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n: mean {SD)

China 1989
Europe 1984
Germany [989
Gemany 1994

17:28.00 (12.30)
39:47.87 (13.87)
15:36.00 (6.00)

37:38.40 (17.80)
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20:25.00 (8.90)
40:60.95 (18.15}
15:44.00 (11.00}

45:38.40 (16.30)
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Japan 1977 47:37.00 (10.30) 41:40.00 (13.50)
Taiwan 1997 19:45.00 (12.00) 19:52,00 (10.00)
USA 1979a 14:40.07 (13.72) 12:54.67 (17.45}
USA 1987 62:35.52 (14.64) 63:40.30 (14,24)
USA 1988 126:45.10 (13.00)  139:55.67 (12.00)
USA 1996b 10:52.50 {12.60) 11:64.70 (18.10)
Usa 19.88 38:35.60 (10.60) 37:37.00 (9.40)
Pooled (random effects) n=424 n=442
—
-2.0

—— et
—_—
4%
—_—
—_ i
—_ g1
_n_
—_——
—
—a-
—_——
<> 045 (-0.69,-0.21)
T T I T 1
-1.5 100 05 0.0 0.5 1.0
Standardized Mean D‘ffcrcnce
Clozapine better «—— -— Clozapine worse

B1 A47FV AOERFRS

D L T RaM ORI BURETO) o
Odds Ratio 95% CI
. 0.1 0.2 0.5 1 2 5 10
Study Year #Pts i ; : Scale
1 lanprOdli 1976 266 H 1 ° 1 + Expand
2 amantadine 1984 609 : i | | - Shrink
Inilvadipin 1991 890 | z=2.70{ 2P <0.01 et ; Plot Options
4oxiracetam 1991 1163 | 2=3.36} 2P <0.00i ——t i G Grids
Svinconate 1992 1517 i i —ei i S Plot Symbol
6 nebracetam 1992 1823 |- | { —e ' Q Qual/ UDF
7T nefiracetam 1994 2064 : ) —4— i L. Legends
8nicergolin 2000 2240 z=6.961 2P <0.00D01 —— ¥ Y Yearly
! ! H Helpon/ off]
Esc Quit

2 BRERAHEERTORMAL27HY L AOEH

F2 2BEDX5FPFULR
o EHHRT— Y H AT D

+ Analysis according to summary data

e BRIF— LT, eI 2
- Analysis according to individual data
BRI EAMEREY 2 - L A
- FHIREIOOERE LT

AFTHY Y ADORKO R AT SAT AL
EbhTVE. MRS MR BN TR
EBodbLThHY, TOkp {7 AFELSEY

x£3 2oOBENEE

o EERREF N (Fixed effects model)
BRESEOEEGROGVRERELA LT
- HonBERRI > (BTIEELD
- Peto method, Mantel-Haenszel method ¥ &

o Zft &P €7 (Random effects model)
R OEBEBSROBCITFET S LEET S
CENGOBIH B P S TVLEELD
- DerSimonian-Laird methodZe &
CIHLORIPHGEREMOEIIE 2D

IbOThi, CREEBTHLOOFERELT
W47y b (Funnel plot) #%%. E3ZRL
RIS LRI LY sid el £

35



BWFREEE 5384 H1%

& K
® " Bl
24

® %%¢

Positive

Ngative Zero
Fare 2y
B3 RS0 k(Funnel plot)

6 ] TEBIEL .
e v
o4
a »
23 .
Z ™
— 2 L]
» .
1 . . .
2 1 d 1 2
P log odds ratio
6- -
_ 5]
[=
5 4]
B
S 3. " o
él .
= 2 & .
. -
1] .
2 1 0 1 2
log otids ratio

4 HWIEAATF2EROLHOREITOY b

nroThzs R4 T7ARELLE, B4 0
s R, Kooy FREBEIEIIELT
WAEDTEEL WY, ETO7OTy b TR/
A FTANEbLNRA, '

AFTFY I AEHDHEREITOWTHEDOH
R ERETHIILTHLY, FIETLICHR
HRLLZDITEILHD. LEPHLZOBERFERK
BESTALEDLHSD). 2T ) TFHETPHER
BAEBRLEVWESTHL, TREWEIZ LD
AFARE W) FETH L, ChEFERT HICE.

36

200341 B

° -]
T 2-
3 -] [+ o L]
w O o
R ° e o o©
~ 0 % o ©
o
= 0.5 °§
=
2 . .
3 02
02 o ©
o .

1%  5%10% 30% 70%
Baseline risk (log scale)

© #ROMNEFRET CEHMA 5 ¢ 5 RFE
5 XA %[ER{Meta-regression)®

4 A2TFFHVLARWRAOFHE

o F—vEWRICHRDE

o BT AYBERELTHRT S
CHBYDF Ly 2 VA PEEVERTE

o LELLELRF— A EHEIBMLTAETS
o EEHRF V7 YR X ERVTHAERRT A
o LM EML

EWROERICNZ THER (WA EEBTED
b, EROFEHERNLE) HHRLLBRICE
5o FITHES L HIT. MEICHEEDRE. HH
CHEROFEHMiEE DY, EMEETT Y TS
DThHb. “OETIE, EFAROKRESIELT
EWEOTO Y PORESREZTVWDLEITH
5o

SCETHAITF)VAOERTHLN. B
ErbThHAHELEI-S, RILBHE
EYTHEL, W{0HrDFIENLPOFIHSE
TwWiziEwni,

I A&7HYLAOFE

FAZ6oOFME T LD, FH1EL T
F-7hPEICHRDE L THL, BRER. T A
MNE., HFEYRIEOVWTThHhd, FHE2 IHET
HYH (BRX) #B#ETLHILTH D, BT
— Y R— A, BFERLERELTEL,, FHE3T

X QUOROMBEIAM™ B FEILTHRXDF = v 7

YA MEED. BXERALVOHEBRT 5. 2D
eI 2 2 TRITICITS LERNEN LN S, FIH
443, A8 THY VAL ELERT- VBT
PEMTHEETH L, HE5DLHR. 2V KRS
Y E AR TS LR A B, TS TR
MLAEF— 2 2 BeTHIRT AL, FHEE
THEGEEL < KAy 7L T AL
Comprehensive Meta-Analysis® % RevMan® 7z £'7°
ﬁ] F)h—f\!‘%o



