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SUMMARY

Beginning in February, 1970, the Nuclear Materials and Equipment Corporation
(NUMEC) undertook a program to design, develop and manufacture a radioisotope
powered cardiac pacemaker system. This work was initiated under Contract
Number AT(30-1)-4189 between NUMEC and the United States Atomic Energy Com-
mission -(AEC). The original contract was subsequently modified, effective
December 1, 1972 (Modification No. 12 Supplemental Agreement to Contract

.Number AT(11-1)-3057), with regard to work scope, and ARCO Nuclear Company,

and the ARCO Medical Products Company became the successors to NUMEC. NRC
Contract No. AT(11-1)-3057 replaced Contract No. AT(30-1)-4189 in its
entirety. The scope of technical work was specified to be:

1. Establish system, component, and process cost reduction goals using the
prototype Radioisotope Powered Cardiac Pacemaker (RCP) design and develop
production techniques to achieve these cost reduction objectives. ‘

2. Fabricate radioisotope powered fueled prototype cardiac pacemakers (RCP's)
on a pilot production basis, using the reduced cost techniques developed
in subsection 1 above.

3. Conduct Tiaison with the National Institutes of Health.

4. Conduct liaison with a Government-designated fueling facility for purposes
of defining fueling requirements, fabrication and encapsulation procedures,
safety design criteria and quality control and inspection requirements.

5. Develop and implement Quality Assurance and Reliability Programs.

6. Conduct performance, acceptance, lifetime and reliability tests of fueled
RCP's in the laboratory. .

7. Conduct liaison with Government specified medical research institutions
selected for the purpose of undertaking clinical evaluation of the RCP in
humans as required by the Commission.

8. Monitor and evaluate, on a continuing basis, all test_data.
9. Perform necessary safety analyses and tests.

Pacemaker designs were developed and quality assurance and manufacturing pro-
cedures estabiished. Prototype pacemakers were fabricated. A total of 126
radiojsotope powered units were implanted and have been followed clinically
for approximately seven years. Four (4) of these units have failed. Eighty-
three (83) units remain implanted and satisfactorily operational. An overall
failure rate of less than the target 0.15 percent per month has been achieved.
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II.

Purpose

The purpose of this final technical report is to summarize the data and
results of the Expanded Clinical Study of the ARCO Medical Froducts
radioisotope powered cardiac pacemaker. The study guidelines, standards
for patient selection, implantation requirements, and follow-up schedules,
are contained in the Research Protocol for C]inica} Eva]uation of the
NU-5 Model Nuclear Pacemaker dated March 25, 197413

Device Under Study

The NU-5D Model Pacemaker consists of a Plutonium-238 oxide electro-
conversion source that supplies power to a CMOS hybrid electronic circuit.
The demand unit is R-wave inhibited. Design specifications and operating
characteristics for ths NU-5D Pacemaker are listed in Table I. A photo-
graph of the pacemaker: is shown in Figure 1 with a cutaway view shown in
Figure 2.

Clinical Implant Status of the Nuclear Pacemakers

The NU-5 Model radioisotope powered cardiac pacemaker has been implanted
in humans for a period of seven years. The first implants were made on
April 9, 1973, concurrently at the Newark Beth Israel Medical Center in
Newark, New Jersey and at the National Institutes of Health in Bethesda,
Maryland. A total of 126 NU-5 Model Nuclear Pacemakers were implanted.
Eighty-three (83) pacemakers remain implanted, 43 having been explanted
due to various complications. Of the original 126 pacemakers, 59 were
fixed rate (NU-5F) and 67 were demand pacemakers (NU-5D). A total of
560.7 pacemaker years, or 6728 unit months of operational data has been
accumulated for an average follow-up per patient of 53.4 months. Current
projections indicate with a 90% confidence that a mission time of 11
years or more at 95% reliability will be achieved.

