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Background-—Cardiac magnetic resonance (CMR) can quantify myocardial infarct (MI) size and myocardium at risk (MaR), enabling
assessment of myocardial salvage index (MSI). We assessed how MSI impacts the number of patients needed to reach statistical
power in relation to MI size alone and levels of biochemical markers in clinical cardioprotection trials and how scan day affect
sample size.

Methods and Results-—Controls (n=90) from the recent CHILL-MI and MITOCARE trials were included. MI size, MaR, and MSI were
assessed from CMR. High-sensitivity troponin T (hsTnT) and creatine kinase isoenzyme MB (CKMB) levels were assessed in CHILL-
MI patients (n=50). Utilizing distribution of these variables, 100 000 clinical trials were simulated for calculation of sample size
required to reach sufficient power. For a treatment effect of 25% decrease in outcome variables, 50 patients were required in each
arm using MSI compared to 93, 98, 120, 141, and 143 for MI size alone, hsTnT (area under the curve [AUC] and peak), and CKMB
(AUC and peak) in order to reach a power of 90%. If average CMR scan day between treatment and control arms differed by 1 day,
sample size needs to be increased by 54% (77 vs 50) to avoid scan day bias masking a treatment effect of 25%.

Conclusion-—Sample size in cardioprotection trials can be reduced 46% to 65% without compromising statistical power when using
MSI by CMR as an outcome variable instead of MI size alone or biochemical markers. It is essential to ensure lack of bias in scan
day between treatment and control arms to avoid compromising statistical power. ( J Am Heart Assoc. 2016;5:e002708 doi:
10.1161/JAHA.115.002708)
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I schemic heart disease is one of the leading causes of
morbidity and mortality in the Western world. Myocardial

infarction (MI) typically results from a coronary occlusion as a
consequence of a ruptured vulnerable coronary plaque.1 As
the duration of the coronary occlusion is prolonged, the
greater the proportion of the ischemic myocardium, referred
to as myocardium at risk (MaR), will develop into MI.2 Thus, in
the situation of acute coronary occlusion, the goal is to
reperfuse the ischemic myocardium as soon as possible to
maximize myocardial salvage.

In the current era of acute reperfusion therapy, a fast and
effective revascularization helps many patients by preventing
MaR from developing into MI. Acute reperfusion therapy is,
however, associated with a variable degree of reperfusion
injury.3,4 Several attempts have been made to develop
adjuvant therapies to complement acute reperfusion therapy
in order to minimize reperfusion injury.5–8 Traditionally,
surrogates of MI size, such as levels of biochemical markers,
have often been used as endpoints in cardioprotection trials.
The role of cardiac imaging for determination of MI size as

From the Department of Clinical Sciences Lund, Clinical Physiology, Sk�ane University Hospital (H.E., E.H., M.C., H.A.) and Department of Biomedical Engineering, Faculty of
Engineering (E.H.), Lund University, Lund, Sweden; Department of Clinical Sciences Lund, Cardiology, Sk�ane University Hospital, Lund University, Lund, Sweden (D.E., S.K.);
Department of Cardiology, Aalborg University Hospital, Aalborg, Denmark (S.E.J.); Department of Clinical Science, University of Bergen, Norway (J.E.N.); Department of
Cardiology, Henri Mondor Hospital, Creteil, France (J.-L.D.-R.); Department of Cardiology B, Oslo University Hospital Ullev�al (S.H., D.A.) and Faculty of Medicine (S.H., D.A.),
University of Oslo, Norway; Section for Interventional Cardiology, Department of Cardiology, Oslo University Hospital, Ullev�al, Norway (P.H.).

Results from this study have been presented as an abstract at the Society for Cardiovascular Magnetic Resonance (SCMR) Scientific Sessions, February 5–7, 2015
in Nice, France.

Correspondence to: H�akan Arheden, MD, PhD, Department of Clinical Sciences Lund, Clinical Physiology, Skane University Hospital, Lund University, Getingev€agen 3,
221 85 Lund, Sweden. E-mail: hakan.arheden@med.lu.se

Received September 23, 2015; accepted January 13, 2016.

