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For about the past 10 years, the Atomic Energy Commission has been 

investigating the possibility of developing a complete artificial heart 

utilizing a Plutonium-238 source for power. Among the various problems 

associated with the development of this device is the effect of heat and 

radiation from the plutonium source. Since 19^8, our organization has 

been investigating the biological effects of radiation from such power 

sources. 

Since a plutonium power source would elaborate both heat and radia

tion, it was necessary for us to develop a mock soiorce which would simulate 

the radiation flujc from a 30 Watt Plutoniuia-238 source but would not have 

any associated heat. For this purpose, we employed Californium-252 to 

provide the neutron flux of Plutonixam-238 and Strontium-90-Yttrium-90 

Bremsstrahlung sources to provide the additional photon component to bring 

the gamma radiation flux from the Californium up to that of a 30 Watt 

Plutonium source. This combination approximated very closely the radiation 

characteristics of a 30 Watt Plutonixim-238 source. 

Since, at the time our studies were initiated, there was no consensus 

as to what form the thermal converter unit might take, we decided to use 

a stainless steel hollow ball, 333 ml in volume having an outside diameter 

of 3-25 inches, as our basic implantation device. The stainless steel 

sphere was fitted with an interior aliuainum tube, 3/^ of an inch outside 

diameter, -which contained 2 plugs to provide a central interior cavity 

for placement of the radiation sources (Fig. l). This stainless steel 

implantation capsule was then loaded with the appropriate soiirces, sealed, 

covered -with medical grade silicone rubber, and implanted in the experi

mental animal (Fig. 2). 



Initially, four source configurations were employed. These 

included a nominal so-urce or soiirce that would produce the same 

radiation flux as that of a 30 Watt Plutonium-238 source, hereafter 

designated Ix; a source which -would deliver 5 times the amount of 

radiation expected from a 30 Watt Plutonium-238 soiirce, designated 5x; 

a source which delivered roughly 15 times the amount of radiation 

expected from a 30 Watt source, designated 15x; and a source which 

provided approaximately TO times the fliix of a 30 Watt Plutonium source, 

designated 70x (Table l). As sho-wn in Table 1, the Ix source approxi

mated very closely the radiation flux of a Plutonium-238 30 Watt source 

as measiired at the Pacific Northwest Laboratory. 

The experimental animal chosen for our studies was the Labrador 

Retriever dog. This animal was chosen since it had a relatively long 

life span and was of a size that would allow us to implant a device 

similar to that -which might be used in the human being. The implantation 

capsules were placed in the left flank of the dog between the internal 

and external abdominal oblique muscles; thus, roughly a retroperitoneal 

position of the soiurce was assured. 

A total of 5 groups of ajiimals containing 12 dogs each was implanted 

between the years 1969 and 1973. The first group, implanted in 19^9, 

contained k blanks, (i.e. animals receiving only the onpty implantation 

capsule), h animals which received 15x sources, and h animals which 

received 70x sources. In 1970, 2 groups of animals were implanted. 

Each of these groups contained ^-blanks, ii-lx, and k-^x sources. In 

both 1971 and 1973, additional groups were implanted, again containing 

k blanks, U-lx, and h-^x sources. The projected duration of observation 



on these animals as explained previously was variable for the group 

implanted in I969 and thereafter ranged from 2-10 years (Table 2). 

The initial group of Ix and 5 x animals, implanted in 1970, was killed 

in 1972, and this constituted the 2-year observation group. In 

addition, 9 of the 12 dogs in the group implanted in I969 have been 

killed to date, including all of the 70x animals, 3 of the 15x animals, 

and 2 of the blanks. Thus, 3 members of that group are still living, 

2 blanks and l-15x animal. The animals in this group were sacrificed 

when degeneration of the preparation had advanced to such a state that 

either death of the animal or sloughing of the implant -was imminent. 

This occurred anywhere from 3 months to 2^ years after implantation. 

Thus, at the present time, 3 full groups constituting the 5, Ih, and 

10 yesir time period, as well as 3 animals from the originial group are 

still alive. In addition, two animals which were offspring of one of 

the 70x bitches and which were continuously irradiated during gestation 

have been included in the study, making a total of in dogs still being 

evaluated at this time. 