Tables 2 and 3 are computer printouts of the Nuclear Pacemakers Implanted
and the Nuclear Pacemakers Explanted, respectively. The pacemakers are
listed in numerical order with the fixed rate units first, followed by
the demand units. These tables include the vital data on =ach pacemaker
including the number of days each pacemaker has been implanted. Several
segments of the data have been coded as follows: (1) the physician,

(2) the hospital, (3) the manufacturers' listing, and (4) the reason a
pacemaker has been explanted. The first three data codes are being main-
tained at ARCO Medical on & confidential basis, while legend for the
reason for explanting is provided in Appendix B.

A summary of all the pacemaker removals is included in Appendix A. An
engineering evaluation of each of the returned pacemakers has been con-
ducted and the results are reported in the righthand column of Table 2
in condensed form.
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Clinical Implant Status of the Control Pacemakers

" There were also a total of 80 control non-nuclear pacemakers implanted

resulting in 252 unit years, or 3024 unit months of operational data

being accumulated and analysed with an average follow-up per patient of
37.8 months. - This control group was comprised of 65 mercury-zinc powered,
9 1ithium jodine powered, and 6 lithium thionyl chloride powered pacemakers.

Among the 65 mercury-zinc powered pacemakers, there have been 52.3% (34
units) removals, and 47.7% (31 units) faiiures. Thirty (30) of these 31
failures were due to the mercury-zinc battery depletion, and the remaining
one, & random failure, occurred 396 days after implant. At the time of
implant, mercury-zinc pacemakers were expected to fail due to battery
depletion in less than 5 years. Clinical observation shows a 2.9 year
average service life has been achieved. None of the 15 1ithium pacemakers
has failed. Six (6) have been removed and nine (9) are still functioning.
Additional data on the control pacemakers implanted and the control pace-
makers failed and removed is contained in Tables 4 and 5 respectively.

Statistical Analysis of Reliability

Statistical analysis of the clinical data indicates that the estimated
survival probability of the nuclear pacemaker is significantly greater
than that of the battery powered control pacemakers, 0.956 vs. 0.1227 at
seven years respectively. .

One of the statistical eval%i}ion procedures propesed by the Muclear |
Regulatory Commission (NRC) to establish -acceptable performance of
radioisotope powered pacemakers and to terminate further clinical evalu-
ation was based upon demonstrating to a high degree of confidence that

the failure rate experienced was less than that of an acceptable standard.
A pacemaker was considered to have failed if for any reason it fails to

.provide satisfactory pacing to the patient. The maximum acceptable

standard failure rate was determined to be 0.15% failures per month. This
standard was compatible with the electronic capabilities of conventicnal
pacemakers at the time. The radioisotope powered pacemaker was required
to meet this reliability with a minimum 90% confidence.

For the 4 failures actually experienced with the radioisotope powered pace-
maker, 5328 pacer months of observation is required to establish a 0.15%
per month maximum failure rate with 90% confidence.

The NU-5 has actually logged a cumulative 6727 pacemaker months of implanta-
tion exceeding the minimum required by almost 1400 pacer months. Thus,
ARCO's Model NU-5 pacemaker has demonstrated, with more than 90% confidence,
that its average monthly failure rate of 0.059% is less than or equal to
0.15%. Further clinical investigation of NU-5 pacemakers, therefore, has
been terminated.




VI. Statistical Analysis of Longevity

The statistical analysis in this report used follow-up data on 126 nuclear
pacemakers and 80 control pacemakers. The data is summarized in Table 6.

The cumulative probability of survival for both the nuclear and control
pacemakers is presented in Figures 3 and 4 respectively. The 95% lower
confidence bounds for the cumulative survival probabilities were obtained
using the methods outlined in Reference 2 and are also shown in Figures

3 and 4. The survival curves for the two types of pacemakers were com-
pared using the Mantel-Haenszel chi-square with one degree of freedom. (1)
The test resulted in a chi-square value of 60.1 (p<0.001) indicating the
curves are significantly different. From the survival probability curves,
it can be seen that while the nuclear pacemaker has achieved 96.5%
relijability with a 95% confidence bound of 92% at seven years of clinical
operation, the control pacemakers have only been able to maintain 12.3%
reliability for the same period. This is attributed to the fact that 30
control pacers have failed, that is, have been removed due to mercury-
zinc battery exhaustion.

