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ABSTRACT

Background: There is increased interest in mechanical circulatory support devices (MCSDs), such as im-
plantable left ventricular assist devices (LVADs), as ‘‘destination’’ therapy for patients with advanced
heart failure. Because patient availability to evaluate these devices is limited and randomized trials
have been slow in enrolling patients, a workshop was convened to consider designs for MCSD develop-
ment including alternatives to randomized trials.
Methods and Results: A workshop was jointly planned by the Heart Failure Society of America and the
US Food and Drug Administration and was convened in March 2006. One of the panels was asked to re-
view different designs for evaluating new MCSDs. Randomized trials have many advantages over studies
with no controls or with nonrandomized concurrent or historical controls. These advantages include the
elimination of bias in the assignment of treatments and the balancing, on average, of known and unknown
baseline covariates that influence response. These advantages of randomization are particularly important
for studies in which the treatments may not differ from one another by a large amount (eg, a head-to-head
study of an approved LVAD with a new LVAD). However, researchers have found it difficult to recruit
patients to randomized studies because the number of clinical sites that can carry out the studies is not
large. Also, there is a reluctance to randomize patients when the control device is considered technolog-
ically inferior. Thus ways of improving the design of randomized trials were discussed, and the advantages
and disadvantages of alternative designs were considered.
Conclusions: The panel concluded that designs should include a randomized component. Randomized
designs might be improved by allowing the control device to be chosen before randomization, by first con-
ducting smaller vanguard studies, and by allowing crossovers in trials with optimal medical management
controls. With use of data from completed trials, other databases, and registries, alternative designs that
include both a randomized component (eg, 2:1 allocation for new device versus control) and a nonrandom-
ized component (eg, concurrent nonrandomized control, historical control, or a comprehensive cohort de-
sign) should be evaluated. This will require partnerships among academic, government, and industry
scientists. (J Cardiac Fail 2007;13:63e74)
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Mechanical circulatory support devices (MCSDs), such
as implantable left ventricular assist devices (LVADs),
were initially evaluated and approved to support patients
with advanced heart failure while they awaited heart trans-
plantation. Use as a temporizing device to ‘‘bridge’’ criti-
cally ill patients to cardiac transplant is increasing
because of limited heart donor availability. For example,
there were only 2125 transplants during 2005,1 far below
the estimated 20,000 to 30,000 patients each year who
could benefit from this procedure. Barr et al reported that
the percentage of patients awaiting heart transplantation
for more than 2 years increased from 23% in 1994 to
49% in 2003.2 As waiting time increases, the likelihood
of clinical deterioration prior to transplant driving desirabil-
ity of VAD implant, also increases. Figure 1 illustrates the
decrease in the number of heart transplants that have oc-
curred annually.3

There is also increased interest in MCSDs as ‘‘destina-
tion’’ therapy (ie, implant without intent to transition to al-
ternative therapy) for patients who are not candidates for
transplantation.

Since January 2002, the International Society of Heart
Lung Transplantation has been collecting information from
centers worldwide known to perform MCSD implantation.
As of December 2004, 655 patients had received a MCSD,
of whom 542 received an LVAD.4 Five hundred and thirteen
patients received an MCSD as a bridge to cardiac transplan-
tation, and 78 patients received a MCSD for destination ther-
apy, whereas the remaining patients receiving a MCSD as
bridge to recovery or for reasons not specified. Therefore, it
appears that MCSDs are used primarily as a bridge to trans-
plantation and relatively few patients receive MCSDs as des-
tination therapy. However, after low complication rates and
prolonged survival rates with newer MCSDs are demon-
strated, the number of patients who receive MCSDs as desti-
nation therapy is likely to increase. In the meantime, patient
availability to evaluate new devices with potential techno-
logic improvements for destination therapy is limited.
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Figure 1. Number of heart transplants and incidence per million
population, 1995e2004. Source: 2005 OPTN/SRTR Annual Re-
port, Tables 11.4 and 11.5 (available at http://www.ustransplant.
org/anual_reports).
The Heart Failure Society of America convened a work-
shop with the US Food and Drug Administration (FDA) on
March 30e31, 2006, to consider designs for MCSD devel-
opment, including alternatives to randomized controlled tri-
als. This report summarizes the discussion of that
workshop, and is divided into 8 parts: 1) background; 2)
randomized trials; 3) no controls; 4) concurrent non-
randomized controls; 5) historical controls; 6) combination
of randomized and nonrandomized controls; 7) study de-
sign summary; and 8) conclusions.

Background

LVADs as Bridge to Transplant

There are several FDA-approved devices for use as
a bridge-to-transplant: Thoratec Corporation’s HeartMate
I Left Ventricular Assist System (LVAS) Seriesdimplant-
able pneumatic (IP) and vented electric (VE/XVE); Thora-
tec ventricular assist device (paracorporeal VAD and
implantable VAD); WorldHeart’s Novacor LVAS; and Syn-
cardia Systems’ CardioWest temporary Total Artificial
Heart (TAH-t).