200351 1

H¥EFEHEE #5388 #1%

5 FE4IOWT Study Vear Paliens, Favars Smoking Favors Em}ignum
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ks Salonen a0 sz ¥ —— >
CEET - OBE Rodda 1983 9i8 —o
ARM 1 ARM 2 Megad 8 5 - @
Perkins and Dick 1985 119 —_———
HE N  Mean SD N__Mean SD Tohmetal 1935 13
A 30 175 15 27 85 19 benean  leer 1185 o
B : Hedoack &1 2l 1993 157
Toflerctal 1993 702 ——
Herlitz et al 1995 217 ——
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Consecutive  Smoking Assessment  Difference in
Well Defined  Entriesof Status Cleaty MI Clearly Follow-up, of Smoking Baseline Factors  Total
Study Sample 2)  Patents(2) Defined ()} Defined (1) %{2  Status(Z}  Accounted for () Score {I}
Mutcahy et al, 1977 Yes Yes Yes Yes 100 No No 7
Sparrow et al, 1978 Yes Yes Yes Yes 97 No No 7
Salenen, 1980 Yes Yes Yes Yes 99 No Yes 8
Rodda, 1983 Yes Yes Yes Yes 100 No No 7
Aberg et al, 1983 Yes Partial (1) Yes Yes 100 Partial (1) Yes 8
Perkins and Dick, 1985 Yes Yes Yes Yes 97 No Yes 8
Johansson et al, 1985 Yes Partial (1) Yes Yes 100 No Yes 7
Burr et al, 1992 Yes Yes Yes Yes 100 No Yes 8
Hedback et al, 1993 Yes Partial (1) Partial (05} Yes 100 No Yes 65
Tofler et al. 1993 Yes Yes Yes Yes 100 No No 8
Herlitz et al, 1995 Yes Yes Yes Yes 100 No Yes 8
Greenwood et al, 1995 Yes Yes Yes Yes 100 No Yes 7
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OR OR
Study(Reference) Aspirin,n/n Control, n/n {95% CI1Random} Weight, % (95% Cl Random)
BMD (5) 89/3429  47/1710 R 372 0.94(0.66-1.35)
PHS (4) 34711037 53/11034 —— 25.6  0.64(0.42-0.99)
TPT (N 36/1268 34/1272 e 211 1.06(0.66-1.71)
HOT (8) 14/9399 14/9391 R 87 1.00(0.48-2.100
PPP (9} 11/2226 13/2269 — 74 0.86(0.39-1.93)
Total (95% CIy  184/27359  161/25676 1000 0.87(0.70-1.09)
1 T 1 T L
- 020 050 10 20 5.0
Favors Aspirin Favors Control
' OR OR
. Study(Reference) Aspirin,iyn  Control, n/n (95% CI Random) Weight, % (93% CI Random)
BMD (5) 91/3429  39/1710 P 184  L17(0.80-1.71)
PHS (4) 119711037 98/11034 18— 29.8 1.22(0.93-1.59)
TPT (7} 18/1268 26/1272 ——1 84  0.69(0.38-127)
HOT (8) 146/9399  148/9391 -+ 35.6  0.99(0.78-124)
PPP (9) 16/2226 24/2269 - I 7.7 0.68(0.36-1.28)
Total (95% CI) 184/27359  335/25676 T 100.0  1.02(0.85-1.23)
L T T T L
020 050 1o 20 50
Favors Aspirin Favors Control
OR OR
Study(Reference) Aspirin,n/n  Control, n/n (95% C1 Random)  Weight, % (95% CI Random)
BMD (5) 270/3429 151/1710 209  0.88(0.72-1.09)
PHS (4} 217/11037  227/11034 256 0.95(0.79-1.15)
TPT (7) 113/1268  110/1272 120 1.03(0.79-1.36)
HOT (8) 284/9399  305/9391 336 0.93(0.79-1.09)
PPP (9} 62/2226 7812269 7.9  0.80(0.57-1.13)
Total (95% CY) 946/27359  871/25676 1000 0.93(0.84-1.02)
1 T T - T T
020 050 10 20 50
Favors Aspirin Favors Control
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® Five selected RCTs

- British Male Doctors’ Trial (N=5,139)

- Physicians' Health Stady (N=22071)

- Thrombosis Prevention Trial (N=2540)
- Hypertension Optimal Treatment Trial (N=18.790)
« Primary Prevention Project (N=4,495}

o A total of more than 50,000 patients
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Outcome (Qdds Ratio (95% CD
Benefits
MI 0.72 (0.60-0.87)
CHD death 087 (0.70-1.09)
Total stroke 1.02 {0.85-1.23)

All-cause mortality

Harms
Hemotrrhage stroke
Major gastrointestinal
" Bleeding events

0.93 (0.84-1.02)

14 (0.9-2.0)
1.7 (14.2.1)
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® Case-controlffi %8, Al#kHLEIATF
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Disease category RR #Avoided
0].%)1 0.75 80
Stroke / TIA 078 75
Other high risk 0.74 60
over 5 years
per 1000 pts
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Odds Ratio
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1. Randomized clinical trials. The prospective random-
ized clinical trial is the consummate clinical experiment
designed to minimize ambiguity in the interpretation of
study results by striving for equality between comparison
groups at the time of their assembly. It is widely regarded as
the most powerful and sensitive tool for comparing thera-
peutic interventions (85). As discussed above, this experi-
ence has derived largely from trials of drugs for mild-to-
moderate HF. Despite the theoretical strengths of the
method, and its pivotal importance in trials of pharmaceu-
tical agents in HF, there are daunting challenges in applying
randomized clinical trials to the evaluation of potentially
life-saving devices for end-stage heart failure. Many of these
challenges arise from the differences between drugs and
devices as detailed above, particularly with regard to the
ethical issues arising from the inability to blind the patient
or physician to the treatment arm. The unique nature of
these challenges was discussed in detail in the preceding
section. It should be emphasized, however, that knowledge
of the treatment assignment has immediate practical impli-
cations also because the patient’s preferences for a device or
for no device may compromise both enrollment in, and
adherence to, the treatment assignment. In one of the

original trials of therapy for AIDS, blood tests were positive

for the investigational therapy in 9% of the patients in the
placebo arm, indicating off-protocol drug acquisition (92).

