PRELIMINARY NOTES

A Precision Flow-Controlled Rb-82 Generator for Bolus or Constant-Infusion
Studies of the Heart and Brain

Yukio Yano, John L. Cahoon, and Thomas F. Budinger

Donner Laboratory and Lawrence Berkeley Laboratory, University of California, Berkeley, California

A precision flow-controlled rubidium-82 generator has been constructed to de-
liver 76-sec Rb-82 at either tast or slow flow rates for bolus or constant-infusion
studies. A stepping motor drive Is interfaced to a microprocessor for pulsed control
of flow rate to deliver the saline eluant solution from a large-volume (150 ml) ma-
chined pumping syringe through an alumina column that retains the 25-day Sr-82
parent. The generator system delivers 70-90 % of the maximum Rb-82 activity in
a 20-25 mi bolus elution of 2% NaCl. The Sr-82/Sr-85 breakthrough is 10~7-1075.
Both yield and breakthrough are functions of column length and flow rate. Six sep-
arate Sr-82 loadings of the generator were evaluated over a period of nearly 2 yr
in studies of myocardial blood perfusion and permeability changes in the blood-
brain barrier. Sterility and apyrogenicity of the Rb-82 eluate were maintained dur-
ing multiple elutions and long-term use of 3-4 mo for each generator loading.
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The potential of positron emission tomography for
quantitative studies of flow and metabolism by nonin-
vasive methods has created a need for readily obtainable
short-lived positron emitters. Generator-produced ra-
dionuclides partly answer this need. In addition there is
a requirement for the positron emitters to have a half-life
appropriate to the physiological problem being explored
and commensurate with good statistics at low radiation
exposure to the patient.

The 76-sec positron-emitting Rb-82 daughter of
25-day Sr-82 meets these requirements, though the
half-life is somewhat shorter than ideal for flow studies.
As much as 60 mCi of Rb-82 is obtained in a 20-25 sec
bolus elution from an alumina-column generator that
retains the Sr-82. Repeat elutions can be done every 5-10
min, at which time the background activity in the subject
has decayed away and the generator has recharged close
to its maximum radioactive level.
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Development of the Rb-82 generator over the past 12
yr has led to the present precision flow-controlled system
(1-5). Other investigators have also pursued the devel-
opment of Rb-82 generators in the last 6 yr (6,7).

Precisely controlled infusion requirements have led
to the development of a unique flow-rate controller and
pumping system with a large-volume (150 ml) reservoir.
It delivers a sterile solution of Rb-82 in 2% NaCl from
an alumina-column Sr-82 generator at either slow or fast
elution rates and operating pressures of 50-100 psi.

Generator-produced Rb-82 is infused intravenously
as a bolus or at constant or variable elution rates to ob-
tain quantitative studies of the heart, head, or kidneys
with positron-imaging instruments.

MATERIALS AND METHODS

Figure 1 is a schematic of the Rb-82 generator, which
has an open-loop stepping-motor drive* with a wide
dynamic speed range and adequate torque, particularly
at low speeds. A timing belt connects the stepping motor
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FIG. 1. Schematic of Rb-82 generator,
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with stepping-motor drive, microprocessor
control, large-volume pumping syringe,
motorized valve control, control panel,

quick disconnects, and double lead
shielding for the alumina column charged
with Sr-82.

to a recirculating-ball nut and screw that moves the
stainless steel piston inside a machined Lexan barrel. A
rolling diaphragm' around the piston provides the
pumping unit with a low-friction seal against airborne
bacteria. The entire pumping system is mounted on FR-4
glass-epoxy for electrical isolation of the patient.

Quick disconnects permit the pumping unit—con-
sisting of the Lexan barrel, piston, Bellofram diaphragm
(neoprene or silicone rubber), stainless steel lines, and
column—to be autoclaved before the generator is as-
sembled and loaded with Sr-82. Subsequent loadings of
Sr-82 require autoclaving only the column components
and not the pumping system.