In all animals used in this study, a battery of clinical tests has 

been performed at monthly intervals. Each animal has had a series of 

5 determinations for each of the profile parameters performed before 

implantation. Thus each animal acts as its own control. Monthly 

evaluations of this same profile of clinical parameters after implanta

tion allows comparison of each animal -with its pre-implantation results 

as well as with the population mean. The studies include evaluation of 

hematological parameters, serum electrolyte determinations, liver function 

evaluations, kidney function evaluations, and others (Table 3). 



Radiation doses to various organs and sixrfaces from the sources 

used are shown in Table h. This table gives figiires for the 70x 

sources only, but the dose equivalent for any of the smaller soiirces 

can be determined by suitable calculation. Thus, the left flank over 

the capsule site received a total of 16OO millirads per hour in the 70x 

animals while the eye received only 2 mR per hour. The photon fl-uxes 

contributing to this radiation dose were determined by actual measure

ment in cadavers using thermoluminescent dosimeters. The neutron fluxes 

were determined by extrapolation from data accumulated by the Pacific 

Northwest Laboratory. The total dose to selected organs for a 70x 

animal in a one-year period are sho-wxi in Table 5. Thus the descending 

colon -was estimated to receive a total of roughly 10,000 rads in a one-

year period and the testes received about 1,000 rads dxiring the same 

length of time. 

[The condition of the implant site at autopsy for each of the 21 

dogs killed to date is sho-wn in Table 6. Virtually all of the blanks, 

Ix, and 5x animals were sho-wn to have thin, viable connective tissue 

capsiiles surrounding the implant. In some cases there -was a slight 

mononuclear infiltration indicating a slight foreign body reaction, 

and in some of the Ix and 5x animals the innermost layers of the 

connective tissue membrane were necrotic, indicating a possible reaction 

to the radiation dose received over two-years. The most severe lesions, 

however, were seen in the three 15x animals and the four 70x animals 

killed from -within k months to ^ years after implantation. In two of 

the 15x animals there was a thin, viable capsule, but one of these 

was killed k months after implantation and the other 1 year after 

implantation. The third 15x animal, killed at 2^ years after implantation, 



showed a severe pyogranuloma at the implantation site. This condition 

developed some 2 years after implantation and was felt to be an 

endogenous infection in the area. In addition, all h of the 70x 

animals showed severe reaction at the implantation site. All four 

had pyogranulomas, and, in two of the animals, t-umors had also 

developed at the implantation site: in one case, a mast cell sarcoma 

and in the other case, a fibrosarcoma. These tumors were associated 

with a radiation dose of from 30-i)-9,000 rads. 

It was felt that the two tumors may be radiation associated since 

in both cases, the tumors occurred at an unusual site for their type. 

Further, there was metastasis of the mast cell tumor to a regional 

lymph node, which is unusual for this tumor, and the fibrosarcoma had 

mets.stasized to the ipsilateral kidney. 

A gross specimen of a non-reactive connective tissue capsule is 

sho-Vvii in Figure 3. Figure ^ is a picture of the ball removed from the 

same animal after two years of implantation showing the lack of 

reactivity around the ball. Figure 5 is a photomicrograph of a normal, 

non-reactive, viable connective tissue capsule surrounding one of the 

blarik implants. Figure 6 is a gross photograph of the connective tissue 

capsule surrounding the implant site in animal No. 226, displaying a 

large pyogranuloma at the implant site. Figure 7 is a photomicrograph 

of this lesion sho-wing massive infiltration -with leukoycytic elements 

and mononuclear cells. Fig-ure 8 is a gross photograph of animal No. 255 

which developed a mast cell tumor. The large nodule shown in the lower 

right hand portion of the implant site constitutes the main body of the 

tumor. Figure 9 shows a photomicrograph of the t-umor seen at the implant 

site. 



In addition to the changes seen at the implant site, another change 

observed in these animals has been a change in the sperm count of semen 

samples which were taken at roughly yearly intervals since implantation. 

These data are sho-wn in Table 7. From the table it can be seen that the 

sperm count decreases -with increase in the magnitude of the radiation 

source implanted. Thus in the 15x and 70x animals, no sperm were 

seen in any of the samples dra-wn. 

If one looks at the blanks, Ix, and 5x animals, a gradual decrease 

in sperm count is found with increasing size of implant. While the 

data at any one time period are not statistically significantly different, 

one from the other^when the data are pooled, there is a significant 

difference between the blanks and the 5x animals, while there is no 

significant difference between the blanks and the Ix animals. This 

decrease in sperm count corresponds nicely -with the lesions seen in the 

testes as reported in previous progress reports and as sho-̂ -m in Fig. 10. 