As indicated above, four NU-5 pacemakers have failed out of the 126
implanted unZtg. According to the statistical test for randomness pro-
vided by NRC 4) the failure rate of this pacemaker does not change with
age. The probability to reject the hypothesis of constant failure rate,
when it is in fact true, is 0.5705, therefore, the conclusion can be
reasonably made that the failures are random.

VII. Patient Population Characteristics

A histogram of the age and sex distribution at the time of implant of the
nuclear and chemical powered pacemaker patients is provided in Figures 5

and 6. When comparing Figures 5 and 6, it can be concluded that the nuclear
patient is younger than the control patient. The average age of the nuclear
patient is 47 years while that for the control patient is 62 years at implant.
The proportion of males in the two groups is similar. Sixty-two percent

(62%§ of the nuclear patients were males, and sixty-five percent (65%) of

the control patients were males.

VIII. Nuclear Pacemaker Accountability and Follow-up

A1l the nuclear pacemakers have been accounted for except where the patients
have left the United States permanently. The righthand column of Table 2,
the Nuclear Pacemakers Implanted, is entitled "Contact". If a "Yes" is
printed in this column, this means the patient has been in contact with
their clinic, has an identification card, and has an identification bracelet.
If a "N/A" is printed in this column, it means the patient has left the
United States permanently.

IX. Closeout
Liaison was conducted with the National Institutes of Health for the

| purpose of updating clinical evaluation of the nuclear pacemaker in humans
. as required by the Commission. Test data has been monitored and evaluated
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on a continuing basis and semiannual status réports have been submi tted
to document this phase of the program.

Safety analyses and tests were conducted and the final Generic and.
Environmental Statement on routine use of Plutonium powered cardiac
pacemakers was issued by the U.S. Nuclear Regulatory Commission, Office
of Nuclear Safety and Safeguards in July, 1976. This completes ARCO
Medical Products Company's participation in the clinical studies of the
radioisotope powered cardiac pacemaker program.
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APPENDIX A

SUMMARY OF EXPLANTED NUCLEAR & CONTROL ﬁACEMAKERS

REMOVALS & FAILURES

Description of Reasons

REMOVALS

Patient Death (Non-Pacer Related)
Wound Dehiscence

Infected. Pocket

Competition

Lead Related Explant

Patient Requires Faster Rate Pacer
Pacer Erosion Reported

Pacer Reporfedvhot in Specificétion at Implant
or after Implant, Unit Normal on Return

Muscle Stimulation

Elective Replacement - Non-Pacer Related,
Pacer Normal

Loss of Capture, Non-Pacer Related

Pacer Explanted, Problem Reported Without
Details - Pacer Not Returned

FAILURES

Battery Depletion

Impending Pacemaker Wearout
Random Fai1ure1
Electronics Faﬂur"e2

Loss of Capture, Pacer Re]ated3

]NU-SF #78 Explanted 3/18/76, Excessive internal moisture
NU-5D #423 Explanted 7/11/75, Cracked case, loose wire in pacemaker

2

. No. of

Nuclears

w NN R Ew -0

- N

No. of

Controls

22

14
16

NU-5D #441 Explanted 2/7/75, No report avai]ab}e, rate increase

3

NU-5D #500 Explanted 9/28/77, Feedthrough failure



01
02
03
04
05

06

07
08
09
10
11
12
13
14
15

17
18

19
20

22

APPENDIX B

REASONS FOR THE EXPLANT OF A PACEMAKER

Battery Depletion

Impending Pacemaker Wearout
Patient Death

Wound Dehiscence (Opening)

Infected Pocket (Pacemaker Bursa
Infection)

Loss of Sensing Function, Pacer
Not in Design Specifications

Competition

Electronics Failure

Lithium Battery Failure

Nuclear Battery Failure

Random Failure

Delaminated Capacitor

Lead Changed, Pacer Removed

Patient Requires Faster Rate Pacer

Loss of Sensing, Patient or Lead
Related, Pacer Normal on Return
or Reimplanted

Electronics Damaged During
Defibrillation

Pacemaker Erosion Reported

Pacer Reported Not in Spec. at
Implant, or After Implant, Unit
Normal on Return

Loss of Capture, Non-Pacer Related

Feedthrough Failure (Advisory Group)