ª 2016 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley Blackwell. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is
not used for commercial purposes.

DOI: 10.1161/JAHA.115.002708 Journal of the American Heart Association 1

ORIGINAL RESEARCH

info:doi/10.1161/JAHA.115.002708
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


an endpoint in cardioprotection trials has previously been
debated.9–11 Currently, cardiac magnetic resonance (CMR)
with late gadolinium enhancement (LGE) is considered to be
the reference standard for in vivo detection and quantifica-
tion of MI.12 Because of the high reproducibility and
accuracy for quantification of MI, CMR has been used in
several clinical studies to assess MI size as an outcome
variable.5,8,13–15 It has, however, been shown that the timing
of the CMR examination is important for accurate determi-
nation of MI size during the first week after acute MI
(AMI).16,17

Methodological variability in measuring MI size is typically
much smaller than variability of actual MI size between
patients depending on pathophysiological factors such as
location of the coronary occlusion, which determines MaR.9

Thus, although MI size might serve as a predictor of
postinfarction LV remodeling and patient prognosis,18,19 there
is a need to relate MI size to MaR when evaluating efficacy of
acute cardioprotective therapies. Taking MaR into account
and thereby determining myocardial salvage index
(MSI=1�MI/MaR) might decrease variability of treatment
effect and, consequently, the number of patients needed to
reach sufficient statistical power.

Recently, CMR has been shown to enable determination
not only of MI size, but also MaR and thereby enabling
assessment of MSI using contrast-enhanced steady-state free
precession (CE-SSFP) imaging.20,21

The primary aim of this study was to determine how
assessment of MSI by CMR will impact the number of patients
needed to reach sufficient statistical power in relation to MI
size alone and levels of biochemical markers. The secondary
aim was to determine how differences in CMR scan day affect
the number of patients needed to reach sufficient statistical
power.

Methods

Study Population and Design
Patients from the control arms of 2 recently published
multicenter clinical cardioprotection trials (CHILL-MI22 and
MITOCARE23,24; n=90 patients from 17 centers) and
patients from a previous serial 1-year follow-up study after
first-time MI (n=22)16 were included in the study. The
inclusion and exclusion criteria for the different studies have
previously been described16,22–24 (Table 1). In short, all
patients from the 3 studies had clinical signs of AMI defined
as clinical symptoms, ST-elevation, and elevated biochemical
markers. All patients underwent acute percutaneous coro-
nary intervention (PCI). Patients with previous infarction or
history of coronary revascularization were excluded. The
study complies with the Declaration of Helsinki, and all

patients gave their written informed consent to participate
in the study, which was approved by appropriate ethics
committees for each country in which patients were
included.

CMR Imaging
All CHILL-MI and MITOCARE patients included in the present
study underwent CMR 2 to 6 days after the acute event. In
the serial follow-up study, all patients underwent CMR 1 and
7 days after the acute event in order to study changes in
infarcted myocardium during this time period. All patients
were imaged on a 1.5 Tesla magnetic resonance (MR) system
either from Siemens (Erlangen, Germany), Philips (Best, The
Netherlands), or GE Healthcare (Waukesha, WI).

CHILL-MI and MITOCARE

For patients in the CHILL-MI and MITOCARE22,24 trials, initial
scout images were acquired to locate the heart. For
visualization of MaR, multislice, multiphase CE-SSFP images
were acquired �5 minutes after intravenous administration of
a gadolinium-based extracellular contrast agent (0.2 mmol/
kg). CE-SSFP images were acquired in 2-, 3-, and 4-chamber
views as well as in short-axis view covering the left ventricle
(LV) from base to apex. Slice thickness was 8 mm with no
slice gap. In-plane resolution was typically 1.591.5 mm, and
temporal resolution was 20 to 30 frames per cardiac cycle.
For infarct visualization, LGE images corresponding to CE-
SSFP images were acquired �15 minutes after injection of
gadolinium. LGE-images were acquired using an inversion-
recovery gradient-recalled echo sequence with a slice thick-
ness of 8 mm with no slice gap. In-plane resolution was
typically 1.591.5 mm. Inversion time was manually adjusted
to null the signal from viable myocardium.

