
METHODS AND RESULTS

Production of potassium-38. Details of the cyclotron
facility at The Sloan-Kettering Institute for Cancer
Research were described previously (7,8).

The amounts of K-38 were assayed with a standard
well ionization chamber. The radionuclidic purity was
assessed with a Ge(Li) gamma ray spectrometer, and
with a G-M detector for pure 13 emitters, none of which
were found.

I. 35C1(4He,n)38Knuclear reaction. One of the targets
used by Hurst and Walke in their discovery of K-38 in
1937 (9) was chlorine, as either lithium or sodium
chloride. A strong radioactivity was induced by the
35C1(4He,n)38K nuclear reaction when these targets
were bombarded with 11-MeV He-4 ions. Chlorine-35
comprises 75.77% of natural chlorine, and the remainder
is chlorine-37 (3).

Ã­a.Chlorine target, as sodium chloride. The simplest
method, giving the best yields of K-38, involved born
bardment of sodium chloride with 50 j@Aof I 4.7-MeV
helium-4 ions. One hundred milligrams of NaCI were
deposited on a heated tantalum target-holder plate by

Potassium-38 interests us (1) principally for poten
tial applications for myocardial imaging and as a ra
dioindicator for studies involving the rapid turnover of
â€œnewâ€•potassium (2) in other organs or tumors. Its
7.613-mm half-life (3) with low radiation exposures
permits studies to be performed repeatedly to follow the
course of disease or of changes induced physiologically
or pharmacologically. Since K-38 is a positron emitter,
positron tomography may be used to determine the loci
of accumulations of â€œnewâ€•potassium (2).

We present our results on methods for the generation,
by means of a small cyclotron,* of multimillicurie
amounts of K-38 for medical use (Table I ) (4,5).

Lambrecht et al. (6) recently have reported the pro
duction of K-38 in the 40Ar(p,3n)38K nuclear reaction
by bombarding argon gas with 32-MeV protons. The Q
value of â€”23.2MeV (5) precludes the use of this method
with a small cyclotron.
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A method is descrIbedfor generatIng20-30 mCI of 7.6-mm potasslum-38by
meansof a smallcyclotron.SodiumchlorIdeIs mountedon a water-cooledtanta
lumplate, by evaporationfroman aqueoussolutIon.It is bombardedwith 14.7-MeV
hellum-4 Ions,at 50 @zA.The K-38 Is producedfree of other radlonuclides.For In
travenous InjectIonthe bombardedNaCI Is dIssolvedIn suffIcIentpyrogen-free
water to make an IsotonIcsaline solutIon,which then Is sterilized by filtration.
Other methods of production Investigated were the bombardment of: carbon tetra
chloride with He-4 ions;calcium oxide with 7.8-MeV deuterons;and potassium
chloridewith23-MeV He-3 ions.Thesegave productsthat were unsuitablefordin
ical applications.Chieflybecauseof the shorthalf-lifeof K-38, the whole-bodyra
diationexposureIs estImatedto be onlyabout 12 mrad/mCi, andexposuresto the
heart and kidneys are approximately ten times greater.
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TABLE1. GENERATIONOF POTASSIUM-38WITh A SMALLMEDICALCYCLOTRON

NaCI(solid) 35Cl(4He,n)@K 0.4â€”1.0
(aver. 0.6)

0.2â€”0.8

None
found
None
found

43Scsmall
amount
@Scsmall
amount

No chemistry,
high yield

Chemistry required,
high yield

Chemistry required,
lowyield

35C1(4He,n)38KCCI4(liquid)