Data from a multicenter study of 34 patients were used to
describe the safety and effectiveness of the HeartMate 1000
IP LVAS.5 Sixty-five percent of patients receiving the de-
vice underwent transplantation and 80% of these patients
were discharged from the hospital after transplantation.
The transplantation rate for 6 concurrent, nonrandomized
control patients who met entry criteria but who did not re-
ceive the device was 50%; however, all 6 control patients,
including the 3 who were transplanted, died within 77
days of meeting the inclusion criteria. A subsequent report
described the experience of 75 IP LVAS patients and 33
nonrandomized control patients.6 Fifty- three (71%) IP
LVAS patients survived to transplantation compared with
12 (36%) patients in the control group. The average interval
between enrollment and either transplantation or death was
76 days for those in the IP LVAS group (range: !1 to 344
days) and 12 days for the control group (range: 1 to 72
days). A 95% confidence interval (CI) for the percent of
IP LVAS patients surviving to transplantation based on
the binomial probability model is 61% to 81%.

Data from a study with historical controls conducted at
24 centers have been reported for the VE LVAS device.7

Twenty-nine percent of VE LVAS-treated patients (82/
280) died before receiving a transplant; 188 VE LVAS pa-
tients (67%) survived to transplant (95% CI based on bino-
mial probability model: 61.6% to 72.6%); and 10 patients
elected to have the device removed before transplantation.
By comparison, 67% of patients in the historical control
group died (32/48). One-year posttransplant survival was
84% (VE LVAS) versus 63% (controls).

The safety and effectiveness of the CardioWest TAH-t
was evaluated in a nonrandomized study that used historical
controls.8 Eighty-one patients received the TAH-t and their
survival was compared with 35 control patients who met
the same entry criteria. The major outcome variable was

http://www.ustransplant.org/anual_reports
http://www.ustransplant.org/anual_reports
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survival to transplant. Survival to transplant was 79% (64 of
81 patients) (95% CI 68e87%) for those who received the
device and 46% for control patients. One-year survival rates
were 70% for those who received the device (95% CI
63e77%) and 31% among controls.

Experience with LVADs for bridge to transplantation is
much more extensive now. At a Consensus Conference in
2000 at which progress in mechanical support was re-
viewed, the authors noted that 300 to 400 patients each
year are implanted with bridging devices. They noted that
for the more than 3000 patients who have been implanted
with bridging devices, 60% to 70% received a transplant.9

None of the bridging devices was evaluated in a random-
ized controlled trial. As with heart transplantation, obvious
survival advantages in initial experiences with LVADs used
as bridge devices compared with apparently comparable
nonrandomized controls (historical and concurrent) made
it difficult to conduct a randomized trial. Based on the
data that have been amassed on bridging devices, the
FDA defined an objective performance criterion for survival
to transplant of 65% to 70%, which was presented at the
CardioWest TAH-t Circulatory System Device Panel on
March 17, 2004.10 This performance goal was established
in advance of the Panel meeting by the FDA and does not
include confidence limits (ie, the precision with which the
survival percent must be demonstrated).

LVADs as Destination

Increasingly, LVADs are being considered as permanent
implants (destination devices). Only one device is approved
for destination therapy (HeartMate VE).

A trial, Randomized Evaluation of Mechanical Assis-
tance for the Treatment of Congestive Heart Failure
(REMATCH), established the superiority of an LVAD
(HeartMate VE) as destination therapy compared with med-
ical therapy.11 In REMATCH, survival and quality of life
with the HeartMate VE LVAS (n 5 68) versus optimal
medical management (n 5 61) were evaluated in patients
who were ineligible for heart transplantation. Patients had
symptoms of New York Heart Association Class IV heart
failure for at least 90 days despite attempted therapy with
angiotensin-converting enzyme inhibitors, diuretics, and di-
goxin. Patients also had to have a left ventricular ejection
fraction of 25% or less, peak oxygen uptake of no more
than 12 mL$min$kg or a continued need for intravenous
inotropic therapy. If patients were receiving b-blocker ther-
apy, it should have been used at least 60 of the 90 days be-
fore randomization. The trial was designed to continue until
a total of 92 deaths occurred. At the time of the final anal-
ysis,11 41 deaths had occurred in the device group and 54 in
the optimal medical management group (95 total) giving
a relative risk (RR) of 0.52 (95% CI 0.34e0.78). Even
with a high frequency of serious adverse events from infec-
tion, bleeding, and device malfunction, LVAD recipients
experienced better quality of life than their medical therapy
counterparts.11 With extended follow-up, the survival rates
for LVAD versus optimal medical management patients
were 52% versus 28% at 1 year and 29% versus 13% at 2
years (log-rank: P 5 .008). There was a significant im-
provement in survival for LVAD-supported patients who
enrolled during the second half of the trial as compared
with the first half (P 5 .03), and this improvement was
not seen with medically managed patients.12 This latter ob-
servation suggests that with greater clinical experience with
the device, patient outcomes may improve. This point is
discussed later because it has relevance to the use of histor-
ical control groups.

For another device, the Novacor LVAS, results of a non-
randomized study were reported at the American Heart
Association meetings in 2005.13 Investigation of Non-
Transplant Eligible Patients who are Inotrope Dependent
(INTrEPID) was a multicenter nonrandomized feasibility
study of 55 patients (37 device and 18 control). One-year
survival was 27% for those receiving the LVAD and 11%
for controls who received optimal medical management.
After the INTrEPID feasibility study, WorldHeart initiated
a pivotal randomized study, Randomized Evaluation of
the Novacor LVAS In a Non-Transplant population (RELI-
ANT), comparing the Novacor LVAS to the HeartMate
XVE. This trial is ongoing.