For the serial follow-up study,16 typical imaging parameters
were slice thickness of 8 to 10 mm with no slice gap and
in-plane-resolution 1.4 to 1.591.4 to 1.5 mm.

CMR Analysis
All image analyses were performed using the software,
Segment (http://segment.heiberg.se).25

All image analysis was performed by Imacor AB as a core
lab service in both trials. Analysis of MaR and MI size was
done according to previously described methodology.20,26,27

Myocardium at Risk

MaR was assessed from CE-SSFP short-axis images from
patients in the CHILL-MI and MITOCARE trials according to a
previously described methodology.20 In short, endocardial and
epicardial borders of the LV were traced in all short-axis slices
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both in end diastole and end systole, followed by manual
delineation of the hyperintense myocardium in both time
frames. Papillary muscles were excluded from the myocar-
dium. The MaR was then defined as the total amount of
hyperintense myocardium in all short-axis slices and
expressed as percentage of LV. If present, hypointense
myocardium within the area of increased signal intensity
(microvascular obstruction) was included in the MaR.

Infarct size

In the CHILL-MI and MITOCARE studies, the infarcted
myocardium was automatically quantified from the short-axis
LGE images according to a previously validated method.26 In
short, the endocardial and epicardial borders were traced
manually with exclusion of the papillary muscles, after which
the infarcted myocardium was defined using a computer
algorithm taking partial volume effects within the hyperen-
hanced myocardium into consideration. Manual adjustments
were made when the computer algorithm was obviously
wrong. For the serial follow-up study, MI size was assessed
using a previously described semiautomatic infarct sizing
method.27 If present, a hypointense signal within the area of

LGE (microvascular obstruction) was included in the analysis
as 100% infarction. Finally, MI size was expressed as a
percentage of the LV.

Myocardial salvage index was calculated as 1�(MI size/
MaR).

Biochemical Markers
For biochemical markers analysis, data from the CHILL-MI
controls were used because that included serial sampling well
suited for calculation of area under the curve (AUC) as a
cumulative measure of biomarker release. Thus, high-
sensitivity troponin T (hsTnT) and creatine kinase isoenzyme
MB (CKMB) were sampled on admission to the catheterization
laboratory and at 12, 24, and 48 hours after admission. Peak
values were defined as the highest measured value
within 24 hours, and AUC was calculated from the serial
measurements.

Statistical Analysis
Data are expressed as mean�SD.

Table 1. Characteristics of the Trials Included in the Present Study

CHILL-MI22 MITOCARE24 Serial Follow-up Study16

Study design Prospective, multicenter,
randomized study; 1:1
randomization to hypothermia
or standard care

Prospective, multicenter,
randomized study; 1:1
randomization to TRO40303
or placebo

Prospective clinical
exploratory trial

Inclusion criteria

Infarct charactersitics First-time myocardial infarction First-time myocardial infarction First-time myocardial infarction

ECG criteria Anterior: ST elevation >0.2 mV
in 2 contiguous leads Inferior:
ST depression in 2 contiguous
anterior leads for a total ST-segment
deviation (inferior ST-segment elevation
plus anterior ST-segment depression)
of 0.8 mV

ST elevation ≥0.2 mV in men
or ≥0.15 mV in women in
leads V2 to V3 and/or ≥0.1 mV
in other lead

Clinical diagnosis of ST elevation
myocardial infarction

Duration of symptoms <6 hours <6 hours No predefined time limit

Primary endpoint Myocardial salvage index by CMR Biochemical marker relsease Exploring infarct resorption by serial
CMR examinations during the first
year after infarction

Exclusion criteria Cardiac arrest, previous AMIs,
previous PCI or coronary artery
bypass grafting, known congestive
heart failure, end-stage kidney
disease or hepatic failure, recent
stroke, coagulopathy, pregnancy,
or Killip class II to IV