CaO(solid) 40Ca(d,4He)38K 0.28

Chemistry required,KCI (solid) 0.12
@Cllarge

amount
much carrier K,
very low yield

slowly evaporating an aqueous solution of reagent-grade
sodium chloride. The target had an elliptical shape with
axes about 2 X 4 crn, and the He-4 beam struck the
target at an angle of 30Â°to the long axis, thereby dou
bling the effective thickness of the target (Fig. 1). Tan
talum was chosen to support the target because it was
found to be inert to molten sodium chloride when heated
in helium to 850Â° for 30 mm. Nickel, stainless steel,
â€œHavar,â€•and copper reacted with NaCl under these
conditions. The target is held in place under vacuum at
the end of the cyclotron's external beam tube. After ir
radiation, the bombarded NaCI containing about 50 ppm
of potassium is washed off the tantalum plate with 10 ml
of pyrogen-free water. This forms a nearly isotonic saline
solution containing ionic K-38. After sterilization by
passing through a 0.22-sm Millipore filter, the solution
(p1-I6.5) is ready for injection. The product from five
batches was tested and found to be sterile and pyrogen
free.

At the end of a 15-mm bombardment with 50 zA of
He-4 ions, 20â€”30mCi of K-38 are generated, and 10â€”I5
mCi are available in injectable form. The average yield
for 21 production runs was 0.58 Â±0. 17 mCi/zA at the
end of a saturation bombardment. When a thick target
ofcompressed NaCI was bombarded at a beam current
of only 1 @A,the saturation yield was I .5 mCi/MA.

TargetPlate(Ta)â€”@=@@::1///-0.05â€•thick
Cyclotron@ /VacuurntUb:@@Beam

â€˜11 @vA@TA@ I
Cooling@ T@
Water@@ f//@@-@r@4 3/4@â€¢Collimator

0-Rungs

2

FIG. 1. Water-cooled target system used in production of K-38.
About 100mg of NaCIis depOsitedby slow evaporationon tantalum
targetplateinellipticalshape(axes3.8 and 1.9 cm).

No radioactive contaminants have been detected, al
though one might expect that minute amounts of Ar-37,
K-40, Al-26, and Cl-34m might be present (see Table
2). Theenergyof the He-4ionsis too low to produce
undesirable radioactivity from the target's medium-Z
supporting material. The radioactivity of the K-38
product followed an exponential decay with a half-life
of 7.7 :1:0. 1 mm over a 58-mm period.

The product was tested for the presence of hypo
chlorite with lead acetate paper, and for chlorate with
MnSO4-H3P04; the negative results indicated <10

@g/ml.
lb. Chlorine target as carbon tetrachloride. Liquid

CC14 was bombarded with the He-4 ions, which pene
trated thin metal-foil windows into a liquid-target
chamber. Radiolysis released chlorine, which corroded
the metal windows. â€œHavarâ€•foils, 1.3 X iO@ cm thick,
and titanium or nickel foils twice as thick, all failed to
withstand the corrosion for more than two bombard
ments.

Tantalum foil, 2.5 X l0@ cm thick, was not attacked
significantly, but the yields of K-38 were low because the
thick foil absorbed much of the l-Ie-4 beam. We are ex
ploring the feasibility of developing a flowing CCI4 target
to generate K-38 continuously.

Separation of K-38 from the bombarded CCLItargets,
batchwise, merely required shaking the CC14with about
10 ml of 0.1 N HCI in a separatory funnel. Potassium-38
passed into the aqueous phase, which was separated and
rapidly evaporated to dryness. The K-38 was then taken
up in normal saline solution, which was passed through
a O.22-Mm Millipore filter.

II. 40Ca(d, 4He)38K nuclear reaction. Hurst and
Walke (9) bombarded calcium metal with 5.5-MeV
deuterons and were able to separate K-38, which was
contaminated with radioactive scandium. We tried
calcium oxide and 7.8-MeV deuterons, and ran into the
same problem (Table 1). At this energy, moreover, the
cross section for K-38 is only a few millibarns (10), and
the yield is low.

