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Introduction -

Studies of pulmonary functién with radioisotopes usually involve
the evaluation of regional pulmonary perfusion with labeled aggregates
or the assessment of pulrnonary ventllatlon and exchange capacity with
rad1oact1ve gases., Most perfusmn studies are now being done with aggre-
gated particles of albu_rnln or hydrous ferric oxide labeled w1th radio-
isotopes such as iodine—'131 (1), tecimetium—?‘)m (2), or indium—'ii3m (3),"
Veﬁt_ilation and exchange studies are béing done with the radioactive i'ne‘rt
gases xenon-133 (4) and krypton-85. Other studies are being done with
the very-short-half-life gases such as_iSO, 11CO and 11COZ (5). These -
ého_rt-half—_life isotopes must be used néar the cyclotron where production
occurs. |

We have investigated the radicactive gas krypton—8im for bofh
pulmonary perfusion and ve'ntilation studies with the Donner Laboratqlry
scinfillation camera, as é further development of generé’cér—produced_
short-lived rédioisotopes for visualizing blood vessels and organs (6).-

Krypton-81m, which de_vcays with a half-life of 13 seé, can be
milked every few minutes from its 4.7-h parenf isotope 81Rb. Krypvt>on-—8.'1rn'
has a more favorable gamma-ra? energy of 190 keV for use with the scin-
tillation camera than the 81-keV gamma-ray emis s‘ion of xenon-133.

Figure 1 shows the decay scheme for both the 4,7-h 81Rb parent

and the 13-sec 81'mKr, which decays by isomeric transition and emission.

of 190-keV gamma rays (65% abundant and 35% internally converted) to

81Kr. This isotope then decays by electron capture with a half- llfe of

2.1X10° y to stable S Br (7).
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Methods and Materials

The parent isotope 81Rb is produced by irradiating about 400 mg
of reagent grade NaBr with 50-MeV alpha parti'cles in the Lawrence
Radiation Laboratory 88-inch cyclotron. The nuclear reaction on the .
nonenriched, 49, 5% abundant-81Br is géBr(gHe,éln)g?z

threshold energy of 30.8 MeV. The yield of 81 "Rb averaged from four

Rb, and it has a

production runs is 2.9 MCl/p.A h, using an average beam current of 15 PA.
The thickness of the NaBr target is < O 025 in., to prevent the

-50-MeV alpha paaticles from being degraded below 30 MeV in the tar_get,

thereby minimizing the 813 (gHe 3n )82m Rb reaction. Furthermore. the

82mRb that is produced decays to stable 82Kr in the generator and does

. not interfer_'vwith SimKr studies. The 81Br(gHe, 2n)83Rb reaction pro-

duces 10_3 part of unwanted 83Rb 1/2 = 1.8 h), Wthh decays to

83 79

Kr (T'i/2 = 83 d). Natural bromine contains 50.5% Br, Wthh v

79Br(AZLHe, 4n)'79

with a half-life of 24 min to 79Kr (T1/2= 1.45 d). The 1ong—half—11fe
79 | L

produces 79'Rb vby the reaction‘ Rb. Rubidium-79 decays

Kr and 83Kr are washed from: the ion—exchange column in.a preelution

so that subsequent elutions contain only the 13-sec 81rnKr. Because of

‘the large differences in half-life, 81 Kr is rapldly built up to its maxi-

mum yield while only negligible amounts of 83Kr and 79Kr are produced o

in the 5- to 10-minute intervals between elutions.

Rubidium-81 could also be produced by gHe particles from a

small cyclotron, either by the nuclear reactlon §5Br( He, 3n)§in
Q-value-12.2 MeV, or ;gBr(zHe n)géRb Q-value 6 6 MeV.-

- The radiation level from the NaBr target, after 1rrad1at1on w1th

50-MeV alpha particles for 25 pA-h, is > 50 r/h at 6 in, Because of thls -
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high radiation fiel_d‘it is necessary té use at ieast 2 in. of Pb shieldiné
during the processing of the target material. "All the processing of 81Rb is
done in a 2v—in. Pb cave by tong operation f_rém outside the shielded area.

The NaBr target material is was‘hed from the powder plate holder '

‘with a stream of sterile distilled Waterk into a sterile 250-ml flask‘and
diluted to a volume of 125 ml | This dilution is neéesSary to reduce the
concentration of NaBr, because salt solufions > 0.5% displace the 81Rb
parent from the ion-exchange column.