Cardiac arrest, ventricular fibrillation,
cardiogenic shock, stent thrombosis,
a previous acute myocardial infarction,
angina within 48 hours before infarction,
previous coronary artery bypass graft,
intravenous fibrinolytic therapy within
72 hours before PCI, atrial fibrillation,
had a pacemaker, concurrent inflammatory,
infectious, or malignant disease, or a
biliary obstruction or hepatic insufficiency

Past infarction, past PCI or CABG,
TIMI flow >0 at admission,
contraindication for CMR,
clinical instability, reinfarction,
or coronary intervention during
the follow-up period

AMI indicates acute myocardial infarction; CABG, coronary artery bypass graft; CMR, cardiac magnetic resonance; ECG, electrocardiogram; PCI, percutaneous coronary intervention; TIMI,
Thrombolysis in Myocardial Infarction.
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Power calculation

To estimate the power of a hypothetical trial for a different
number of patients in each arm and different treatment
effects, a Monte Carlo simulation was developed based on the
distribution measured from the clinical trials. Data from the
MITOCARE and CHILL-MI trials were used to calculate
distributions for MI size and MaR for the virtual patients
used in the simulations. For calculation of distribution of
hsTnT, data from the CHILL-MI trial was used. Distributions
were estimated by calculating cumulative probability distribu-
tion for each measured variable (1�MSI, MI size, hsTnT [AUC],
hsTnT [peak], CKMB [AUC], and CKMB [peak]). We use
1�MSI=MI/MaR to simplify comparisons because this mea-
sure decreases with larger effect size in accordance with MI
size and biochemical markers. Cumulative distribution was
fitted with smoothed cubic spline interpolation. In the
simulations, a treatment effect of 25% was defined as a
decrease in infarct size by 25% with no treatment effect on
MaR. The rationale for this assumption was that a cardiopro-
tective treatment would affect the development of infarction,
whereas MaR would be determined by the site of the culprit
lesion independent of treatment.

A set of virtual patients were created for each variable
using the estimated cumulative probability distributions and
randomized to either the control or treatment group in
simulated trials designed to take each variable alone as an
outcome variable. For the treated cases, a fixed treatment
effect k was assumed to affect the outcome variable with
the factor (1�k) also decreasing the variability in this group,
which was taken into account in the sample-size calcula-
tions.

The number of patients N in each arm was tested in the
range 1 to 160 in steps of 3 for N<100 (1, 4, 7, 10 . . . . ) and
in steps of 10 for N>100 (100, 110, 120, 130 . . . . ). The
different incremental steps were used to reduce the compu-
tational burden. For each combination of number of patients
N and treatment effect k, 100 000 simulated clinical trials
were performed. Statistical power of each combination of N
and k was calculated as the number of positive trials divided
by the total number of trials. In order to determine the number
of patients required for each group to reach a statistical
power of 90%, an iterative line search algorithm was
performed with 10 000 trials in each iteration and 100 000
in the last calculation step to accurately define the number of
patients needed.

The above simulation results were compared with (1) the
same simulations assuming normal distribution and fixed SD
of both controls and treatment groups of the outcome
variables and (2) with sample-size calculation using a
conventional power calculator based on analytical expressions
and not Monte Carlo simulations (ClinCalc.com).

In order to determine impact of scan day on MSI during the
first week after infarction, an additional dedicated simulation
was performed. The average decrease in hyperenhanced
myocardium has previously been shown to be �25% during
the first week after an acute infarction.16 Assuming that the
infarct size decreases linearly over time, the effect of scan day
on sample size was calculated by determining the masking
effect of differences in scan days between treatment and
control arms. If scanning the treatment group on day 4 (on
average), and the control group, on average, 0, 0.5, 1, and
1.5 days later, the masking effect would be 0%, 2.2%, 4.4%,
and 6.8%, respectively. The masking effect was introduced by
decrease in infarct size over time.

Simulations and statistical preprocessing was imple-
mented in Matlab software (R2011a; The MathWorks, Inc.,
Natwick, MA). The simulation software is available upon
request.

Results
Patient characteristics for the study population have previ-
ously been described in the original CHILL-MI and MITOCARE
articles.16,22,24 Mean�SD for the different outcome variables
are shown in Table 2.