III. 39K(3He,4He)38K and 37C1(3He,2n)38K reac
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1'39K(3He,4He)38K
137Cl(3He,2n)@K



.TargetNuclear0

valueEmjnnuclidereactionProduct
Half-life (MeV)(MeV)
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TABLE2. ENERGETICSOF He-4 NUCLEARREACTIONSWITh NaCI

CI-35 4He;n
4He;d
â€˜He;'He,n
4He;2n
4He;n
â€˜He;2n
4He;n
4He;2n
4He;He,n

K-38
Ar-37
Cl-34m
K-37
K-40
K-39

AI-26
Al-25
Na-22

7.6mm
34day
32 mm
1.2sec
iO@yr

Stable
7X lO5yr

7.2sec
2.6yr

â€” 5.88

â€” 8.77

â€”12.63
â€”17.93
â€” 3.88

â€”11.68
â€” 2.96

â€”14.31
â€”12.42

6.55
9.77

14.07

4.30

3.47

14.58

Cl-37

Na-23

.WhereEmin0value(massofcompoundnucleus/massoftarget).

tions. When solid potassium chloride was bombarded
with 23-MeV He-3 ions, the yield of K-38 was only 0.12
mCi/MA at saturation, and the residue of stable potas
sium raised the toxicity beyond tolerance. Furthermore,
contaminating Cl-34m and Sc-43 would necessitate a
chemical separation (Table 1).

Potassium-38 studies in animals. Using several NaC1
targets, we were able to carry out a series of scans of a
pentobarbitalized rhesus monkey at 8, 15, and 30 mm
after injection of a solution of K-38 intravenously, and
to repeat such a series at hourly intervals. A dual-head
rectilinear scanner for high-energy photons was used to
make the images (11).

The heart was visualized well in all three images in
each series, although the best contrast was obtained in
the first image (Fig. 2). Potassium-38 also accumulated

@â€”HEART
@â€”L@ VE R â€”>

*- KIDNEYS>
+ SPLEEN7

@-BLADDER-@

B

FIG.2. Sequentialrectilinearscansof rhesusmonkey.(A)8-33 mm;
(B)15â€”40mmafterinjectionof 8 and9.5 mCi,respectivelyof K-38
in salIne.Bothscansare anteriorviews; left sideof monkeyat right
offigure.G'ay-scaledisplayconsistsof20equallyspacedlevels,
corrected for decay to start of scan.

rapidly in the liver, spleen, gut, kidneys, and lower part
of the head (possibly the salivary glands). The effects of
several drugs upon the uptake of K-38 by the myocar
dium are under study and are being reported separately
(12).

Temporal clearance rates in the heart and liver of a
dog (Fig. 3) were determined with a computerized
gamma camera. Both organs showed rapid uptakes of
the K-38 from the blood. The K-38 was retained without
significant loss for 2â€”10mm after the i.v. injection. Poe
showed that K-42 remained at plateau level in the heart
from 5 to 20 mm, then cleared with a half-time of 6.5 hr
(13).

CONCLUSIONS

Potassium-38 is generated readily by bombarding
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FIG. 3. RadioactivIty in heart and liver regions as function of time
followingK-38 administrationto anesthetizeddog.Dynamicdata
wererecordedanddisplayedusinggamma-camerasystem;reg@ns
ofinterestcwcumscribingheartandliverwaredefinedandinte@'ated
count rate, corrected for nuclear decay, was computed for appro
priate time intervals.
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TABLE3. RADIATIONPARAMETERSFOR K-38(T112 7.6MIN)Radiation

(I)Mean

no.
per disintegration

(N1)Mean

energy
per particle

E1(MeV)Equilibrium
dose constant

i@(g-rad/jzCi-hr)Positron

Gamma 1
Annihilation0.99

1.00
1.981.142

2.170
0.5112.408

4.622
2.155

01(Kidney-source)
Source Gamma 1 Annihilation01

(Heart-source)Gamma
1Annihilation
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chlorine, in the form ofNaCl or CC14, with 14.7-MeV
I-Ie-4 ions furnished by a small medical cyclotron. The
20â€”30mCi amounts produced are adequate for appli
cations of K-38 experimentally or clinically. The K-38
@sfree of radioactive impurities.