Interpretation of outcomes is also influenced by knowl-
edge of the treatment arm. Sham operations are very
controversial (91,92} and would not be compatible with the
palpable and audible function of current mechanical devices.
Expectations by patients and physicians may influence the
recognition of complications, the intensity of other thera-
pies and perhaps even survival. Important study end points
also include the subjective assessment of symptoms and
quality of life. Even exercise performance, ostensibly more
objective, is influenced by the expectations of patients and
physicians,

Measuring survival in trials that compare devices to
medical therapies presents methodological concerns differ-
ent from those presented when comparing similar therapies.
When device therapy involves a high up-front operative
risk, with a subsequently reduced mortality compared with
controls, the survival curves are likely to cross. Analyzing the
differences between such curves depends on the analytical
method chosen and the time frame of the analysis. Most
analyses such as the log-rank and Wilcoxon methods
average risk over the follow-up period. Extending or reduc-
ing the follow-up time then has the potential to reverse the
order of relative efficacy, because more or less weight will be
given to the respective mortality in the perioperative period.
Moreover, crossing survival curves imply lack of a consistent
proportional relationship in the relative mortality of the two
treatments. This violates the basic assumption in using
proportional hazard methods, which have been the standard
for survival analysis procedures,

Special needs in cancer and AIDS rescarch have affected
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a number of advances in clinical trial methodology by
employing statistical methods that permit not only more
rapid and sensitive evaluation of toxicity but also adjust-
ments in design based on the interim outcome experience
within 2 trial (81). Further successful community-based
strategies, particularly in the testing of anti- AIDS interven-
tions, have overcome problems with patient recruitment,
treatment and development of appropriate informed con-
sent. Understanding of the special challenges involved in
evaluating mechanical support will be necessary in the
development of novel trial designs that lower obstacles while
preserving the advantages offered by the randomized elinical
trial. :

Financial impediments have affected the conduct of VAD
clinical trials profoundly. The issue of funding is central
because device companies are often innovative organizations
with limited cash reserves and few sources of income.
Shrinking budgets for academic centers limit their resources
in the face of the increased time required to prepare
documents for institutional review boards, screen patients
and provide detailed data for studies with limited enroli-
ment. Moreover, the unreimbursed costs of the surgical
procedure and recovery are substantial. Cutbacks in health
care reimbursement prevent hospitals from continuing to
support such visible programs internally as “loss leaders.”
These disincentives to patient enrollment ultimately in-
crease the overall duration and cost of the study.

The decision by the executive branch of the federal
government to begin reimbursing the routine treatment
costs of Medicare patients enrolled in clinical trials is an
important step in the right direction. Beyond payment for
routine costs, the concept of conditional coverage is increas-
ingly advocated, in which insurers (such as Health Care
Financing Administration {HCFAL]) support the costs of
patient treatment associated with both arms of a well-
designed clinical trial, while the sponsors (e.g., National
Institutes of Health or Industry) cover the costs of conduct-
ing the research. There is strong support from this confer-
ence for such conditional coverage.

2. The REMATCH trial. Despite the above limitations,
an RCT to determine the impact of a mechanical circulatory
support device on outcomes with end-stage heart failure is
nearing completion. The ongoing REMATCH trial com-
pares the ThermoCardio System implantable LVAD as
“destination therapy” with optimal medical therapy in pa-
tients who are not candidates for transplantation (13), using
the criteria defined above. Initiation and enrollment into
this study have been delayed for both centers and patients by
many of the issues described. Sufficient patients have been
randomized, however, to reach meaningful conclusions. If a
survival benefit is proven for this device in this population,
future control groups for destination therapy may be receiv-
ing this device or receiving continued medical therapy if
they have established contraindications to its placement.
Even if no statistically significant benefit is demonstrated in
the mechanical device-supported patients, the information
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obtained from both standard therapy and the assist device
arms will influence device testing and population selection
for future clinical device trials.

3. Modifications of the randomized controlled trial for
mechanical circulatory support devices

a. OPTION OF LATER “COMPASSIONATE” USE OF DEVICE. It
should be re-emphasized that the gold standard methodol-
ogy for deriving firm information regarding the impact of
the treatment on outcomes remains the randomized,
double-blinded, placebo-controlled trial, with hard, well-
defined primary end points of major clinical importance
(23). It should also be recognized, however, that surgical
interventions in patients with advanced illness may not
appropriately lend themselves to all aspects of this method-
ologic gold standard, such as blinding to treatment, In
designing trials for such interventions, one should begin by
seeking to implement the ideal design and to deviate from
the ideal only as is practically necessary. It is essential to take
into account the impact of trial design modifications on the
resulting data before drawing conclusions regarding the
treatment effect.

Future design of a trial in which a circulatory device is
compared with medical therapy might include a later offer of
“compassionate cross-over” for interested patients. This
would technicatly not be a “cross-over” trial because patients
with HF would not routinely have the option to cross back
from device to medical therapy and the patients receiving a
device after randemization to the control arm would not be
analyzed with the original device cohort. Provision of the
device could be offered after a predetermined time period
during which early survival and intermediate-term func-
tionat data would be obtained. Alternatively or additionally,
the demonstration of certain pre-established criteria of
disease progression could be considered as a surrogate end
point, after which the device would be offered compassion-
ately, recognizing that the operative risk might be higher at
this time than at the time of randomization. The option of
receiving a device in the future would offer hope to patients
disappointed by initial assignment to no device. In addition
to reducing some of the ethical concerns, this provision
might actually render a more valid comparison of the two
arms, by realigning the incentives for both physicians and
patients to persevere through the control period without the
device. It would hopefully decrease the risk of losing
patients to follow-up as they seek this therapy in a less
supervised setting elsewhere. For many of the reasons
discussed above, these increased options would be expected
to enhance enrollment and adherence to follow-up. This
potential increase in enrollment needs to be balanced with
the increase in sample size required to determine clinically
significant differences.