The parent 81Rb is retained on strongly acidic cation-exchange
resin composéd of nuclear sulfonic acid exchange groups attached to.a
styrene—divin.ylbenzene. polymer lattice (Bio Rad AG 50X4, 200-400 mesh).
This resin in the hydrogen form is held in a specially covnstructed Pyrex

column, 11 mm i.d. and 60 mm high, fitted with Luer-lock connections
at the top and bottom. The operation and construction of the generator
systen'_i have previously been described (8). The dilute solut_ion of
NaBr—sin is slowly passed through the ion-éxchange column, and it
is washed with 100 ml of sterile distilled water. This proc;e_dtire is done
without removing thé ion—exchahge column from the generator system.
The complete generator unit, which is mounted on a reinforced lab c-:aLrt,
is rolled to the side of the Pb cave. Connections are made between the
generato.r and the radioactive '81Rb solutiqn.witilin the Pb cave with sterile
polyethylene tubing. This allows the 81Rb solution to be pumped‘thro_ugh
the resin colta;mn and the radioactive eluate to bé returned to the Pb ca&e
by a similaritubing connection. The loading of the ion-exchange column
1s regulated by an electrical motor drive which is controlled frém a..‘d‘is'-

tance 5 to 6 feet away. This is necessary to reduce radiation exposure

while loading the resin column with 81va and Whi]_é washing away the oL
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unwanted 79Kr and 83Kr, The radioisotope generator is then moved .
from the ''"hot'" lab to the scintillation camera room.

The genefatdr, with external shielding removed, is shown in .
Fig. 2. Visible are the automatic two—wé.y \}alves, polyethylene tubing,
sterile H'ZO'for elution, and 2% NaCl solﬁtion“for mixing with the eluaﬁe'
below the resin column to give ah isoténic saline solution for é.dminis,-fering
81mKr by intravenous infusion for lung perfusion sfudies,_

Sterile and pyrogen-free reagents aﬁd equipfneht are used for t:].ae.
procedure. The solution flowé through an in-line Millipore filter (0.45 )
just before intravenous infusion. VSarnple_ elutions from each pr_oductioh :
g'enerafér have been éhecked‘By an independent laboratory and found to be
-sterile and pyroge-n free. | |

In actual operation the generaéér is shielded with 3-3/4 in. of Pb
consisting of 1-3/4 in.‘ of inte rior éhield plus 2 inv. .df outer shielding which
is built up from 1/4-in. -thick half-circle layers. This shieldin'g is
necessabry because bof the high radiation level of 5: 10 r/h at the surféée
of the resin column. The radiation level from the shielded geh‘e‘r‘ato‘r
does not interfere with the operation of the scihtillation camera, eveﬁi
when the génerator is logatéd within 2 feet of the cafnera head.

.W.ith 50 mCi of 81‘Rb on ‘the resin éqlumn, elution with 5 ml oft HZO

will yield about 5 mCi of 81mKr. The leakage of 81_Rb for each elutién is

Y

< 10_5 parts of the total 81Rb on the column. The usual injected dose
for perfusion studies is 5 mCi of 81Kr with less than 0.5 pCi of contami-
nating S Rb.

4

The radiation dose in human subjects is calculated to be 7;5)(1.0_

rad/mCi to the lungs from 8_1mKr'and 7.8)(10_3 rad/pCi to the heart and
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kidneys from 81Rb.’ These calculations assume the biological half-time
to be equal to the physical half-life of the is otope.

Kfypton~81 can also be eluted by rapidly forcing 50 ml of air

81im

through the dry resin column. The Kr in air is inhaled'directly by

the subject through the polyethylene tubing. The yield of 81Kr for each

elution is about 5'to 6 mCi from a 50-mCi generator\. It is possible to
change back and forth from HZO elution for perfusion studies to air
elution for ventilation. studies by attaching a sterile three-way valve> con-
trol and a sterile 50-ml syringe to the '""saftiset' tubing that conneci:s

the eluant HZO reservoir to the automatic two-way valve leading into

the ion-exchange column. With the syringe plunger of the central coiumn
syringe in the 10W§red position to reduce th¢ air space above thé column,
filtered air is taken into the SO—ml syringe and ;‘forced through the resin
column until all the liquid i"s pushed through the column and its connecting
polyethyl_ene tubing. This usually requires.about 100 ml of air. There-
after 50 ml of air can be forced through the resin column to provide
81mKr in gaseous form. By reconnecting the HZO reservoir in place

of the 50-ml air syringe, perfusion studies can again be done without
altering the characteristic of the ion-exchange résin to strongly retain
$1gw. |

Results and Discussion

To determine the antomical, physiological, and diagnostic in-
formation that can be obtained by using 81mKr, preliminary studieé :
have been done on a nurnbe-r of normal.volunteers and patients withb
known respiratory'pféblems. - The subjects have been asked to Bi‘éétﬁe

at specified intervals and to control the rate and depth of respiration in '
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certain instances. There has been no spirometric control for the studies
reported here.