When K-38 ions in solution are injected intravenously,
they accumulate in the myocardium within minutes, and
images of the heart are obtainable from the 5 1l-keV
radiation. The K-38 also is taken up rapidly in the liver,
spleen, and lower part of the head.

The 7.6-mm half-life of K-38 permits frequently re
peated assays in assessments of physiological or phar
macological effects on potassium metabolism.

The short half-life also results in low radiation expo
sure (see Appertdix).

FOOTNOTE

6 Model CS-IS, Cyclotron Corp.
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APPENDIX

Radiationabsorbeddoseestimatesforpotassium-38.In these
calculations, the absorbed-fraction method was followed, as out
linedby LoevingerandBerman(14) andmodifiedbyCloutieret
al. (15). Nuclear data weretakenfromtheTable of Isotopes(3)
and aregiven in Table 3, togetherwith the calculated valuesof the
equilibrium dose constants, @i,which are needed in these calcu
lations. The absorbed fractions for the two gamma photons and
the various target-to-source combinations were either obtained
directly from Snyder et al. (16) or calculated from that reference
usingthereciprocitytheorem.Thesearegivenin Table4.Since
biologicaldistributiondatain humansarenotcurrentlyavailable,
the data obtained in rats by Gehring and Hammond (17) were
used.To beconservative,we assumedthat the maximum uptake
of K-38 occursin eachorganat 2 mm after injectionandthat no
biologicalexcretionoccursafter that time. Extrapolationof rat
data for the calculation of radiation doses to human organs was
done as by Feller and Sodd (18). The calculated cumulative ra
dioactivitiesfor humanorgansaregivenin Table 5.The results
of the radiation dose calculations are given in Table 6.

Sincethe kidneysand the heartare the organswith the two
highestrelativeconcentrations,radiationdosesto theseorgans
were calculated and included contributions from the radionuclide
distributedin otherorgans.Radiationdoseto thetotal bodywas
calculatedassuminga uniformdistributionof radionuclide.Be
cause of the higher radiation sensitivity of the testes and bone
marrow, we have also estimated the radiation absorbed dose to
these organs. Since the radiopotassium concentration in the testes
isonefifth ofthe averageconcentrationin thetotalbody(17), the

Heart 0.0009
Kidheys 0.056
Liver 0.0030
Lung 0.0009
Intestine 0.0026
Remainderof 0.0013

4'i (T.B.â€˜-T.B.) 0.284

0.0010
0.073

0.096
0.0018
0.0039
0.0094

0.12
0.0021
0.0057
0.011
0.0007
0.0026

0.0038
0.0012

0.0006
0.0024

0.0027
0.0010

body

4 T.B. = total body.

4@2(T.B.-T.B.)= 0.340
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TABLE4. ABSORBEDFRACTIONSNEEDEDIN RADIATIONDOSECALCULATIONS



Organ A@(pCi â€”hr)

DoseOrgan
(mrad/mCi)
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7.39
8.50

Kidneys
Intestine
Heart 9.05

Lung
Muscle and plasma

5.54
64.9

Liver 4.80
Total 184.8

12Total body
Heart 49
Kidneys 75

Bone marrow
Testes

<10
<10

radiationabsorbeddoseto thetesteswasestimatedtobelessthan
the sum of the gamma-ray portion of the total-body dose plus that
due to positron emissionsin the organ itself. Although no radio
nuclideconcentrationdataaregivenbyGehringandHammond
for bone marrow, the prompt uptake of potassium in this organ
shouldsimilarlybelow,andtheabsorbeddosetobonemarrowis
therefore estimated to be the same as in the testes.

In the absence ofhuman distribution data, the estimates in Table
6 may serve usefully only as a guide for the administration of K-38
to humans.Theseradiationdoseestimatesdiffersignificantlyfrom
thoseof Lambrechtetal. (6) butChristmanandLambrechtfrom
that group kindly recalculated the doseestimatesand found them
to agree with those reported here (personal communication).
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