The FDA requires randomized trials for the approval of
LVADs used as destination devices. For example, the ongo-
ing RELIANT trial is comparing the Novacor LVAS with
the HeartMate device.14 The HeartMate XVE device is
serving as the control and the goal of the trial is to show
that the Novacor LVAS and HeartMate XVE devices are
equivalent. By so doing, one could infer that the Novacor
LVAS device is superior to optimal medical management
based on the REMATCH study provided that the patient
population studied, the end point used, and other trial con-
ditions are the same as in the REMATCH study. The RELI-
ANT study has a goal of 300 patients (200 on the Novacor
LVAS and 100 on the HeartMate device).

Mancini and Burkhoff recently reviewed mechanical de-
vices under development for patients with heart failure.15

They called for technologic improvements in LVADs be-
cause of adverse effects related to infection, stroke, bleed-
ing, and device failure.

There are several other ongoing trials of new LVADs, but
because the patient population eligible for destination
LVAD therapy is small, these trials have had difficulty en-
rolling patients.

Devices Versus Drugs

There are a number of differences between device and
drug development for heart failure.9,16 One such difference
is the possibility of progressive device modifications that
are made based on experience. Such modifications may
be made after completion of a trial or even during the
course of a trial. Small modifications that are unlikely to di-
minish device efficacy or increase the likelihood of adverse
effects, implemented after completion of a trial, may be
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considered for incorporation into clinical use without re-
peating a full-scale clinical trial. When small modifications
to a device are made during the course of a trial, it may be
acceptable to pool results from pre- and postmodification
time periods, although subgroup analyses to explore the
consistency of results across the 2 groups should be per-
formed. Of course, ‘‘small’’ requires definition. Unlike
drugs in which ‘‘minor’’ chemical changes may yield un-
foreseen pharmacologic effects, the impact of device design
changes may be more predictable based on in vitro bench
testing and tests in animal models.

Another difference between drug and device studies is
that devices have greater up-front risks. In preclinical or an-
imal studies, these risks sometimes can be quantified. None-
theless, studies may be necessary to rule out certain safety
risks. In addition, in trials of implantable, high-risk devices
versus optimal medical management, morbidity, and mortal-
ity hazards may not be proportional over the follow-up pe-
riod.17 This may necessitate studies with longer follow-up
to establish whether benefits seen in the long-term outweigh
short-term risks associated with implantation.

Other important differences are the inability to blind out-
come assessments in some device studies (eg, LVADs), the
importance of the skill (technical) and experience (surgical)
of the surgical implanting and medical team, and the small-
er patient pool available for research. Devices are easier to
track than drugs after approval if appropriate registries are
developed, maintained, and periodically audited. A com-
mon design issue for both device and drug studies is that
optimal patient management is continually evolving. Thus
historical information may not provide reliable estimates
of event rates.

Given these differences and the particular difficulties fac-
ing clinical trials of devices, what options are there for con-
ducting device trials in ways that yield valid results in an
expeditious manner?

Randomized Trials

Substantial experience in many therapeutic areas indi-
cates that randomized trials provide the most reliable data
for establishing the safety and efficacy of a new interven-
tion. Three often cited, important advantages to carrying
out a randomized study are:18

1. With appropriate blinded randomization,19 bias is elim-
inated in the allocation of participants to treatment
groups (ie, patients are not selecteddconsciously or
unconsciously) to receive a particular treatment.

2. Known and unknown covariates are balanced on aver-
age so that no treatment has an unfair advantage.

3. Randomization ensures the validity of the statistical tests
of significance that are used to compare treatments.

The first 2 of these advantages were described by Brad-
ford Hill more than 50 years ago.20 Fisher described the sta-
tistical advantages of randomization several years before
that.21 In a review article on randomization, Armitage noted
that Hill emphasized the first 2 points because the results
would be more credible because one could not be accused
by critics of having set up personally biased groups for
comparison.22 Hill’s emphasis on credible results is impor-
tant. Investigations of new treatments are costly. At the end
of the study, it is important to be able to convince others of
the validity of the findings.

Another advantage of randomization is the opportunity to
apply what is considered the best possible treatment for the
controls (eg, optimal medical management or another de-
vice). Of course, this is a potential advantage of any pro-
spectively defined controlled study, even if not randomized.

For head-to-head comparisons of LVADs, the first 2
advantages of randomization are important because if the
incremental change in effectiveness (eg, survival) is only
moderate with a new LVAD, bias and confounding arising
from nonrandomized studies can dominate and, as a conse-
quence, estimates of the new device’s effectiveness will be
wrong. MacMahon and Collins make this point with respect
to use of observational studies of treatments and indicate
that only if the treatment effect is very large should non-
randomized studies be considered to assess their effective-
ness.23

Randomized studies are also more reliable approaches
for assessing the safety of devices. In the absence of ran-
domization, it may be difficult to determine whether an ex-
cess of a particular adverse effect within a treatment group
is due to the device, implantation technique, or underlying
illness.