81mKr in 10 ml of isotonic saline waé in-

For perfusion studies.,
fused for 3.to 5 sec into the right antecubital vein. The patient was lying
either supihe or prone. Serial scintiphotos were taken, usihg exposure
times of 2 to 5 seconds whilé the patienf held hié breath. The depth of
inspiration varied from nd:n_'irial to maximum. The tracer usually leax.(es
the ‘right heart within 15 séconds after starting the infusion. In dynafﬁic ‘
cardiac studies a 10- to 20-sec exposure was téken at the end of the study
to show the distribution within the lungs. Further pictures were the'nf taken
as the patients breathed at their usual fate and depth, exposures béing
terminated when sufficient dots were recorded. Within 2 minutes, activity
falls to a 1¢ve1 wlﬁch no longer permits pictures to ‘be taken.

For ventilation studies, 50 ml of air was f‘,_’o‘rced through the dry
geherator with a 50;m1 syringe. In some instances the patients were
asked to 'inhalé through a shorj: length of tubing 1 cm in diameter over a
period of 5 to 15 seconds, from forced expiration‘to maximum inspirafibn.,
as the 50 ml of air carrying the 81mKr was directed into the tﬁbing; | A
nose clip \&as used and the studies were performed with the patients in
supine énd prone positions. Because of the short half—l-ife, 1t is not possible .
to achieve an equilibrated state when breathing 81mKr, and only single—
breath respiratory studies ilave been performed. .The exhaled radioacfivity
was removed via an exhaust system. The exhaled gas should not be allowe’d e

to collect imrhediately adjacent to the camera. If it is not swépt away if
drifts along the table and produces odd patterns on the scintiphotos. |

The position of the lungs and heart in the camera field was determined

by a transmission picture té.ken with a éollirnated disc source of 99mTc
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placed below the patient, as ‘suggested by Anger and McRa.e (9). The
area of normal lung transm1ssmn was compared with the distribution of
radioactivity in both the pe rfusion and ventilation studies.

Figure 3 shows ventilation studies on twe normal subjects. In-
halation of gaseous 81m Kr began from maximum explratlon In the case
of J. M., a 40-year old male, Sim MRy was admlnls’;ered during normal )
inepiratibn, whereas in D.V.D., a 46—year-old male, '81‘mKr was given .
continuously ciuriné steady inspiration lasting 10 seconds. The trachea
~and major bronchi can be recognized, and in the slower inspiration the
outward spread of radioactivity is apparent. |

Figure 4 (A.H. 3-11-69), left, shows a normal distributien of .
81rnKr infused in saline solution as seen in an anterior view. At the f;bp
is the transmission picture, ‘which defines the field of view and shows the
position of aerated luag. Below and to the left are 4-second exposures
of the dynamic study and at the bottom is a picture taken from 30 to 60
seeends postinfusion. In the 8- to 12—se.cond scintiphoto the left v-entricle
can be:seen as an area of diminished radioactivity lying between the right

ventricle and the left lung. At the right is the ventilation study of the
| same patient. The 81rnKr- was adminietered as rapidly as possible as
the patient took a deep breath. The tracheo-bronchial tree was net -
demonstrated. The distribution of activity is similar for both perfusion
and ventilation studies, and it cori‘esponds to the transmissien pictufe
of the lungs.
| Figure 5 (W A. 3-11-69) shows a patlent studled 2 weeks after .