The motor controller is a microprocessor? with 4K
memory, a crystal clock, a programmable timing mod-
ule, two RS-232 serial ports, and an 8-bit analog-to-
digital converter. Additional input-output functions are
provided by 3-state buffers and addressable latches. The
function of the controller is to convert input from the
operator into a precise number of timed pulses for the
stepping motor. The microprocessor minimizes operator
error by simplifying the controls and doing the calcula-
tions, counting, and timing.

The front panel of the controller has two four-digit
thumbwheel switches and two lighted pushbutton
switches. The thumbwheels determine flow rate (ml/
min) and volume to be delivered (ml). One pushbutton
switch initiates the pump-refill operation. The other
starts the injection, or stops an injection in progress.
After power-up or reset, the microprocessor initializes
itself and sets up the timing module and serial ports. It
then jumps into a looping program that scans the two
pushbutton switches and the thumbwheel switch speci-
fying volume. It thus monitors changes in switch settings,
scanning at greater than 1000 times per second. When
a change is detected, the new setting is stored and the
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program enters a service routine for that particular
switch. The first part of each routine is a delay that
guarantees that the new setting is stable for at least 50
msec. The delay eliminates problems caused by contact
bounce.

Another part of the loop program ascertains how
much solution is left in the pump. A voltage picked off
a ten-turn potentiometer, which is coupled to the pis-
ton-drive screw with a timing belt, is fed to the analog-
to-digital converter and is compared with the previously
stored reading from the thumbwheel switch. If the op-
erator has asked for more solution than is in the pump,
the program sets up a circuit in the programmable timing
module that causes the INSUFFICIENT lamp to flash
twice a second. An injection cannot be started in this
state; the operator must either refill the pump from the
solution reservoir or change the amount to be deliv-
ered.

The outlet from the pump is connected to a motor-
driven three-way valvel by !j-in. s.s. tubing and
Swagelok fittings. The three-way valve allows connection
to either the saline fill bottle when the controller is in the
REFILL position or to the Sr-82/Rb-82 alumina column
when the controller is in the ELUTION position.

The filling sequence is started when the loop program
has determined that the FILL pushbutton has been ac-
tuated. The fill service routine turns on the REFILL
pushbutton light to inform the operator that filling has
started. The routine next turns on the valve motor, waits
for the correct valve position, then sends 100-sec pulses
to the stepping motor in the reverse direction until the
pump reservoir is filled; it then turns on the valve motor
again, waits for correct position, turns off the REFILL
light, and reenters the loop program.

The last part of the loop program determines whether
the START/STOP pushbutton has been activated. If
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it has, the program sends a start command through the
serial port to the host computer used with the positron
ring tomograph. The host computer acknowledges the
command, and starts taking data. The patient cannot be
injected inadvertently, since the pump will not start
unless the acknowledge is received. While this hand-
shaking process is going on, the service routine reads the
flow-rate thumbwheel switch and computes the period
T during which pulses are to be sent to the stepping
motor, where

X 104
FC

T (msec) = 6

here F is the flow rate in ml/min and C is a systems
constant. For this pumping system, the systems constant
is 257 pulses to the stepping motor to deliver 1 ml of so-
lution.

The quantity of injected solution is determined by
counting the number N of pulses sent to the stepping
motor, where

N=QC

where Q is the number of milliliters to be delivered, as
indicated by the thumbwheel switch.

The system described thus far will do constant-infu-
sion or bolus-infusion studies. Variable-infusion studies
can be done by calculating constants, using programs
residing in the host computer, and then sending these
constants to the microprocessor controller through the
serial port.

Other schemes to control the quantity of solution in-
jected were considered. An integrating dosimeter using
a flowthrough plastic-scintillator positron detector could
be used to monitor the activity injected into the patient,
but this would involve undesirable complexity and cost.
Furthermore, the dose of Rb-82 is predictable within
+ 5% from the decay-corrected Sr-82 on the column
and the volume and flow rate of the elution.

