rate. There 
are statistical adjustment models that modify the level of sig
nificance for each endpoint based on the number of endpoints 
to minimize the familywise error rate. These adjustments apply 
primarily to alternative hypothesis and related analyses, and 
hence need to be planned during the design stage of clinical tri
als to ensure adequate power.6,17 The Hochberg method appears 
to be a more powerful and less conservative approach toward 
α adjustment compared to the Holm and the Bonferroni proce
dures and may have greater utility in trials of cardiovascular dis
ease where endpoints are usually independent of each other or 
are positively correlated.  
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Figure 2. Historical example of using the Hochberg procedure for 3 primary endpoints in a clinical trial in chronic heart failure. Examples are screen 
shots of Abraham et al., NEJM 20028
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