b. POTENTIAL INFLUENCE OF INITIAL PATIENT PREFER-
ENCE. The ability of a patient to select a particular modality
of therapy in a clinical trial may not only significantly
enhance enrollment but also potentially influence the out-

JACC vol. 37, No. 1, 2001
January 2001:340-70

comes after treatment (88—90). This argues for examining
the preferences of patients as a factor that might influence
the end point of the trial. One way of accomplishing this is
to measure patient preferences for treatment assignment
immediately before randomization and, if they are related to
the primary end point, to use the results to adjust the
primary comparison. A partially randomized design would
give patients the option to either become part of a tradi-
tional randomized trial or take the therapy of their choosing.
In a trial of two interventions, this results in four arms. The .
comparison of the two randomized arms offers the infor-
mation of a standard RCT. Absolute confirmation regard-
ing device outcome and complications is available for the
patients choosing the device therapy, although there is no
parallel control group. Comparisons between the random-
ized and nonrandomized arms, which must be treated as
observational study, would give some indication of the effect
of patient preferences on outcome.

4. Comparison of non-randomized cohorts. Alternative
designs may be considered when the RCT is not considered
appropriate, such as for established devices that incorporate
limited improvements. It is also conceivable that cohort
studies may be found acceptable when initial evidence of
efficacy has persuaded the dlinical community away from
equipoise but has not yet led to formal device approval (Fig.
1). Cohort studies have employed both historical and
prospective controls. With RCTs at the top of the hierarchy
of research design, there are various levels of descending
rigor for observational reports, all of which are susceptible to
considerable bias. Controlling for sclection bias can be
improved by: 1) restriction of inclusion criteria to define
relatively homogeneous cohorts with some loss of general-
izability; 2) matching, such that each patient in one cohort
is paired with one or more paticnts with a similar baseline
profile for a limited number of key prognostic factors, which
need to be better defined for advanced HF; 3) stratifying—
comparing rates within subgroups with clinicai characteris-
tics that put them at the same risk of the outcome event,
which can be done only for a few characteristics before
statistical power is lost; and/or 4) adjusting for difference in
clinical characteristics between the cohorts, using regression
techniques. Unfortunately, none of these can control com-
pletely for the factors that led to the provision of a therapy
to one patient and not to another, if the therapy was
potentially available for both. An interesting example is the
comparison of patients who received implantable LVADs as
bridges to cardiac transplantation and those in the same
centers who did not, for reasons attributed to device
availability, This indicated a major benefit from devices used
as bridges to transplantation, for which they were subse-
quently approved. However, genceralization of the results to
non-transplant candidates predicted a substantial benefit
that was not borne out in the randomized pilot trial (52).
Mecta-analyses of observational trials have in some cases
predicted the results of well-designed randomized trials
{93,94) but in other cases have been contradicted and
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supplanted by such trials {95). It has been suggested that
“when recruitment of patients for an RCT is exceptionally
difficult, threatening to make the sample of patients unrep-
- resentative, neither reliance on RCTs nor reliance on
observational studies is wholly satisfactory” (95,96).

». HISTORICAL CONTROLS. There is a paucity of large
“clinically rich” datasets in patients with class III and class
IV heart failure, There is also little data on the components
of medical therapy for truly class IV CHF patients. The
Flolan Internaticnal Randomized Survival Trial (FIRST)
(97), examining the use of the vasodilator epoprostenol, and
the recent Outcomes of a Prospective Trial of Intravenous
Milrinone for Exacerbations of Chronic Heart Failure
(OPTIME CHF) trial (98), examining the use of milrinone
during HF hospitalization, demonstrated high mortality
regardless of medical treatment. The Pre-Transplant Re-
search Database (51) demonstrated high morality in pa-
tients hospitalized or on intravenous inotropic agents, with
mortality of only 13% for other patients awaiting transplan-
tation (a younger population with fewer co-morbidities than
patients currently considered for implantable devices).
When concluded, the REMATCH trial will provide unique
information on approximately 70 such patients recewving
optimal medical therapy, and for a brief period, it will
represent the most current data available. Historical controls
provide useful information that requires interpretation in
the context of the original reasons for data collection.
Medical therapy is in a dynamic state, so reference to
databases previously obtained may provide general guidance
but is unlikely to sufficiently validate a new therapy unless it
is in the breakthrough realm.

b. PROSPECTIVE CONTROLS. Some of the problems of his-
torical controls can be addressed by assembling the control
cohort prospectively, along with the “experimental” cohort
group. Once patients have qualified for participation in the
study, their assignment to a particular cohort will depend on
the goals of the study. Patient assignment, however, must be
made in light of the need to establish cohorts that are equally
constituted with respect to the risk for the primary measure of
outcome. Despite the use of restriction, matching and strati-
fication, cohorts are rarely evenly matched, and comparisons
between the cohorts require analytical adjustment to account
for differences in baseline patient characteristics.

i. Timed graduation from control cobort to active therapy.
One approach is to enroll patients formally for a fixed time
period before the device is implanted. This provides a brief
period during which early mortality for the population can
be determined. There is reason to suspect, however, that the
patients dying during this interval were at initially higher
risk than those surviving the observation interval preceding
implantation. Alternatively, the period of delay may lead to
clinical deterioration that increases the operative risk to &
higher level than it was at the time of enrollment. Several
factors thus render the initial cohort different from the
group later undergoing device implantation.
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ii. Patient preference cobort studies. A patient preference
study (a prospective cohort study allowing patients to
choose which therapy they want) may be of considerable
appeal to patients (see preceding text). Those patients
selecting their preferred treatment rather than randomiza-
tion would constitute the preference cohorts. Depending on
the planned comparisons, patients might also be given the
option to cross over to the newer therapy after specific early
end points if their opinions change and the change is
technically feasible. This type of trial might greatly enhance
recruitment because eligible patients with end-stage HF
who fear a device may be more willing to allow themselves
to be followed in the medical treatment arm. Such patients
are currently not likely to be enrolled in any device trials.
Similarly, many patients who would be reluctant to enroll in
a trial because they might have only a 50% chance of being
assigned to a device would now enroll. The fundamental
drawback to this design is the possibility that self-selection
of a particular therapy is, in some way, associated with the
primary measure of outcome, making the groups unequal at
baseline. This has not been determined.