Myocardial Salvage Index Versus MI Size Alone
and Biochemical Markers
Figure 1 shows the relationship between sample size and
statistical power with different expected treatment efficacy
for 1-MSI (Figure 1A) and MI size alone (Figure 1B). Figure 2
shows the relationship between sample size and statistical
power with different treatment efficacy for hsTnT (AUC and
peak; Figure 2A and 2B) and CKMB (AUC and peak;

Table 2. Mean and SD of the Different Outcome Variables in
Control Subjects Undergoing CMR From the CHILL-MI and
MITOCARE Trials

Parameter N Mean�SD CoV (%)

MSI 90 54.0�19.4 (%) 36

Infarct size 90 17.4�10.5 (%LV) 60

hsTnT AUC* 50 192 110�119 410 (lg9h/L) 62

hsTnT peak* 50 6980�4880 (lg/L) 70

CKMB AUC* 50 5180�3900 (lg9h/L) 75

CKMB peak* 50 273�208 (lg/L) 76

AUC indicates area under the curve; CKMB, creatine kinase isoenzym MB; CoV,
coefficient of variation (SD/mean); hsTnT, high-sensitivity troponin T; LV, left ventricle;
MSI, myocardial salvage index.
*Biochemical markers are from the control patients in the CHILL-MI trial.

DOI: 10.1161/JAHA.115.002708 Journal of the American Heart Association 4

Sample Size in Cardioprotection Trials Engblom et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

http://ClinCalc.com


Figure 2C and 2D). Thus, the number of patients required in
each treatment arm decreased by 46% (50 vs 93), 49% (50 vs
98), 58% (50 vs 120), 65% (50 vs 141), and 65% (50 vs 143)
when comparing 1�MSI to MI size alone, hsTnT (AUC), hsTNT
(peak), CKMB (AUC), and CKMB (peak), respectively (Table 3).
Sample size for a simulated treatment effect of 25% assuming
normal distribution of the outcome variable as well as using a
conventional, freely available power calculator (ClinCalc.com)
are shown in Table 4. Distributions of the different outcome
variables are shown in Figure 3. Figure 4 shows an example
of 2 patients with similar MI size, but significantly different
MSI and, consequently, significantly different effect of acute
reperfusion therapy. The bias of effect-size estimate (defined
as 1 minus the mean of the outcome variable for the
treatment group divided by the mean of the control group) in
the simulations were small, and for the example of true effect
size of 25% in Table 4, the treatment effect was underesti-
mated by 0.22 to 0.29 percentage units for the different
outcome variables. The largest bias was observed for hsTnT
(peak), where the measured effect size was 24.71% versus
the true effect size of 25%.

Impact of Scan Day on Sample Size
Figure 5 shows the impact of scan day during the first week
after AMI on the sample-size increase needed to avoid
making a type 2 error of falsely rejecting an effective
treatment of 25% by the bias introduced by difference in scan
day. The decrease in hyperenhanced myocardium that has
been shown to occur during the first week after infarction is

shown in Figure 5A and 5B.16 The number of patients needed
in each arm of a trial with an assumed treatment effect of
25% is shown in Figure 5C. In order to reach statistical
significance with a power of 90, the number of patients in
each arm would have to be increased by 22% (50 vs 61), 54%
(50 vs 77), and 100% (50 vs 100) for an average scan day
difference of 0.5, 1, and 1.5 days, respectively, to avoid being
masked by the bias caused by difference in scan day. For the
CHILL-MI and MITOCARE trials, there was no difference in
scan day when comparing patients in the treatment arm to
controls (3.8�1.5 vs 3.6�1.6 [P=0.60] and 3.9�1.2 vs
3.9�1.2 [P=0.85]).

Discussion
This study is, to our knowledge, the first study using
multicenter cardioprotection data to explore the impact on
sample size when considering MSI assessed by CMR as an
outcome variable taking scan day into consideration. Sample
size needed to reach sufficient statistical power can be
reduced significantly when using MSI determined by CMR
compared to MI size alone or biochemical markers (hsTnT and
CKMB). Furthermore, it is important to ensure that the
average scan day is similar between the treatment and control
arms to avoid infarct size bias between the groups. A bias
between the groups may mask the treatment effect, and
increased sample size would be needed for sufficient
statistical power or, alternatively, may lead to incorrect
conclusion of the trial.