Because LVADs have been approved for both bridge and
destination treatment, future trials of new LVADs in similar
target populations will probably need to be head-to-head
comparisons with an approved LVAD as control. These
may be superiority studies or could be designed as nonin-
feriority studies. Noninferiority trials should include a suffi-
cient number of patients to ensure that claims of
noninferiority are valid and that it is highly likely the
new LVAD is superior to medical therapy alone. Consider-
ations in the choice of the noninferiority margin to use in
such trials have been described.24,25 In general, the nonin-
feriority margin must be set at a level to retain a prespecified
proportion of the previously observed benefit of the control
device over optimal medical management. The comparison
with optimal medical management is indirect (must be im-
puted) because the trial does not include such an arm.26 For
example, in REMATCH the RR (device/optimal medical
management) for mortality was 0.52 (95% CI 0.34e0.78).
In a future study, comparing a new device with the Heart-
Mate VE LVAS, if the noninferiority margin were set to en-
sure that there would be no more than a 50% loss of
effectiveness based on this point estimate, this would result
in using an upper bound of the confidence interval for the
RR of (new device/VE LVAS device) of 1.42 5 0.74
(26% reduction)/0.52 (48% reduction). Of course the upper
bound for noninferiority would be smaller (1.14) and the
sample size would be much greater if the upper bound of
the confidence interval (0.78) was used instead of the point
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estimate. The definition for noninferiority will have to be
carefully considered by the investigators and sponsor. Be-
cause the noninferiority margin is set by using historical
data concerning the effectiveness of the control device, it
is important that the patients to be enrolled in the trial are
similar to those previously studied and that other trial con-
ditions are the same so that the effectiveness of the control
device among patients in the trial of the new device can be
assumed to be similar to that in the historical trial used for
planning.

Several recommendations were considered for improving
the design of randomized trials for use in evaluating heart
failure devices.

1. Follow prespecification of the control device to be used.
This is most relevant for noninferiority studies of new
devices. If there is more than 1 control device that could
be used, before randomization patients and investiga-
tors could be allowed to choose which device to use
as control if the control group is randomly assigned. Af-
ter randomization to the control group, the prespecified
device would be used. For such a trial, it would be im-
portant to carry out a prospectively defined subgroup
analysis of the control device chosen although power
for this comparison would be limited.

2. Conduct a smaller preliminary trial (a vanguard study)
before conducting a definitive survival study. With this
approach, it may be possible to use some of the data
from the vanguard trial as part of the subsequent defin-
itive trial. Possible outcomes in the vanguard study
would include cardiopulmonary exercise testing, days
alive outside of hospital, and general health status.

3. Allow crossovers from optimal medical management to
the device under study and design the study accord-
ingly. This is most relevant for lower risk populations
in which LVADs are being considered. With this ap-
proach, when a patient in the control group (optimal
medical management) meets certain prespecified crite-
ria indicating that a LVAD should be implanted, he or
she would be offered it. Sample criteria include reach-
ing the point of inotrope dependence or perhaps a pro-
jected 1-year mortality of more than 30% to 40% per
the Seattle Heart Failure score.27 The questions posed
by such a design is one of timingdwhether immediate
use of the device is preferable to deferred use of the de-
vice. Because of the crossovers, this approach would
likely lead to larger sample sizes if an intention-to-treat
analysis was followed for morbidity and mortality out-
comes; however, the target population could be consid-
erably broadened for study. As an intermediate
endpoint, the criteria used for deferral of device implan-
tation could be used if the criteria applied equally to
those immediately receiving the device.

During the workshop several obstacles to enrolling pa-
tients in randomized trials were identified: 1) the number
of clinical sites that can carry out the research is not large;
2) surgeons are reluctant to randomize patients if they feel
that the control device is technologically inferior; 3) some
investigators are uncomfortable with the idea of randomiz-
ing seriously ill patients; and 4) the patient population
available for randomized trials is limited. A National Heart,
Lung, and Blood Institute Working Group reviewed clinical
research on cardiovascular surgery including research on
mechanical circulatory support devices and identified sim-
ilar barriers. The working group identified three common
challenges in the conduct of trials of cardiac surgical proce-
dures: 1) low enrollment of study participants; 2) difficulty
in randomizing patients; and 3) crossover from the assigned
arm to another arm.28 This working group noted aggressive
marketing of innovative procedures led to patient refusals
and that bias on the part of individual surgeons and cardiol-
ogists impeded randomization. The working group recom-
mended ‘‘sustained and sophisticated appeals to the
physician community.for the best possible scientific
methodologies’’ and more interactions between physicians
and surgeons with study participants during which the ratio-
nale and goals of studies were explained.

Four alternatives to the use of randomized controls to
evaluate LVADs include: 1) no controls; 2) historical con-
trols (literature versus registry database or medical record),
including use of objective performance criterion criteria; 3)
concurrent, nonrandomized controls; and 4) a combination
of randomized and nonrandomized controls. Many of the
concerns about randomized studies are not unique to the
study of LVADs.

No Controls

Byar, in a commentary on AIDS trials, identified 5 con-
ditions, all of which must be met to justify an uncontrolled
study.29

� There is no treatment to use as a control;
� Untreated patients will experience substantial morbidity

and mortality during the course of the study;
� The drug (in our situation the device) is not so toxic that

the harm done could easily outweigh the benefit;
� There is sufficient experience with untreated disease (eg,

historical data) to permit unambiguous evaluation of
trial results;

� The scientific rationale for the treatment is sufficiently
strong that a positive result would be widely believed.