ii. Risk-based allocation cohort studies. One approach that
is being investigated for breast cancer therapy is to allocate
therapy in clinical trials based on risk assessment, such that
those patients deemed at greater risk of dying from the
undetlying disease would receive the experimental therapy
and those at less risk would receive standard therapy (99).
The treatment effect is measured by comparing the observed
results of the experimental group with a projection of the
effect of standard treatment on the experimental group,
based on a mathematical model. The model would be
derived from observations made on the control group.
Although this type of trial design is only now being
examined, it may provide a novel method for studying the
use of VADs in patients with complex heart failure. For
investigating therapies of advanced HF, this trial design
would be hindered by the limitations of our ability to
identify risk profiles and predict outcomes in advanced HF.

F. The Vital Importance of Registries

1. Outcomes database for advanced heart failure. The
growing national burden of advanced heart failure argues for
the establishment of an ongoing registry at a number of
institutions that would include information regarding ther-
apies and outcomes. The large heart failure databases that
have generated new mechanistic hypotheses have been of
mild-to-moderate heart failure rather than the more severe
heart failure responsible for most of the morbidity and
mortality associated with this diagnosis. The complexity of
this condition, with multiple etiologies, co-morbidities,
therapies and modes of death, poses greater challenges to
risk profiling and modelling than those eacountered with
specific cancers or AIDS. Despite the prevalence of ad-
vanced HF, however, there have been no national resources
devoted to collaborative efforts to assemble such data.
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There are several scientific and societal reasons for a
greater commitment to this population. A registry of ad-
vanced heart failure would accelerate progress in developing
mechanical circulatory support and other new therapies.
Greater confidence in our ability to identify high-risk
populations would accelerate the recognition of devices in
the breakthrough realm. Endications for specific populations
could be more readily defined. By virtue of its larger size, a
registry offers a better opportunity for matching character-
istics of an experimental group with a cohort of controls
selected from the datasct. Moreover, a registry would
support the development of a regression model that can be
used to adjust for differences in assembled cohorts, multi-
variate regression modeling being the major technique
employed for diminishing bias in cohort comparisons. The
design of RCT's would be streamlined by better selection of
target populations and prediction of event rates.

2. Registries for implantable devices. There is now broad
consensus that there should be a mandatory registry for all
implantable mechanical circulatory support devices. The
impact and implications of device approval and acceptance
are much greater than for those of any pharmacologic
component of the medical regimen. The number of devices
and patients that form the basis of approval is of necessity
relatively small, and extensive further experience is required
to optimize the clinical utlity of new devices. The current
consensus is that further development of implanted circu-
latory devices without plans for such a registry is unethical.

The same factors of technical complexity—cost outlays
for the device and consoles, requirements for site expertise
and the transparent impact of devices—that hinder large
randomized trials prior to device approval may in fact
facilitate ongoeing surveillance after device release. In recent
years, there has been increased attention to the potential of
post-marketing studies to accelerate the process of approval.
By contrast with pharmaceutical therapies, which are easier
to study before approval and harder to supervise afterward,
mechanical circulatory support devices may be supported by
a weight of evidence distributed differently between pre-
and post-approval experiences.

Past experience with all manufacturers has, however,
demonstrated the numerous limitations of a voluntary reg-
istry, including a lack of uniform criteria for device inser-
tion, variable surgical experience, incomplete data submis-
sion at all time points, cost issues and proprietary/marketing
issues. There is nonetheless strong precedence for maintain-
ing registries for implanted valves and pacing devices.
Device manufacturers as well as health care providers must
report information indicating that a device may have caused
or contributed to a death or serious injury. In the case of
high-risk devices, companies must keep records of patients
with implanted devices. It should be possible to require
specific baseline data collection on patients with mechanical
assist devices after device approval if that stipulation is
formally linked to the initial approval of the device.

In addition to patient survival data, regulatory agencies
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are likely to require post-approval clinical studies to expand
on specific components of the safety profile for devices, such
as infections or thromboembolic events and documented
device failures and replacement. It is not known to what
extent 2 mandatory registry can require specific detailed
data, but a registry would provide a useful common denom-
inator as a template. While post-marketing studies have
generally used observational methods, the concomitant de-
velopment of improved registries both for devices and
advanced HF should allow more sophisticated modeling to
determine relative outcomes of devices versus medical strat-
egies. If there are numerous post-marketing studies that
address the same issue, meta-analyses can be used to
statistically combine the results of these individual studies to
a degree justified by the similarity of devices. This form of
analysis can help to resolve uncertainty when studies dis-
agree as well as to answer questions that were not posed at
the start of the individual studies. Moreover, it can improve
estimates of the magnitude of therapeutic benefits and risks.
Compared with trials of drugs and drug classes, meta-
analysis has perhaps been underutilized for the analysis of
the cffects of mechanical assist devices.

It is unclear how the responsibility of supporting such
registries should be allocated between industry and govern-
mental agencies. The greater challenge is presented by the
larger and more diffuse population with advanced HF, for
whom there is no industry incentive to support systematic
recording of outcomes. There are currently a number of
proposals in the process of submission to direct and main-
tain 2 registry of implantable devices.

V. FUTURE DEVICES
ENTERING CLINICAL DEVELOPMENT

A. Existing Minimum Standards for
Pre-Clinical Device Evaluation

There is presently no standard for the pre-clinical evaluation
of devices used in mechanical circulatory support systems.
The FDA Office of Device Evaluation still provides useful
information and interaction for blood pump developers, but
officially, there is no existing standard for the pre-clinical
cvaluation of these devices. Consequently, it is recom-
mended that circulatory support system developers schedule
a pre-investigational device exemption (IDE} submission
meeting with the FDA to educate the reviewers in advance
on the specifics of their system and to receive feedback from
the FDA on the appropriate criteria for the review of their
system. Two guidelines for pre-clinical device evaluation do
exist. First, the Preliminary Draft Guidance for Ventricular
Assist Devices and Total Artificial Hearts issued by the
FDA in December 1987 is the original document, Although
it is useful in presenting criteria for device evaluation, it is
considered obsolete. It also needs to be recognized that the
document was issued early in the clinical experience of using
VADs and total artificial hearts for bridging to transplan-
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tation. The full extent of the circumstances in which these
devices would be used (i.e., in and out of the hospital and for
durations of months to over a year) could not be fully
anticipated by that document. Hence, the periodic revision
of the criteria for evaluation became both necessary and
appropriate for the evaluation process and a source of
frustration for device developers and investigators.