A B Mi size aloneMSI

Figure 1. Difference in number of patient needed per treatment arm for different expected treatment effects when using (A) MSI and (B) MI
size alone in order to reach sufficient statistical power. Two-sided probability a=0.05 of type 1 error was assumed. Dashed lines indicate the
number of patients needed in each treatment arm to detect a decrease of 25% in outcome variables. MaR indicates myocardium at risk; MI,
myocardial infarction; MSI, myocardial salvage index.
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Use of simulations for clinical trials to evaluate sensitivity
in trial designs is not new.28 The current study adds to the
notation that simulations of clinical trials are a powerful
method to systematically and scientifically investigate clinical
trial designs. The presented methodology to use simulations
of clinical trial scenarios as an aid in clinical trial design is a
highly generalizable approach, even in a nonimaging context,
to make informed design decisions to balance risks, uncer-
tainties, feasibility, and costs. The slight bias in effect-size
estimates revealed in the simulations can be understood both
by the uneven distribution in the outcome variables combined
with the fact that the effect-size estimator is nonlinear (1
minus the ratio between the mean of the treated subject over
the control subjects). For treatment effect models where the

treatment is additive and the effect-size operator is linear, the
bias would be zero.

Therapeutic Efficacy Versus Prognostic
Significance
In phase I and II clinical trials of cardioprotection therapies,
the main outcome variable is the efficacy of the therapy
tested and are aimed at confirming or rejecting the biological
effect caused by the treatment. MI size has been shown to be
an important prognostic factor in patients that have suffered
from AMI, superior to LV ejection fraction and vol-
umes.19,29,30 In order to assess therapeutic efficacy, how-
ever, MI size alone has limited value given that it does not

Troponin T CKMB BA

AUC

DC

Peak

Figure 2. Difference in number of patients needed per treatment arm for different expected treatment effects when using (A) AUC hsTnT (B),
AUC CKMB (C), peak hsTnT, and (D) peak CKMB in order to reach sufficient statistical power. Two-sided probability a=0.05 of type 1 error was
assumed. Dashed lines indicate the number of patients needed in each treatment arm to detect a decrease of 25% in outcome variables. AUC
indicates area under the curve; CKMB, creatine kinase isoenzyme MB; hsTnT, high-sensitivity troponin T; MaR, myocardium at risk; MI,
myocardial infarction.
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reveal information about the amount of myocardium that was
initially at risk (MaR) of developing infarction. Therefore, 2
patients with similar infarct size and possibly similar prog-
nosis might have had significantly different effect of the acute
therapy (MSI) depending on differences in MaR, as exempli-
fied in Figure 4. Thus, fewer patients, shorter time, and
potentially lower costs would be required to show the
therapeutic effect of a new cardioprotective treatment when
using MSI as a surrogate endpoint in phase I and II
cardioprotection trials.

The Use of CE-SSFP for Determination of MaR
For both the CHILL-MI and MITOCARE trials, CE-SSFP was
used for determination of MaR. CE-SSFP has previously been
validated against myocardial perfusion single-photon emission

computed tomography.20 This technique has been shown to
strongly correlate to T2-weighted imaging for MaR in a single-
center setting.21 Both CE-SSFP and T2-weighted imaging can
be applied at least up to 1 week after the acute event.20,31

Applicability of CE-SSFP for assessment of MaR in a
multicenter, multivendor trial has also been shown to be
high, whereas T2-weighted imaging performs less well in this
situation.32 The difficulty of optimal implementation of
T2-weighted imaging for MaR in some settings is confirmed
with the findings by Kim et al.,33 who showed a poor agreement
between MaR by T2-weighted imaging and histopathology.