the onset of right-sided pneumonia. Abnormahtles, as demonstrated by

x ray, were still present at the right apex.' At the top left is a transmission
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picfure, anterior view. A series of 3-second exposures was taken
during inhaiation of 81rnKr. The final picturé was taken from 11 to 26
seconds during breath-holding. There is a delay in apperance ;:f'radio—
activity at the right apex. There is also a disvcrepanvcy between the
ventilated lung, as shown by uptake of 8-1mKr and the extent of the right
lung base as defined by'the transmission pict.u're.' On thé right at thé top
of Fig. 5 are posterior ventilation studies téken-from 9 to 17 and 17 to
31 seconds after inhélation of 81mKr; They also show reduced '\}entila.ttion
at the right apex and base. - At the bottom right are peffusion studies taken
from 9 to 30 and 31 to 61 sec, feépeétﬁrely, with the patient in the sa%ne
position as the ventilation study. During inflow, the left apex is obscﬁred
by radioactivity in the subclavian vein, but the bottom picture shows |
asymmetry liavetween the two apices, with reduced perfuéio,n at fhe right
apex. The lung bases are sy'xnmetricavr.l,‘ and it woul‘d appéar that i)eifusion
gnd ventilation do not corresvpond in the rig’ht lung base. |
Figure 6 (M. F. 5-'1_4-69) is a study of a female. pafient with severe
obstructive disease associated with considerable sputum at the time of
study. .The single picture at the top is an anteriof fransf—nissién picture
defining aerated lxing',' with the patient .p'ositioned for the anterior peffusion
and ventilation study. " The perfusion study shows.the right heart an& the
right and left pulmonary arteries. It shows uniform perfp.sion throughout
the lung field defined in the transmission picture. The anterior-veht'ilation
study shows more apical filling on both the right and left, and there a..'r'e
multiple areas throughout both lungs where veﬁtilation is absent o;r re-
duced. The posté rior ventilation study (patient lying prone) again s‘lr‘iowed

early apical filling and multiple areas of reduced ventilation in both lungs.

(8.4
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Note one particularly large area in the left lower zone.

"Figure 7 (C.S. 5-14-69) shows perfusion and ventilation studies

of a patient with mild emphysema. The chest x ray did not show anyv. -

local abnormality in the right lung. There is .a localizled region which
shows reduced activify in both fhe ventilation and perfusion studies.
Cenclusion

Krypton-Sim has favorable characteristics for imaging with the
scintillation camera. It has an ideal gamma-ray energy \with high phet0n
yield, low radiation expos{lre, and a short physical half-life for repest
studies. Tl;_le 4.-.,7—'hour half-life of the parent makes studies possible
throughout one day.. A method has been presented for obta1n1ng milli-
curie amounts of 81m Kr from a 81 Rb parent.

| Preliminary f)e rfusion and ventilation studies have been done on
normal voluntee rs. and a number of patients to explore the type of physio-
10g1ca1 and clinical information whlch can be obtained by using the dy-

namic and static imaging capab111t1es of the scnltlllatlon camera. Ex-

cellent resolution of the right heart, left and right pulmonary arteries,

‘and upper tracheobronchial tree has been achieved. Also it has been possi-

ble to watch the changing distribution of acti\}ity as inhalaﬁen proceeds. -
Abnormalities have been demonstrated in patiehts. Kryptor—i—Sirﬁ should
be particularly useful to explore the variations in distribution of aeti\‘r‘i’c‘y
within the lungs in various lung disorders with changing patterns of in-
halation. The inability to‘fo‘llow washout patterns and’te achieve an
equilibrated condition b}; breaéhing a fi.xed. ceﬂeentration..of radioactive
gas, as has been done with 133Xe, limits the type of study which cah‘“b.e

performed, but how important this limitation will be remains to be in-

vestiga‘ced. Unlike_ 133Xe, which must be washed out of the lungs for



-10- - UCRL-19341

periods of up to 15 minutes in abnormal cases, 81mKr rapidly decays
within 2 to 3 minutes, so that multiple studies can be completed in a
short time.
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Figure Captions

Fig. 1. Decay scheme for 8:le - 81mKr. »
¢ Fig. 2. Radioisotope generator system for = Kr.

Fig. 3. Ventilation studies of two normal subjects. 3

&

Fig. 4. Normal distribution of 81rnKr in perfusion (L) and ventilation
(R) studies.
Fig, 5. Impaired ventilation (L and R top) and perfusion (R bottom.). éf
a patient with unresélved pneumonia. | |
Fig. 6_,7 Veﬁtilation and perfusion study of a patien’é with severe asthr.na..,v
_Fig.,. 7. Ventilation and perfusioﬁ studies showing peor ventilation and

perfusion to the right lung.

)
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Rubidium-81, Krypton-81m Decay
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KRYPTON-81m
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KRYPTON-81m M.F. 5-14-69
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