The second guideline comes from a joint paper developed
by an ASAIO and the STS interdisciplinary working group
(including participants from academia, industry, the NIH
and the FDA). This working group jointly published a
reliability recommendation for long-term blood pump sys-
tems in 1998 (100). This recommendation has been used to
guide the reliability evaluations for blood pump systems that
are currently under development or that have recently
entered clinical trials. It needs to be emphasized, however,
. that this recommendation is limited to reliability concemns
for long-term devices, so there is still a need for a more
comprehensive standard with specific criteria for pre-clinical
in vitro and in vivo testing and evaluation of devices.

As long-term clinical experience has been gained with
circulatory support systems in bridge-to-transplant, bridge-
to-recovery and alternative-to-transplant settings; it has
become clear that the performance goals for these systems
needs to be revised from values stated in or refated to the
FDA Preliminary Draft Guidance. Controversy has existed
over the required duration of pre-clinical animal implanta-
tion tests and reliability mission life duration. Concern has
been expressed over the recommended duration of pre-
clinical reliability mission life duration (some consider the
recommended minimum of one year to be toc short for a
long-term system) and the duration of the animal implan-
tation trials (some consider the recommended 90 days to be
too long), but there is insufficient evidence to address these
concerns at this time. It also needs to be recognized that
although the longer use of these circulatory support systems
is the primary motivation for updating minimum criteria for
pre-clinical device evaluation, the pre-clinical criteria for
devices intended for short-term use (i.c., post-cardiotomy
CS and transient right heart failure after LV assist implan-
tation) and bridge-to-recovery also need to be examined and
accommodated in a new standard. The revision of these
guidelines becomes even more crucial as the definitions for
short- and long-term devices become less clear based on
clinical applicability. Previously, patients undergoing post-
cardiotomy support were felt to require periods of support
not extending beyond 10 days to 2 weeks. There are now
anecdotal reports showing that recovery has, in fact, been
seen with periods of support extending several weeks to
several months. In addition, there is the distinct possibility
that the patient may become device-dependent, changing
what was originally anticipated to be a short-term support
period to an extended period as either destination therapy or
a bridge to cardiac transplantation. Another perspective to
consider is that devices need to be specifically designed to
meet the needs of the identified patient population.
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The FDA Preliminary Draft Guidance Document and
the ASAIO/STS Reliability Recommendation are still con-
sidered to be useful documents by several blood pump
development groups. However, the need for a current and
comprehensive standard for pre-clinical evaluation of de-
vices remains. To begin to address this need, the Associa-
tion for the Advancement of Medical Instrumentation
(AAMI)?! is presently leading the interdisciplinary develop-
ment (including participation by the FDA2 of a Technical
Information Report (TIR). The AAMI TIR is in the final
development stages. It is expected to be available from the
AAMI by the end of the summer of 2000. It must be
recognized that due to the uniqueness of each blood pump
system, this document provides a comprehensive review of
blood pump system issues to be evaluated and considered for
inclusion in 2 FDA IDE submission, but it does not provide
a checklist of specific performance requirements. However,
the AAMI document does provide several references to
guidelines and standards on specific topics related to blood
pump systems, Ultimately, the comprehensive design, im-
plementation and documentation of a blood pump system
development program with validated in vitro and in vivo
testing using sound scientific protocols for data collection
and analysis will lead to a successful FDA device review.

Finally, some criteria need to be developed to clearly
identify system standards for devices that can be used in
different situations for variable clinical indications as the
definitions of bridge-to-transplantation, bridge-to-recovery
and destination therapy become less distinet. It is not
uncommeon for example, for a device to be implanted for a
post-cardiotomy indication, and then removed much later
(three to six months) than intended, because the recovery
process may be longer than anticipated. In addition, at some
point if the patient cannot be weaned, he or she can be
converted to a transplant candidate. On the other hand, if
adverse events occur that preclude transplantation, the
device may have to perform in the mode of destination
therapy. Thus, reliability requirements, which may have
been sufficient for post-cardiotomy use, are now ill-defined
for permanent use.

The development of a comprehensive standard for the
pre-clinical evaluation of blood pump systems, though
needed, is not presently being planned. The effort to create
such a standard would require a rigorous interdisciplinary
effort over a period of three to five years. Until such a
standard is developed, it is incumbent upon the members of
the blood pump development community and the FDA
Device Evaluation staff to share the lessons they have
learned to advance the understanding of the pre-clinical
blood pump evaluation process. It is also incumbent upon
the FDA Device Evaluation staff to continue their difficult

1 AAM, 3330 Washington Boulevard, Suite 400, Aslington, VA 22201-4598,
Tel: {703) 525-4890.

2U.S. FDA, Center for Devices «nd Radiological Health, Office of Device
Evaluation, Division of Cardiovascular and Respiratory Devices, 9200 Corporate
Boulevard, Rockville, MD 20878, Tek: (301) 443-8262.
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job of fairly and expeditiously submitting reviews, while - can pump approximately five to six /min. Because of the

being cognizant of the need to revise their criteria as the
clinical experience with circulatory support systems grows.
Because of the uniqueness of each blood pump system and
its intended use, the development of a fixed true standard
may be an unachievable goal. A more farsighted approach
may be a continuing, interdisciplinary revision of 2 guidance
document for blood pumping systems.