Impact of Scan Day on Sample Size
It has been shown, both experimentally34,35 and clinically,16,17

that characteristics of ischemically injured myocardium change
over time after an acute ischemic episode, including recovery of
the reversibly injured peri-infarction zone.36,37 This needs to be
taken into consideration when designing cardioprotection trials
using MI size by CMR as an endpoint. If, for some reason, there
is a systematic difference in scan day between the control and
treatment arms in a clinical cardioprotection trial using CMR to
assessMI size andMSI, both type 1 and 2 errors can bemade. If
the patients in the treatment arm happen to be examined, on
average, later than in the control arm, smaller infarcts and
higher MSI could result from the natural decrease in hyperen-
hancedmyocardium occurring during this time and not because
of therapeutic effect and vice versa. Note that for small
treatment effects, the bias in scan day will overcome the
treatment effect, and regardless of the number of patients
included in the study, the result would still be erroneous. Also
note that any systematic bias with regard to scan day will cause
errors in the estimated treatment effect for the trial. One way to
avoid scan day bias acutely would be to scan the patients at a
later time point (ie, at 30 days postinfarction). Still, this
approach would require a larger study population because MaR
cannot be assessed at this time point, enabling calculation of
myocardial salvage. Thus, 2 patients with similar infarct size at
30 days might have had significantly different MaR and
therefore significantly different myocardial salvage, which
cannot be assessed at this time point.

Ethical and Health Economy Considerations
From an ethical perspective, it is important to ensure effective
clinical trial designs to minimize the number of patients
exposed to potential harmful treatments. This includes the
use of the best possible surrogate biomarkers for evaluation
of therapeutic efficacy. This also decreases the risk of
committing type 2 errors by rejecting therapies that could
actually benefit patients, but fail to show statistical significant
effects attributed to use of suboptimal endpoints or ways of

Table 3. Number of Patients Required in Each Arm to Reach
a Power of 90% Depending on Estimated Treatment Effect

Parameter

Treatment Effect

15% 20% 25% 30%

MSI 152 82 50 34

Infarct size by LGE 287 153 93 61

hsTnT AUC* 303 162 98 65

hsTnT peak* 375 199 120 79

CKMB AUC* 441 234 141 92

CKMB peak* 444 236 143 93

AUC indicates area under the curve; CKMB, creatine kinase isoenzym MB; hsTnT, high-
sensitivity troponin T; LGE, late gadolinium enhancement; LV, left ventricle; MSI,
myocardial salvage index.
*Biochemical markers are from the control patients in the CHILL-MI trial.

Table 4. Number of Patients Required in Each Arm to Reach
a Power of 90% With a Treatment Effect of 25% Depending
Sample-Size Calculation Method

Parameter

Monte Carlo
Simulation
Current Study
(N)

Monte Carlo
Simulation
Assuming Normal
Distribution (N)

Sample-Size
Calculation by
Statistical
Software* (N)

MSI 50 43 43

Infarct size 93 122 122

hsTnT AUC† 98 130 130

hsTnT Peak† 120 164 164

CKMB AUC† 141 191 191

CKMB Peak† 143 197 197

AUC indicates area under the curve; CKMB, creatine kinase isoenzym MB; hsTnT, high-
sensitivity troponin T; LGE, late gadolinium enhancement; LV, left ventricle; MSI,
myocardial salvage index.
*ClinCalc.com (http://clincalc.com/Stats/SampleSize.aspx), which uses analytical
formulas as opposed to Monte Carlo simulations.
†

Biochemical markers are from the control patients in the CHILL-MI trial.
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estimating sample size needed to reach sufficient statistical
power, as shown in Table 4. This translates into increased
trial costs. Although a CMR examination is more expensive
than, for example, analysis of biochemical markers, the use of
CMR for assessment of MSI as an outcome variable in clinical
cardioprotection trials could potentially reduce trial costs

attributed to the reduced number of patients needed to reach
sufficient statistical power. There is no additional time or
costs required for acquiring CE-SSFP images that enable
determination of MaR and, consequently, MSI by relating MaR
to MI size. Still, CMR is not available at all centers, whereas
biochemical markers can be sampled at the point of care at