One bitch was implanted with a 70x source and killed at 2^ years 

after implantation. The ovary on the same side as the implant was 

grossly much smaller than the contralateral ovary, and microscopic 

examination of this ovary revealed a complete cessation in follicular 

development. On the other hand, the contralateral ovary appeared to 

be functioning normally. 

Lesions seen at autopsy are summarized in Table 8. Very few 

changes were observed which could be attributed to radiation in the 

endocrine, CNS, skeletal, circulatory, respiratory, digestive, or 

uriary systems. The only lesions seen were in the lymphoid, hemopoetic, 

and genital organs. The testes showed increasing hypospermatogenesis 



as radiation dose Increased, and this corresponded to the decreased sperm 

counts mentioned previously. The lymphoid system showed atrophy of 

splenic and lymphoid elements in the 15x and 70x animals. In addition, 

there was mild bone marrow hypoplasia in the 70x animals, and possibly 

myeloid hyperplasia in some of the 15x animals. The lesions seen in the 

lymphoid and hemopoetic systems corresponded to the total white blood 

cells and differential count changes seen after implantation. These 

changes are svimmarized in Table 9- It can be seen that in the 70x 

axiiiEals, total white count decreased from an average of 13,300 pre-

implantation to 9,300 from 0-2̂ 1 months after implantation. This 

corresponded with a drop in the percent lymphocyte count from 21-9^. 

This was a significant change and one that was seen to a lesser extent 

in the 15x animals where the percent lymphocyte count dropped from 25^ 

to 15^. In all other parameters, there -was no change that was related 

to the radiation dose received. 

In summary, the results of our studies to date indicate that -while 

certain changes do occur as a result of radiation from nuclear power 

sources which might be used to power artificial hearts, these changes 

are very minimal when the radiation dose of a 30 Watt soiorce is being 

considered. Significant changes in our studies to date have not 

occurred in the Ix and 5x animals; however, significant and severe 

changes have been noted in the 15x and 70x animals. It is possible 

that -with increasing time, as the total radiation dose in the Ix and 

5x animals approaches that administered much more rapidly to the 15x and 

70x animals, that these types of changes may begin to occxir in the 

lower dose rate animals. The next group of animals, which -will constitute 

the 5 year group, is due to be killed in 1978. 



In addition to the clinical data accumulated during the past year 

we have also developed computer programming to store and manipulate the 

data collected. In support of this work, the Atomic Energy Commission 

has funded the pturchase of a double channel auto analyzer system d-uring 

the past year. This system will be shipped shortly after coinpletion of 

a technical training program by the technician involved. When this unit 

is in operation, we will be able to handle the collection of clinical 

data and its storage by the computer much more readily since the data 

can be fed directly from the auto analyzer to the computer and all 

calculations and storage of data accomplished automatically in this 

manner. While this instrument can only be used at present to evaluate 

approximately one-half of the parameters in the clinical profile, it 

still should provide a great savings in time and allow the technical help 

to spend more of their time working in the implantation program for a 

Plutonium-238 source as outlined in the accompanying proposal. 



TABLE 1 

Dose Rate in Tissue (H^O) From Simulated Sources Implanted in Labrador Retriever 

Dogs Compared to Estimated Dose Rate from 30 Watt Plutonium-238 Source (Electro 

fined metal) Under Similar Conditions 

Source Total Dose Rate (mrads/hr) at Given Factor x 
Contents Distance From Surface of Capsule (cm) Nominal 

0,373 yg Cf 

500 mCi Sr 

0.745 yg Cf 

100 mCi Sr 

0,373 yg Cf 

30 mCi Sr 

0.745 yg Cf 

6 mCi Sr 

1 

1991 

398 

158.4 

27.6 

5 

602 

120 

46.5 

8.1 

10 

225 

45 

16.7 

2.9 

72 

14.4 

5.7 

1 

238pu 28.2 8.6 3.2 

30 Watt 



TABLE 2 

Groups and Status of Dogs in Biological Effects of 

Cardiac Nuclear Power Source Study 

Group 
No. 

I 
II 
III 
IV 

V 

Implant 
Year 

1969 

1970 

1970 

1971 

1973 

No. of 
Dogs 

12 

12 
12 
12 
12 

Sources 

15,70 X nominal 

1,5 X nominal 

1,5 X nominal 

1,5 X nominal 

1,5 X nominal 

Observation 
Time 

? 