B. Devices Currently in Chinical Development

The first section of this conference document reviewed the
devices currently available in the U.S. for intermediate or
long-term support. This section reviews the mechanical
circulatory support systems that are likely to enter clinical
trials as chronic support devices in the U.S. within the next
five years. Such devices fall into four major categories: 1)
continuous flow LVADs (including axial flow and centrif-
ugal flow pumps), 2) pulsatile LVADs, 3) the total artificial
heart and 4) devices without blood contact.

In general, these new devices first undergo extensive

ex-vivo reliability testing followed by chronic animal im-
plantations. The third phase is human trials, which gener-
ally begin with a single site and then expand to five to
twenty centers, testing the device initially as either a bridge
to transplantation or as a chronic implant. Clinical trials are
then performed to obtain PMA.
1. Continuous flow left ventricular assist devices. Con-
tinuous flow, or rotary devices, are currently of two basic
types: axial flow pumps and centrifugal flow pumps. They
have several potential advantages over current pulsatile
pumps: 1) they are smaller devices and therefore can be used
in smaller patients (less than the 1.5 m® body surface area
(BSA) required for most pulsatile devices); 2) they are
relatively simple, have fewer moving parts than pulsatile
pumps and thus may be less prone to mechanical failures,
although this is unproven; 3) because of the continuous flow
characteristics, they do not require 2 compliance chamber in
the system; 4) they have lower energy requirements; and 5)
the small size of the device and the pocket may decrease the
risk of infection, although this is also unproven. These
devices also have potential disadvantages that remain to be
quantified: 1) current axial iow pumps use bearings lubri-
cated by blood, and this area of relative stasis is a potential
source of in-situ thrombus or thromboemboli; 2) chronic
anti-coagulation is necessary; 3) some degree of hemolysis is
common, the long-term effects of which are unknown; 4)
the long-term effects of non-pulsatile (or essentially non-
pulsatile) flow are unknown; and 5) feedback control mech-
anisms for pump speed .are complex and unproven.

+. AXIAL FLOW PUMPS. Three axial flow pumps are likely to
undergo “first generation” chronic device trials in the U.S,,
with several trials underway in Europe. They include the
Nimbus/TCI IVAS, the Jarvik 2000 IVAS and the De-
Bakey/MicroMed IVAS. The axial flow motor is small and
contains rotary blades that spin at 10,000 to 20,000 rpm and

continuous flow properties of the axial flow pumps, there are
no valves in the system.

The Nimbus IVAS (HeartMate II) is a small (7 cm
length) axial flow pump that connects to the LV apex for
inflow and the ascending aorta for outlow (101). Under
normal operation, the inlet pressure to the axial flow pump
will be cyclical, varying with the systolic-diastolic phases of
the LV, creating some degree of pulsatility. An electromag-
netic motor (pump rotor) tumns the turbine. A low-pulse
mode produced by variable motor speed will also be avail-
able. Two cup-socket ruby beanngs suppoert the pump roter.
The outer boundary of the bearing’s adjacent static and
moving surfaces is washed directly by blood flow. The
pump’s speed can be controlled manually and by a proposed
auto-mode that relies on an algorithm based on pump
speed, inherent native cardiac pulsatility and current. A first
version of this device is powered through a percutaneous
small-diameter electrical cable connected to the system’s
external electrical controller. A fully implantable system is
under development.

The Jarvik 2000 Heart is a similar, compact (5.5 cm
length, 85 gm weight) axial low pump that receives inflow
from the LV apex and outflow through a Dacron graft
anastomosed to the descending thoracic aorta (102). The
rotor constitutes the only moving part of the device and is
supported at each end by tiny blood-immersed ceramic
bearings (103). The currently existing device is tethered to
an external electrical power source through a percutaneous
wire, but 2 subsequent totally implantable version will
contain & microprocessor-based controller that can sense
and change pump speed according to different phases of the
cardiac cycle and receive power via a transcutaneous energy
transfer system coil

The MicroMed DeBakey Axial Flow Pump is an elec-
tromagnetically actuated, implantable titanium axial flow
pump that connects to the LV apex and ascending aorta.
The pump is designed to produce flows of 5 I/min against
100 mm Hg pressure with a rotor speed of 10,000 rpm
(104). The currently existing design of this pump includes a
fixed rpm rate that can be adjusted through an external
device. During periods of patient mobilizations, power can
be supplied by two 12-volt DC batteries for several hours.

b. CENTRIFUGAL FLOW PUMPS. Centrifugal flow devices are
somewhat larger than axial flow pumps and provide non-
pulsatile flow, but the rotational speeds are much slower
(about 2,000-4,000 vs. 10,000-20,000 rpm}. The same
general advantages and disadvantages apply to centrifugal
flow pumps as to axial flow pumps.

The AB-180 Circulatory Support System is a small,
durable implantable centrifugal pump that receives inflow
from the left atrium and empties into the ascending aorta
{105,106). The rotor is powered by electromagnetic cou-
pling. A solution of distilled water and heparin provides a
high local concentration of anticoagulant within the pump.
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An occluder device prevents retrograde flow from the aorta
to the left atrium in the event of pump failure. Although it
is potentially useful for long-term support, the AB-180 CSS
will first be tested as a support device for post-cardiotomy
shock.

The HeartMate ITII LVAD is a centrifugal pump pow-
ered by magnetic levitation, a process that combines the
functions of levitation and rotation in a single magnetic
structure. The small pump rotor does not contain bearings
and is completely encased in titanium.

The CorAide® centrifugal blood pump is an implantable

LVAD with a suspended rotor that is noncontacting. The
pump produces 8 liters/min flow at 6.5 W.
2. Pulsatile flow devices. Excluding the Novocor and TCI
HeartMate (discussed under “Current State of Devices”),
pulsatile LVADs likely to enter long-term clinical trials
within the next five years are the Thoratec Intracorporeal
Ventricular Assist Device (IVAD), the Novacor II, the
Worldheart HeartSaver VAD and the Arrow Lionheart
VAD. Each of these chronic LVADs requires chronic
anti-coagulation with coumadin.