Figure 3. Distribution of MSI (A), MI size (B), hsTNT AUC (C), CKMB AUC (D), hsTNT peak (E), and
CKMB peak (F). Dashed black lines represent the Gaussian distribution assuming that the variables were
normally distributed. Red lines represent the actual distribution of the outcome variables in the pooled
control subjects from the CHILL-MI and MITOCARE cardioprotection trials. No variable, except MSI (A),
was normally distributed. Thus, performing a power analysis, based on the assumption that the outcome
variable is normally distributed, will provide different results compared to the Monte Carlo simulation
performed in the present study, which takes the actual distribution into consideration for sample-size
calculation. AUC indicates area under the curve; CKMB, creatine kinase isoenzyme MB; hsTnT, high-
sensitivity troponin T; LVM, left ventricular mass; MI, myocardial infarction; MSI, myocardial salvage
index.
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most hospitals, making biochemical markers a more widely
available endpoint, which needs to be taken into considera-
tion when designing a clinical trial. Further modeling of clinical
trial design would enable calculation of the difference in trial
costs using MSI by CMR versus a more traditional approach
with biochemical markers, knowing that use of biochemical
markers will increase sample size and use of CMR will
increase the cost per patient and, potentially, the complexity
of the study. This was, however, beyond the scope of the
present study.

Use of Monte Carlo Simulations for Designing
Clinical Trials
Use of Monte Carlo simulation for calculation of sample size
can be used to design not only imaging trials. Using Monte
Carlo simulations, it is possible to take into consideration the
distribution of the outcome variable to be tested, that is,

biochemical markers as shown in the present study (Table 4).
If the outcome variable is not normally distributed, a sample-
size calculation based on mean and coefficient of variation of
the variable will lead to trial design errors. From Table 4, it is
clear that sample size may be both under- and overestimated
when using normal distribution assumptions instead of
realistic distributions.

Limitations
The findings in the present study should be considered in light
of some limitations. The patients included in the study have
been examined on different MR scanners from different
vendors with different implementation of the MR sequences
used. These differences may influence the variability in the
data because of technical variability other than biological
variability. This, however, resembles the conditions for a
multicenter trial involving sites with different CMR systems

A

MSI = 24%

MI size = 22% MaR = 29%

B

MSI 53%

MI size = 21%

 = 

MaR = 44%

Figure 4. Two patient examples showing the impact of relating MI size to MaR when evaluating the
efficacy of acute reperfusion therapy. A, An example of patient with MI in the inferior LV wall attributed to
occlusion of the right coronary artery. B, An example of a patient with MI in the anteroseptal LV wall
attributed to occlusion of the left anterior descending artery. The endocardial borders are delineated in red
and the epicardial borders in green. Left panel shows mid-ventricular short-axis late gadolinium
enhancement images with the infarcted myocardium defined within the yellow delineation. Pink lines
represent pixel weighted used for infarct quantification. Red lines indicate microvascular obstruction. Right
panel shows corresponding mid-ventricular short-axis contrast-enhanced SSFP images with the MaR
delineated in white. Note the similar infarct size (22% and 21% of the LV), but the significantly different MSI
(24% vs 53%) attributed to different MaR. Thus, efficacy of acute reperfusion therapy was approximately
double in (B) compared to (A) despite similar MI size. LV indicates left ventricle; MaR, myocardium at risk;
MI size, myocardial infarct size; MSI, myocardial salvage index; SSFP, steady-state free precession.

DOI: 10.1161/JAHA.115.002708 Journal of the American Heart Association 9

Sample Size in Cardioprotection Trials Engblom et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



from different vendors, increasing the generalization of the
findings.

The decrease in infarct size between days 1 and 7 after
acute infarction was treated as linear. This is, however, an
assumption, because there are no data on the temporal
evolution of hyperenhancement by LGE during the first week
post infarction.

Conclusions
Sample size can be reduced by 46% to 65% without
compromising statistical power when using MSI determined
by CMR as an outcome variable compared to MI size or

biochemical markers. Furthermore, it is important to avoid
differences in scan days between control and treatment arms
in clinical CMR cardioprotection trials.
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