He noted that the last 2 conditions are the most difficult
and that is where the debate should be focused. In many sit-
uations, it may not be in the best of interest of patients, even
seriously ill patients, for the researcher to carry out an un-
controlled study of a new treatment. Many promising treat-
ments do not pan out when studied in randomized
controlled trials. For example, milrinone showed promise
based on a small uncontrolled study of 20 patients with ad-
vanced heart failure30; however, later, in the Prospective
Randomized Milrinone Survival Evaluation (PROMISE)
trial, it was found to increase mortality compared with
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standard therapy of digoxin, diuretics and angiotensin-
converting enzyme inhibitors.31

Concurrent Nonrandomized Controls

Use of contemporaneous controls permits a standard pro-
tocol to be used for defining inclusion and exclusion criteria
and for defining and reviewing effectiveness and safety out-
comes. In this design, the control group can be specified us-
ing recently acquired evidence. Thus such designs are
generally superior to use of historical controls. A disadvan-
tage of concurrent controls compared to historical controls
is that there may be many more historical controls available
for comparison. This will become increasingly the case as
new registries are established.

As with use of historical controls, studies with concur-
rent, nonrandomized controls are subject to confounding
by indication.23 That is, it may not be clear as to how pa-
tients were chosen for the device and control groups, and
their selection may be related to the outcome of interest.
This could bias estimates of the effectiveness of the device
in either direction. As previously noted, in trials that com-
pare 2 devices with one another, and for which treatment
effects are not expected to be large, control of bias is a
major design consideration. In such trials, there is no safe
alternative to randomization.

Historical Controls (Literature-Based, Medical Records,
or Registry Databases)

Historical controls draw on data obtained or provided
from an observational study or clinical trial done in the
past and having well-defined diagnostic, data collection,
and follow-up procedures. Meinert notes that historical con-
trols can be defined with varying amounts of rigor.32 If his-
torical controls are used, the protocol for their definition
and for comparison with the new device must be precisely
described.

Major disadvantages associated with the use of historical
controls have been summarized33 and include the follow-
ing.

1. The comparability of patients in the historical group
and new device group cannot be ensured.

2. It may not be possible to reproduce precisely inclusion
and exclusion criteria and, related to this, time zero for
assessing time to important outcome events may not be
well-defined.

3. Major outcomes for safety and effectiveness may not be
identically defined.

4. It is difficult to have an independent end point review
committee evaluate safety and effectiveness outcomes
blinded to the treatment group.

5. Concomitant medical treatment may differ between
controls and those given the new device in ways that in-
fluence prognosis.

6. Outcomes of patients may improve over time as a con-
sequence of greater clinical experience with the device
(there was some evidence of this in the REMATCH
study).12

7. If the historical database is limited, there may consider-
able imprecision associated with the historical control
effectiveness rates.

The first disadvantage is a major one. If there are impor-
tant differences between the historical data and the new
data, the wrong answer may be obtained. For example,
data used to design the REMATCH study indicated that
2-year mortality for patients receiving medical manage-
ment would be 75%.17 In the trial, 2-year mortality for
those implanted with an LVAD was 77%; the control mor-
tality was 92%.11 Use of historical data would have resulted
in an inaccurate assessment of the survival benefit of the
LVAD. Examples also exist in other areas of research.
Byar et al describe 2 large series of patients with prostate
cancer selected by the same criteria but having very differ-
ent survival.34 An often cited advantage of use of historical
controls is that all patients receive the new treatment that is
thought to be superior. As the example of milrinone indi-
cates, this is not always the case.31

If historical controls are used, it is generally preferable
that they be identified in databases at the same institutions
participating in the study of the new device. It may also be
preferable to use more than 1 historical control group.
There are limited historical data for use of LVADs as des-
tination. A new registry, Interagency Registry for Mechan-
ically Assisted Circulatory Support (INTERMACS), has
begun enrollment. This database may provide useful histor-
ical data in a few years.35

Methods for Controlling Confounding Factors
With Nonrandomized Controls

A number of methods have been developed to control for
important prognostic variables so that causal effects can be
estimated from nonrandomized studies. A popular approach
is the use of propensity scores.36,37 Such an approach may
be applicable with nonrandomized controls that are either
historical or concurrent. An advantage of propensity scores
compared with usual multivariable modeling is their trans-
parency.37 With a propensity score approach, baseline cova-
riates are used to estimate the probability of using one
treatment (eg, experimental device) or the other (eg, con-
trol). These probabilities can then be used to stratify pa-
tients. Device and control outcomes can be compared
within strata or adjusted for the propensity score. Of course,
this approach only yields an unbiased estimate of the treat-
ment difference if one can assume that there are no impor-
tant, unobserved differences between the treatment groups
(ie, that all of the important covariates and their interactions
have been considered in predicting who receives the exper-
imental device and who does not).

Even when that might be the case, propensity scores (as
well as other approaches for obtaining adjusted treatment
effects) may not work well when the covariate differences
between those receiving the experimental device and
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control are extensive. Yue describes an experience with
a medical device clinical study in which a propensity score
based analysis did not succeed because of excessive imbal-
ance in observed covariates.38 The example considered was
a multicenter nonrandomized study with 133 patients in the
investigational device arm and 67 patients in the control
arm. At the completion of the propensity score modeling,
the distributions of the propensity scores in the 2 treatment
groups were examined and the 2 distributions barely over-
lapped. For example, after patients were grouped according
to propensity score quintiles, it was found that the first
quintile contained 58% of control patients but only 1 pa-
tient in the treatment arm, whereas the fifth quintile con-
tained 30% of patients in the treatment arm but no
control patients. Consequently, a commonly used propen-
sity score-based analysis, treatment comparison within pro-
pensity score quintiles, was impossible to implement.