2 years 

10 years 

7.5 years 

5 years 

Kill 
Year 

1972 

1980 

1978 

1978 

Status 

9 killed, 3 alive 

Killed 

In Progress 

In Progress 

In Progress 



TABLE 3 

Physiological Parameters Monitored In 

Labrador Retriever Colony (36 dogs) 

Parameter 

Blood Studies 

Total WBC 

Packed Cell Volume 

Differential WBC 

Bands 

Segmenters 

Lymphocytes 

Monocytes 

Eosinophils 

Serum Electrolytes 

Sodium (mg/1) 

Potassium (mg/1) 

Calcium (mg %) 

Serum Proteins 

Total Protein (gms %) 

A/G ratio 

Serum Enzymes 

SCOT 

SGPT 

Serum Lipase 

Prothrombin Time 

Blood Sugar 

Blood Urea Nitrogen 

Serum Creatinine 

Normal 
Value 

12863 

43 

0.2 

62 

25 

7 

6 

173.7 

7.1 

11.0 

6.4 

1.50 

42 

46 

0.4 

9.8 

82 

18 

0.94 

S.D. 

1791 

3.3 

0.3 

5.6 

3.7 

1.1 

4.0 

10.5 

0.8 

0.6 

0.6 

0.26 

13.5 

18.6 

0.2 

0.8 

9.0 

2.0 

0.17 



TABLE 4 

Dose Rates to Various Organs and Surface Sites from Source Capsule 

Containing 500 mCi ^05^* and 0.373 yg 252cf** 

Site 

Internal 

Descending Colon 
Spleen 
Liver 
Cecum 
Kidney 

Surface 

Left flank 
(over capsule) 

Anterior testes 
Eye 
Thyroid gland 

Distance to Surface 
of Capsule (cm) 

3 
6 
19 
16 
17 

0.5 

15 
67 
51 

Dose Rate 
(mrads/hr) 

1100 ± 150 
460 ± 62 
60 ± 4 
190 ± 13 
190 + 17 

1600 ± 100 

88 ± 28 
2.0 ± 2 
26 ± 8 

*Measured in cadaver 
**Estimated from PNL studies 



TABLE 5 

Total Organ Doses to Large Source Dogs 
(.373 yg Cf, 500 mCi ^osr) Over One Year 

Period Since Implantation 

Organ 

Descending Colon 

Spleen 

Liver 

Right Kidney 

Testis 

Total Dose 
(Rads) 

9640 

4040 

525 

2530 

1080 



TABLE 6 

CONDITION OF IMPLANT SITE AT AUTOPSY 

IMPLANT 

0 

Ix 

5x 

15x 

70x 

DOGS 
NO. 

6 

4 

4 

3 

4 

TVC* 

5 

1 

2 

TVC 
MNI** 

1 

1 

TVC 
NIL+ 

3 

3 

PG-f+ 

1 

2 

PG 
TUMOR 

2 

/ DOSE 
(Rads) 

0 

500 

2500 

11,700 

19,000-49,000 

n V C -' Thin Viable Capsule 

*'"MNI - Mononuclear Reaction 

•'-NIL - Necrotic Inner Layer 

•n-PG - Pyogranuloma 



TABLE 7 

SPERM COUNTS OF DOGS IMPLANTED WITH 

SIMULATED 2 38pu pgwER SOURCES 

IMPLANT 
TYPE 

DATE 

BLANK 

Ix 

5x 

15x 

70x 

Normal 

11/70 

— 

1.3 ± 0.9 

0.9 ± 0.6 

0.7 

— 

1.5 0.8 

SPERM COUNT (PER MM^) x 10= ± S.D. 

12/71 4/72 6/73 3/74 

4.2 ± 2.1 2.6 ± 2.1 2.4 ± 0.5 2.6 ± 1.6 

4.1 ± .0.3 2.0 ± 2.2 1.8 ± 0.8 1.8 ± 0.9 

2.8 ± 1.3 1.2 ± 1.3 1.3 ± 0.9 1.2 ± 0.8 



TABLE 8 

SUMMARY OF LESIONS SEEN AT AUTOPSY 

(ANIMALS KILLED 3 MONTHS - 3 YEARS AFTER IMPLANT) 

SYSTEMS 

TREATMENT 
AND NO. 