Figure 1 also shows the inner and outer lead shielding
for the Sr-82/Rb-82 source. The outer lead shield (7.6
cm thick) is bolted to the generator system. The inner
shield (5.1 cm thick) houses the stainless steel column
(6.9 mm i.d. X 95 mm) filled with 100-200-mesh basic
alumina. The inner lead shield and alumina column are
removed from the main shielding and pumping system
for loading with up to 200 mCi Sr-82 and potentially 600
mCi of contaminating Sr-85 that is produced by the
spallation reaction of high-energy protons on the mo-
lybdenum target at Los Alamos (8). The Sr-82 loading
is done by remote handling in a “hot cell” with an aux-
iliary automated pumping system.

After the loading of the column, elutions from the
Rb-82 generator are done with 2% NaCl (pH 8-9) until
the breakthrough of Sr-82/Sr-85 is less than 1 ppm; the
column is then relocated in the main shielding at the site
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of the positron ring tomograph. The breakthrough, ste-
rility, and apyrogenicity of the eluate are determined for
each new column loading, and periodically throughout
the 3-4 mo useful life of the Rb-82 generator. The
breakthrough of Sr-82/Sr-85 is maintained at less than
0.01 uCi per elution. If the breakthrough exceeds this
value, a small alumina trapping column is placed in the
outflow line.

Stainless steel lines, ' in. 0.d., !¢ in. i.d., are used to
connect the column to the pumping system and serve as
the outflow line to the sterile membrane filter and
three-way valve. From this valve a PE 200 polyethylene
tubing, 0.035 in. i.d., is used for the direct intravenous
infusion of the elution bolus for studies of myocardial
perfusion, blood-brain barrier abnormalities, and in-
travascular brain blood flow. For continuous-infusion
studies PE 50 polyethylene tubing, 0.023 in. i.d., is used
to connect directly to the intravenous catheter. Because
of the slower flow rate required during continuous
infusion studies, narrower tubing is used to reduce the
Rb-82 decay loss in transit to the patient.

Bolus elution yields of Rb-82 were determined at a
flow rate of one ml/sec for 3-30 sec. The elapsed elution
time was determined by the fractional elution volume
and by the Sr-82 activity on the column. For either the
fractional or total elution yield, the elution volume was
collected, assayed in an ionization-chamber dose cali-
brator, and decay corrected to the time at the end of
elution. After waiting 30 min for the Rb-82 to decay
away, the collected elution volume was counted in a well
counter and the breakthrough of Sr-82/Sr-85 was cal-
culated for a 20-ml elution volume; the reference stan-
dard was Sr-82/Sr-85, as previoiusly described (2).

Constant-infusion yields of Rb-82 and the steady-state
radioactivity levels were determined for flow rates from
2.2 to 5.3 ml/min. The radioactivity was collected at a
constant flow rate and measured in the dose calibrator
every 30-60 sec from O to 20 min. The breakthrough was
calculated by the same method used for the bolus elu-
tion.

The effect of column length on breakthrough and
Rb-82 yield was determined for 9.5- and 10.0-cm-long
columns under bolus-elution conditions.

RESULTS AND DISCUSSION

The present version of the Rb-82 generator has been
in continuous use for the last 2 yr. In this time the Sr-
82/Sr-85 breakthrough, Rb-82 elution yields, column
design, and effects of long-term use with large elution
volumes have been studied.

Figure 2(a) shows the fractional elution of Rb-82 per
3-ml fraction collected at a flow rate of 1 ml/sec for 27
sec. The peak of the Rb-82 activity is obtained in the
fractions collected from 6-15 ml (aggregate volume 9
ml). In actual bolus-infusion studies, the elution volume
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delivered to the patient is calculated to administer the
permissible radiation dose, which is 60 mCi for Rb-82.
Normally, 20 mCi is the dose of Rb-82 used for each
study.

Figure 2(b) reflects the cumulative Rb-82 yield when
the total dose of 27 ml bolus infusion is administered to
the patient. In this case 95% of the Sr-82 activity on the
column is eluted as Rb-82.