Combination of Randomized and Nonrandomized
Controls

It is hazardous to rely totally on nonrandomized controls
to evaluate a new treatment. Peto et al suggested that a rea-
sonable compromise would be to randomize in the ratio of
2:1 (eg, device:control). With this approach, two-thirds of
the patients would still be available for comparison with
historical controls.39 This might be a reasonable approach
to consider if data from a well-designed registry were avail-
able. In some situations, trial sample size might be reduced,
without loss of power, by using the historical data in con-
junction with the randomized controls.40 Pocock proposed
6 conditions that must be met to use historical controls
and randomized controls together.

1. The historical controls must have received a precisely
defined standard treatment that is the same as the treat-
ment for the randomized controls.

2. The historical controls must have been part of a recent
clinical study that contained the same requirement for
patient eligibility.

3. The methods of treatment evaluation must be the same.
4. The distribution of important patient characteristics in

the historical group must be similar to those in the trial.
5. The previous study must have been performed in the

same organization with largely the same clinical inves-
tigators (same surgeons for LVADs).

6. There must be no other indications leading one to
expect differing results between the randomized and
historical controls (eg, differing rates of accrual).

To eliminate temporal bias, the use of concurrent non-
randomized controls is a better strategy than the use of his-
torical controls. Pocock’s criteria can be formally translated
into distributional assumptions regarding the outcomes. For
example, the investigators may be willing to assume that
the average outcome among the concurrent nonrandomized
controls is exchangeable with the average outcome among
the randomized controls. This particular assumption
amounts to combining the nonrandomized control
effectiveness estimate with the estimate from the random-
ized controls taking into account the observed or assumed
heterogeneity. Exchangeability is a strong assumption,
but, if reasonable, then it would be natural to use registries
and past studies to obtain information about the variability
of the true effectiveness endpoint.

Rather than assuming exchangeability of estimates
from nonrandomized controls with randomized controls, in-
vestigators may assume that the average outcome in the
nonrandomized control group is the same as that in the ran-
domized controls plus some bias. It may be reasonable to
assume that the degree of bias in the nonrandomized con-
trol group is, on average, zero, but this could vary from pa-
tient to patient by some amount sb

2. Prior opinion regarding
the value of sb

2 must be specified, however. Standard proce-
dures can be used to obtain a final estimate of the true ef-
fectiveness end point.

Another approach is to discount the influence of the non-
randomized controls through the use of a power function, p.
The choice of p ranges from 0, corresponding to totally
discounting the nonrandomized data, to 1, corresponding
to regarding nonrandomized evidence as equal to the ran-
domized evidence. The power function effectively adjusts
the number of events in the nonrandomized control group
from n to n � p. As with other strategies that use non-
randomized information, the investigators must specify p
in advance. Last, investigators may assume that use of the
nonrandomized control data gives the same measure of
the treatment effect as the randomized controls. This as-
sumption amounts to assuming that patient-level data can
be pooled. This is a particularly strong assumption not
likely to be met in practice.

Comprehensive Cohort Design

Machin used the approach proposed by Pocock to study
the inclusion of some patients in an ongoing trial that
were not randomized and received only 1 of the protocol
treatments.41 For example, some centers in the study
might randomize their patients to the new device or con-
trol treatment; other centers would only treat patients
with the new device or only with the control treatment.
Machin considered a variety of assumptions concerning
number enrolled and the potential for bias and concluded
that there was little to be gained by the inclusion of sites
that were not participating in the randomization. Machin
also noted that with such a design, a center that would
have otherwise participated in the randomized part of
the study might use the design as an excuse to opt out
of randomization.

This approach studied by Machin has been referred to as
a ‘‘comprehensive cohort’’ design by others.42e44 Some re-
searchers proposed this design for following patients who
were not enrolled in the trial, but who were eligible, to as-
sess nonconsent bias, that bias introduced when subjects in
the randomized trial differ from the eligible population with
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respect to characteristics that are associated with the mag-
nitude of the treatment effect.42,43 This approach involved
using a parallel nonrandomized trial that is otherwise iden-
tical to the randomized trial but consists of those patients
who were eligible for randomization but instead chose their
own treatments. These authors felt that such an approach
could bolster the generalizability of the results from the
randomized trial population.43,44 An important advantage
of this approach is that data collection for the randomized
and non-randomized components of the study is done via
the same or very similar protocols.

Related to this work, Prentice et al describe an analytic
approach for the joint analysis of clinical trial and observa-
tional data under a very similar protocol.45 The kind of de-
sign considered by Prentice et al might arise if a sponsor
conducted both a randomized clinical trial and a non-
randomized study of a new device using the same protocol
and at the same sites. Prentice et al compared the effects of
hormone replacement therapy on different outcomes in the
randomized trial and the observational study and estimated
the residual (after adjustment for important covariates) con-
founding in the observational study by use of an interaction
term of treatment with randomization status.

The different labels attached to the interaction term by
Olschewski43 and Prentice45 illustrates a potential problem
with interpretation if there is a significant interaction. Pren-
tice et al refer to the interaction (ie, a measure of whether
the RR for treatment versus control is different in the ran-
domized and nonrandomized cohorts) as a measure of ‘‘re-
sidual confounding,’’ suggesting that any difference is
likely the result of unmeasured confounders in the non-
randomized study.45 In the article by Olschewski et al,
the authors indicate that the interaction term is a measure
of the internal validity of the randomized trial, suggesting
that a difference between the randomized and nonrandom-
ized studies may result from the patients in the trial not be-
ing representative of the target population.43 In practice,
residual confounding and poor external validity are possible
reasons for an interaction, necessitating that each be consid-
ered.