Pacemaker Rate Change, Pacer Qut of
Specification

Pacer Explanted, Problem Reported
Without Details, Pacer Not Returnad

23
24
25

26
27

28
29

30
31

32

34
35
36
37
38
39

40

49
42

Lead Could Not Be Removed From Pacer
Muscle Stimulation

Elective Replacement, Not Pacer
Related, Pacer Normal

Lead Could th Be Inserted Into Pacer,
or Set Screw Could Not Be Tightened

Pacer Rate Increase/Decrease Reported,
Pacer Normal Upon Return

Pacer Rate Change, Pacer in Specification

Loss of Capture, Non-Pacer Related (Plug
Missing, Fluid in Terminal)

Pacer Returned Because of Cracked Epoxy

Automatic Rate Equals Magnetic Rate,
Physiological Peasons

Non-Pacer Related Oversensing

- Set Screw Head Stripped

Pacer in Spec., Explanted Due to
Apparent Pacer Inhibition

Automatic Rate Equais Magnetic Rate,
Electronic Failure

Pacer Returned Without details; Pacer
in Specification

Pulse Width Variation due to Psuedo-
fusion; Pacer in Specification

Advisory Return, Pacer in Electrical
Spec. Upon Return

Loss of Capture, Pacer Related
Advisory Unit Not in Specification Upon
Return, Non-Feedthrough Related;
Pacemaker Sti11 Functioning.
Connection Problem

EMI Filter Capacitor Shunt; Results in
Low Qutput Amplitude



HUMAN TMPLANT MODEL NU-5 RADIOISOTOPE POWERED CARDIAC PACEMAKER

FIGURE 1
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SURVIVAL PROBABILITY
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" TABLE

- ARCG- MEDICAL PRODUCTS GEMPANY
MODEL NU-5' PACEMAKER

. CHARACTERISTICS AND NOMINAL DESIGN. SPECIFICATIBNS

~-AT BODY TEMPERATURE 6370 C) ACROSS 500 0HM LOAD
(%ize . L . .. .. e e e e e L. .+« 6 cmx 5.gmrx-3i2.80

NYolume . . . . . . . .. 'f . S 80.4 cc

Weight . . . . . . o o o000 s oo 120 grams

<Specific Gravity ... . . . . . . . ... .. 1.5
JCurrent Potsa Awplitude . . . . . . . . .. 8.0 + 2.0+ma
LPulse Width .. . . . . . .. .. .. ... 0.9+ .1'msec

AutomaticiBate . . ..o oo L L. 72 +-4 ppm

Escape'Rate . . . ... . « «.c « « .« . .« . . .BasiciBacing Rate * 2 ppm

 -Magnetic Test i Ret@ . « «.v o v« . eiiie .. Y8+ 5Cfbave Basic Racing Rate.

ERTTIN

‘Interference:Rate .. . . . ... . ... . ..... Sameds Magnetic Tedt Rate
REFPACEETY PEEIOU .0 v« wie o o oees . . o 475 060 mskc

R-Wave-Sensitivity ... . . . . . . o L 10 Y

-Life Expectangy . . . . . . . . e e e e e e 20 years
Open Circuit Vo]fdge Pulse :
AmpTitude . . ... . ciee e ete oo 4.2 volts
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TABLE VI

PERCENT OF TREATMENT FAILURES AND AVERAGE
MONTHLY TREATMENT FAILURE RATES

Nuclear Pacemakers

Control Pacemakers

Number of Implants 126
Number of Removals 39
Number of Treatment Failures 4
TOTAL EXPLANTS 43
TOTAL OPERATING 83

Average Months of Follow-up
Per Patient 53.4

Percent Treatment Failure 3.2

Average Monthly Failure
Rate x 100 0.059
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