After initial washings following the loading of Sr-
82/Sr-85 on an alumina column, the breakthrough is
maintained at 10~7-107 for rapid bolus elutions. At the
slower elution rates required for constant infusion
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FIG. 2. (a) Fractional elution yield of Rb-82 from Sr-82 on alumina
column 6.9-mm i.d. X 95 mm. Flow rate was 1 ml/sec of 2% saline;
nine 3-ml fractions were collected over 27 sec. Each point is mean
of three determinations. (b) Cumulative yield of Rb-82 under same
conditions as in Fig. 2(a). Yield of Rb-82 is 95% when decay cor-
rected to time at end of elution.
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studies, the breakthrough decreases by an order of
magnitude.

The length of the alumina column affects both the
Rb-82 yield and the Sr-82/Sr-85 breakthrough. In
Figure 2(b) a 9.5-cm-long column was used to give a 95%
yield of Rb-82 for a 27-ml bolus elution. A 10.0-cm-long
column gave an 85% yield for a 33-ml bolus elution. The
breakthrough of Sr-82/Sr-85 ranged from 1076 to 10~7
for the 9.5-cm column and from 10~7 to 10~8 for the
10.0-cm columns. A compromise between Rb-82 yield
and Sr-82/Sr-85 breakthrough, at least for bolus elu-
tions, determines the specification of the alumina
column.

There is some overlap in the breakthrough relative to
a 5% difference in column length. Other unmeasurable
factors such as pre-washing the alumina and the tech-
nique of packing the alumina column can affect the
breakthrough from identical columns loaded with Sr-82.
However, the breakthrough is predictable within an
order of magnitude, which is adequate for the low
breakthrough from the alumina column, normally
ranging 0.01-0.001 uCi.

Constant infusion requires a slower infusion rate to
achieve a steady state or equilibrium condition, which
is a function of input, extraction rate, tissue washout, and
radioactive decay. Dynamic positron tomographs can
collect the information in short time frames of several
seconds to provide information on the input, the
steady-state condition, and the washout. Tomographs
that require a few minutes for sampling can use the
constant-infusion method for equilibrium imaging or
static imaging during biological decay from the equi-
librium condition.

The relationship between flow rate and radioactivity
under steady state is shown in Fig. 3, which indicates that
the radioactivity level for Rb-82 is determined by the
flow rate through the generator column. At the faster
flow rate of 5.3 ml/min, about 20 mCi of Rb-82 is de-
livered to the subject at the steady state, which is attained
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FIG. 3. Yield of Rb-82 at constant infusion rates as a function of flow
rate, which determines Rb-82 activity at steady state.
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in 6 min after the start of elution from 85 mCi of Sr-82
on the alumina column. The total dose delivered to the
patient is a function of the length of time the infusion
remains under steady state, plus the amount accounted
for in the initial washin phase and the final decay phase
after the infusion is stopped. At the slower flow rate of
2.2 ml/min, about 1.2 mCi of Rb-82 is delivered at the
steady state, which is attained in about 9 min.

Previously a new alumina column was prepared for
each loading with Sr-82. However, we now find it pos-
sible to recharge the same alumina column with Sr-82
at least three times without significant increase in Sr-
82/Sr-85 breakthrough. Use of the same column again
minimizes the radiation dose and greatly reduces the
time and effort required for charging the generator with
a new batch of Sr-82.

The Sr-82 generator is a reliable source of a useful
positron emitter for the study of heart, brain, or kidneys
with positron tomography.

We report elsewhere (9-11) the use of rubidium-82
in human subjects as an indicator of myocardial perfu-
sion or changes in the blood-brain barrier.
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FOOTNOTES

* Slo-Syn Stepping Motor, manufactured by the Superior Electric
Company.

t Bellofram Diaphragm, manufactured by the Bellofram Corpo-
ration.
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! Motorola M6800.
¥ Hoke three-way ball valves, 316 s.s., Ys-in. Gyrolok connections,
Hoke, Inc., Cresshill, NJ.
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