If an approach like that proposed by Prentice et al or by
Olschewski et al is used, the interaction test must be appro-
priately powered. That is, an appropriate number of patients
must be included in both the trial and the nonrandomized
study to reliably assess whether they can be pooled. Ol-
schewski et al outline an approach for considering the
power of the interaction test.43 For example, 1 approach
for a study of a destination device would be to power the
interaction test to ensure that the difference is smaller
than that observed in the randomized trial of the control de-
vice and optimal medical management. For an LVAD, con-
sidering the REMATCH study results, a difference of ln
(0.52) 5 e0.65 in the log hazard ratios (or some fraction
of this) between the randomized trial and the nonrandom-
ized trial would have to be ruled out with 95% confidence.

Another approach that could be used would be to ensure
that the randomized component of the study was adequately
powered to detect the hypothesized hazard ratio for the pri-
mary end point but at a higher than usual type I error rate
(eg, 0.2). Such an approach has been advocated by Parides
et al46 for destination trials. They suggested shifting some
of the burden of proof to postmarketing studies or to com-
bining destination therapy data with bridge to transplant
data. In this case, if a comprehensive cohort design were
used and the randomized component yielded a P value of
.20 and the combined randomized and nonrandomized
components yielded a P value !.05, and the results were
consistent (no interaction), the combined evidence might
be acceptable.

Before considering designs such as the comprehensive
cohort, data from completed trials could be used to assess
how improved risk prediction models for heart failure pa-
tients perform.27 It will be important in such designs to
measure important prognostic factors similarly for random-
ized and non-randomized patients. Applications of new risk
prediction models to completed device trials such as has
been done with studies of bypass surgery may improve con-
fidence in these approaches.43

Study Design Summary

Figure 2 depicts the various designs considered during
the workshop. Table 1 lists control groups that could be
used for a new MCSD. The designs are presented and dis-
cussed below in an order corresponding to what designs are
likely to result in the most reliable evidence.

Fully Randomized Design

Such designs have consistently shown to provide the
most reliable evidence on the safety and effectiveness of
a new treatment (Fig. 2A). In studies of new MCSDs for
destination therapy, the control arm should be an approved
MCSD and the study should be designed either as a superi-
ority or as a noninferiority study. For the latter, power must
be adequate to rule out the possibility that more than 50%
of the effectiveness of the already approved device is not
lost. After several MCSDs are approved, the control arm
could be broadened to allow patients and clinicians to
choose the control MCSD. In such a design, the preference
for the type of control MCSD should be specified before
randomization, so that subgroup analyses protected by ran-
domization can be carried out by control device prespecified.
A recent hypertension trial illustrates this concept.47,48 In the
Controlled Onset Verapamil Investigation of Cardiovascular
Endpoints (ie, CONVINCE) study, a calcium channel
blocker was compared with ‘‘standard of care,’’ where stan-
dard of care was the investigators’ choice of a b-blocker or
diuretic.

For patients who are less severely ill, the control arm
should be optimal medical management and the trial should
be designed as a superiority study. In such a trial, provision
should be made to provide control patients an MCSD if
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Figure 2. Seven illustrative designs for comparing a new mechanical circulatory support device with control. Some designs may be mixed
(eg, concurrent plus historical controls).
they meet prespecified criteria that correspond to the indi-
cation for destination therapy.

Partially Randomized Design (Comprehensive Cohort)

The original motivation for the comprehensive cohort de-
sign was to assess the external validity of data from ran-
domized trials by following patients who chose not to be
randomized but who received the study treatments
(Fig. 2B). The design has the potential advantage of obtain-
ing a more precise estimate of the treatment effect with use
of nonrandomized data to supplement the randomized data
when the 2 sources of data provide similar results after ad-
justment for confounding factors. This design has been
used for coronary artery bypass surgery,43 a study of ad-
enoidectomy in children,42 a trial of HIV treatments,48

a study of breast cancer treatments,49 and a study of
postmenopausal hormone treatment.45 An advantage of
this design is that data for randomized and nonrandomized
patients are collected using an identical protocol by the
same group of clinical sites. Ideally, the randomized com-
ponent of this type of study design should be powered for
selected outcomes (ie, even in the presence of a significant
interaction that could indicate residual confounding), cer-
tain outcomes could be evaluated solely in the randomized
part of the study design. A disadvantage of this design is
that it may discourage participation in the randomized
part of the study.

Partially Randomized Design (Separate Randomized
and Nonrandomized Studies)

In many cases there are data from both randomized trials
and nonrandomized studies on the effectiveness of a treat-
ment but the data are collected using separate protocols
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(Fig. 2C). A disadvantage of pooling data from 2 separate
studies is that baseline data on prognostic factors, outcome
assessment, and clinical sites might vary. If sponsors use
this approach (eg, a randomized trial in one set of clinical
sites and a nonrandomized study in another set of sites,
the data collection protocols [baseline prognostic factors
and outcomes] should be identical). A protocol should be
prepared for combining the 2 studies before they are begun.