0-6 

lx-4 

5x-4 

15X-3 

75X-4 

CIRCULATORY 

Mild Mitral 
Fibrosis 

Mild Mitral 
Fibrosis 

Medial 
Mineralization 
Aortic Arch 

Endocardial 
Hemorrhage 
Aortic 
Mineralization 

Mild Valvular 
Fibrosis 
Mineralization 
Aorta 

RESPIRATORY 

Focal Chronic 
Pneumonia 

— 

Mild Pneumonia 

Pulmonary 
Edema, 
Fibrosis 

. . . 

DIGESTIVE 

Typhlitis and 
Esophagitis 

Mild Lymphoid 
Hyperplasia 

" • — — 

Esophageal 
Hyperplasia 
Enteritis 

Ulcerative 
Esophagitis; 
Mucosal 
Hyperplasia 

URINARY 

Pyelitis 
Urethritis 
Ascarid 
Granulomas 

Pyelitis 
Ascarid 
Granulomas 

Focal 
Nephritis 

Heteroplasia 
of Urinary 
Bladder 
Ascrid 
Granuloma 

Hemorrhage of 
Heteroplasia; 
Tumor 
Metastasis 

GENITAL 

Mild Prostsititis 
Hyperplasia of 
Uterine Mucosa 

Hyperplasia of 
Uterine Mucosa 

Mineralization of 
Prostate 

Hypospermatogenesis 

Prostatitis 
Aspermatogenesis 



TABLE 8 

(contd.) 

SUMMARY OF LESIONS SEEN AT AUTOPSY 

(ANIMALS KILLED 3 MONTHS - 3 YEARS AFTER IMPLANT) 

SYSTEMS 

TREATMENT 
AND NO. 

0-6 

lx-4 

5x-4 

15X-3 

70X-4 

ENDOCRINE 

— 

— 

—_» 

CNS 

— 

— 

.... 

LYMPHOIC 

Tonsillar 
Hyperplasia, 
Tonsilitis 

Lymphoid 
Atrophy 

Lymphoid 

HEMOPOEITIC 

— 

Myeloid 
Hyperplasia 

SKELETAL 

Hip Dysplasia, 
Osteoarthritis 

Hip Dysplasia 
Osteoarthritis 

Atrophy, 
Splenic 
Hemopoiesis 

Bone Marrow 
Hypoplasia 

Hip Dysplasia 
Osteoarthritis 



• rn n 1 r-
IMDLC 

Blanks 

SUMMARY OF CLINICAL DATA ON ANIMALS KILLED AT 3-37 MONTHS 

WBC L PCV SGPT TP BUN Sugar 
(Per MM3) {%) {%) (SF Units) (g %) (mg %) (mg %) 

PI 

0-36 

Ix 

PI 

0-36 

5x 

PI 

0-36 

15x 

PI 

0-36 

75x 

15,000 

13,000 

12,800 

12,700 

13,500 

11,900 

11,000 

9,500 

24 

22 

25 

16 

21 

21 

25 

15 

41 

47 

42 

44 

41 

44 

43 

47 

22 

37 

43 

34 

36 

32 

61 

29 

6.9 

6.8 

7.0 

6.4 

6.4 

6.8 

6.4 

7.0 

16.6 

23.6 

18.2 

20.1 

17.2 

22.2 

17.8 

16.0 

79.2 

67.4 

100.8 

67.2 

96.9 

61.8 

76.2 

72.5 

PI 13,300 21 44 - 5.4 19.8 73.7 

0-24 9,300 9 38 24 7.0 18.6 71.0 
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Figure 1 

Schematic diagram of implantation capsule 
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Figure 3 

Gross specimen of non-reactive tissue capsule which surrounded 

a iDlank implantation capsule 



• 

Figure k 

Blank implantation capsxile removed from dog after 

2 years of implantation 



Figure 5 

Photomicrograph of thin viable connective 

tissue capsule. H+E. xho. 



Figure 6 

Gross specimen of the connective tissue capsvile of dog #226 

showing a large pyogranuloma at the implant site 



Figure 7 

A. Photomicrograph of pyogranuloma shoving massive 
leiOcocytic infiltration. H+E. xlO. 

B. Same. xUo. 



Figure 8 

Gross specimen of implantation site of dog #255 showing tumor 

nodule in lower right hand portion of implantation cavity 



Figure 9 

Photomicrograph of mast cell tumor in tissue capsule 

surrounding implant of dog #255. H+E. xkO. 



Figure 10 

A. Photomicrograph of normal seminiferous tubules. H+E. xko. 

B. Photomicrograph of seminiferous tubules from dog #25!+ (TOx) 

show complete lack of spermatogenesis. H+E. xUO. 