The Thoratec IVAD is designed as a small lightweight
device for left or biventricular support (107,108). This
IVAD maintains the same blood flow path, valves and
polyurethane blood pump sac as the paracorporeal Thoratec
device. The major advantage of this IVAD is its relatively
small size (339 gm) and simplicity in a pulsatile system that
can be implanted in patients ranging in weight from 40 to
=100 kg. Only the small blood pump is implanted in a
pre-peritoneal position with a small (9 mm) percutaneous
pneumatic drive line for each VAD connected to a more
complex control unit externally, where it can be serviced and
replaced. The pump is controlled with a small briefease-
sized, battery powered pneumatic control unit.

The Novacor IT miniaturized pulsatile pump is an exten-
sion of the current Novacor technology that substantially
reduces pump size. The single pump is replaced by two
small sac-type pumps, each driven by a central pusher plate
mechanism, supporting the LV output through multiple
pump cycles. The pusher plate is driven by direct electro-
magnetic actuation, resulting in a simple bearingless system.

The Worldheart HeartSaver VAD was designed as a
totally implantable chronic VAD and has several major
attributes: 1) the device is totally implantable and requires
no percutancous connections; 2) it is designed for implan-
tation in the left hemothorax adjacent to the natural heart
and can be anchored to the rib cage; 3) the deviee is
remotely monitored and controlled; 4) an internally im-
planted and rechargeable battery allows the patient to
partake in a vasiety of activities, unencumbered by any
external components; and 5) the device can be implanted
without cardiopulmonary bypass. The blood contact surface
of the sac is fabricated from polyurethane and the valves are
porcine tissue valves. An electromagnetic coupling device
transfers power across the intact skin and tissue. Wireless

Stevenson and Kormos, ef al. 367
Mechanical Cardiac Sapport 2000

monitoring and control of the device is provided by a
transcutaneous infrared biotelemetry system.

The Arrow LionHeart VAD is another totally implant-
able LVAD system with tilting disc valves in which trans-
cutaneous energy is transferred to implanted batteries (109).
The energy converter is based on a roller screw mechanism,
which in turn causes linear motion at a circular pusher plate
that compresses the polyurethane blood sac during systole.
In diastole the motor reverses to withdraw the pusher plate.
An intrathoracic compliance chamber maintains near-
thoracic pressures in the energy converter airspace. External
electronics consist of the energy transmission source, a
power pack, a battery charger and portable power supplies.
3. Total artificial hearts. Two total artificial heart systems
are expected to enter clinical trials in the U.S. within the
next five years. They include the Abiomed Total Artificial
Heart and the Penn State Total Artificial Heart. Both
pumps require chronic anticoagulation with warfarin *
anti-platelet agents.

The Abiomed Total Artificial Heart (AbioCor) is a
completely implantable system that can generate cardiac
output in excess of 10 liters/m. Powered by transcutaneous
energy via coils, an internal battery is included for 20 to
40 min of tether-free time. All blood-contacting surfaces,
including the two blood pumps and four tri-leaflet valves,
are fabricated from seamless polyurethane (angioflex).
Blood flow is maintained by a high-efficiency miniature
centrifugal pump, which operates unidirectionally, while a
cylindrical rotary valve alternates the direction of the hy-
draulic fluid flow between the left and right pumping
chambers. Left/right balance is achieved by adjusting the
right prosthetic ventricle stroke volume via a hydraulic shunt
mechanism that incorporates a balancing chamber attached
to the left prosthetic ventricle inflow port (110).

The Penn State/3M Total Artificial Heart is a totally
implantable device based on a rotor screw mechanism that
produces 8 liters/min with a stroke of 64 ml (111). Circular
pusher plates are attached to the two ends of the rotor screw
shaft, and a brushless DC electric motor rotates the screw
6.3 revolutions to provide a full pusher plate stroke with
1.9 cm linear motion. One pump empties while the other
fills, and the motor then reverses to eject the opposite pump,
A scamless polyurethane blood sac fits within each titanium
pump case, and Bjork-Shiley convexo-concave or Delrin
monostrut valves (2.5 mm inlet, 27 outlet) provide unidi-
rectional flow. Left/right balance is achieved by the use of
estimated end-diastolic volume from motor speed and
voltage. A compliance chamber is coupled to the housing to
accommodate volume changes caused by gas diffusion from
the blood and changes in atmospheric pressure. Energy is
passed through a transcutaneous system to an implanted
controller box and Nilco rechargeable battery (45 min
tether-free). There is a subcutaneous port for access to the
compliance chamber,

4. Devices without blood contact. Currently existing de-
vices without blood contact are designed for short-term
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support. However, the development of similar devices for
chronic therapy appears likely. The Abiomed Heast Booster
combines an LV volume constraining device with a con-
tractile component. Control of LV dilatation is effected by
a conical “jacket” that fits over the apex of the heart. The
contractile component is based on a change in the shape of
multiple thin-walled tubes from a circular cross-section to a
highly elliptical or flat cross-section, and vice versa. Rapid
hydraulic inflation of the tubes (toward a circular shape)
results in a smaller enclosed volume, and rapid deflation of
the tubes (toward highly elliptical shape) results in a larger
enclosed volume. When negative pressure is applied to the
tubes during diastole, the tubes collapse completely in such
a way that the pericardial wrap becomes a thin structure that
is ‘relatively pliable and does not impede diastolic filling.
The device wraps around the apex of the heart and, like
other volume constraining devices, does not require cardio-
pulmonary bypass for implantation. A smooth outer surface
is used to prevent tissue ingrowth around the outer surfaces
of the device and reduce diastolic dysfunction.

C. Concdlusions

Results and lessons learned from trials such as the RE-
MATCH trial will inevitably influence future trial design in
the field of mechanical circulatory support. As the field
moves ahead, it has become clear that no one trial design
will be ideal or appropriate for all devices, populations and
stages of development. A variety of research designs will be
necessary. Creation of a nationzl outcomes database for
advanced HF will facilitate effective trial design and identify
populations that may potentially benefit.

Responsible progress in this field requires the establish-
ment and maintenance of a mandatory registry that includes
all implantable devices, both before and after approval. The
combined effort of the various stakeholders is required to
address issues of funding, data format and management,
compliance and access, while balancing proprietary con-
cerns. A major achievement of this conference is the
recognition that the field will advance further and more
rapidly if the various groups involved in developing and
testing new devices can collaborate effectively in the future.
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