Partially Randomized Design (Randomized
and Nonrandomized Controls)

Figure 2D depicts the design described by Peto, Pocock,
and Machin.39e41 The nonrandomized controls ideally
would be concurrent and followed according to the same
protocol. If historical controls are used (eg, data from a reg-
istry), then the 6 conditions specified by Pocock need to be
addressed.40 The allocation ratio in the randomized compo-
nent may be set to assign more patients to the new device
than the control (eg, 2:1). The randomized component of
the study should be powered to address selected outcomes.

Nonrandomized, Concurrent Controls

Figure 2E shows the design less satisfactory than a fully
or partially randomized study (eg, comprehensive cohort)
for the reasons stated previously. The potential for con-
founding by indication is a major concern and to control
that potential bias randomization must be employed at least
in part.

Nonrandomized, Historical Controls

With the availability of registries this design is likely to
be frequently considered (Fig. 2F). In addition to data in
registries for destination devices, data from bridge-to-trans-
plant studies may also be of use in evaluating an LVAD to
be used as destination as suggested by Parides et al.46 As
noted previously, there are many limitations to the sole
use of historical information.33 The potential for confound-
ing by indication and for improvements in optimal medical
management indicate that a better approach would be to
consider a combination of historical and randomized con-
trols (Fig. 2D).

Table 1. Possible Control Arms for Destination Device

Control Arm Comment

Optimal medical management For trials of patients in which a device
is not licensed

Optimal medical management
with crossover to device

For trials of patients in which a device
is not licensed but who may meet
criteria for a device during the study

Devices For trials of patients in whom a device
is already approved

Choice of device For trials of patients in whom more than
1 device is already approved and are
considered equivalent
No Controls

This design is almost never satisfactory (Fig. 2G). A
comparison group always needs to be considered.

Conclusions

Several study designs are possible for the evaluation of
new MCSDs and all are likely to be used. In this article,
we have reviewed the strengths and weaknesses of different
approaches for the evaluation of MCSDs.

Randomized designs have many strengths and they are
likely the only reliable approach to studies in which moder-
ate treatment differences, if any, are likely. This is true of
many new treatments and particularly true for studies
involving an ‘‘active’’ control (eg, another device that is
already approved). Several recent examples illustrate the
problem of relying on nonrandomized studies to assess
the effectiveness of treatments.50e56 However, after a new
device is used in an uncontrolled study, if results are pre-
sumed to be positive, it is difficult to mount a randomized
study. For this reason, several years ago, Chalmers argued
that randomization should begin with the very first patient.
At that point, randomization is most ethical.57 Presently,
randomized studies are hampered by preconceived notions
about the efficacy of new devices, difficulty in consenting
seriously ill patients, and by the availability of a sufficient
number of patients. Although it might not be possible to
randomize the first patient to a new device because of reg-
ulatory considerations, Chalmers advice should be con-
strued as initiating randomization of patients as soon as
possible after the necessary feasibility studies have been
conducted.

Registry data will be available in the near future. If the
registry is well-designed so that standardized information
is collected on a well-defined set of patients with implants
and follow-up is excellent for important outcomes, it will
be invaluable for defining target populations for future re-
search and for studying predictors of morbidity and mortal-
ity. However, caution will have to be exercised in using the
patient data from the registry as historical controls for eval-
uating the effectiveness of new devices. Byar, MacMahon,
and Pocock have reviewed the potential problems.23,33,40

One approach to gaining acceptance and establishing the
validity of the use of historical data for evaluating a new de-
vice is to compare data from completed randomized trials
with data from the registry. For example, can the problem
that could have arisen in REMATCH with use of data
from patients that were used to design the trial17 (historical
controls) be avoided by better selection of the nonrandom-
ized control group and by appropriate adjustment for con-
founding factors? Hak et al compare experimental and
nonexperimental studies of influenza vaccines and provide
an excellent overview of confounding by indication and
of analytic methods to control it.58 Similar retrospective
analyses of device trials may help guide how best to control
for confounding factors and how prospective studies that
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use both randomized and nonrandomized controls should
be designed.

Designs that include a randomized component (eg, 2:1
allocation for device versus control) and a nonrandomized
component may be reasonable compromises. If comprehen-
sive cohort designs are used or designs with both random-
ized and nonrandomized controls are used, it may be
possible to power the randomized part of the trial for
some intermediate outcomes such as cardiopulmonary exer-
cise test results or general health status, and power the com-
bined randomized and nonrandomized study for rarer
outcomes such as serious complications and survival. For
the outcomes in which both randomized and nonrandom-
ized data are used, it will be important to be able to rule
out important interactions (eg, a large difference between
the randomized and nonrandomized comparison).

In summary, several scientific and practical issues must
be considered in the design of MCSDs. These include study
design issues such as the appropriate control group, power,
and the potential for bias, and feasibility issues such as pa-
tient availability and investigator interest. Many years ago,
Bradford Hill noted that ‘‘there is no need in the search for
precision to throw common sense out of the window.’’59

That advice remains relevant today for many areas of med-
icine including the design of studies for new MCSDs. To
move this field forward, collaborative efforts of industry,
government, and academic scientists are needed to facilitate
retrospective analyses of completed trials and registry data
to assess the utility of different designs (eg, fully and par-
tially randomized) and analytic methods for controlling
for confounding factors. These same stakeholders should
use these retrospective analyses to develop model designs
for prospective studies of new devices.
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