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tope, such as a *2Sr/3*Rb radioisotope generator or “Ge/**Ga radioisotope generator, may be used to generate radioisotopes for med-
ical imaging applications. In some examples, a gamma ray detector is positioned to detect gamma rays emanating from radioactive
eluate flowing from the generator. Based on the detected gamma rays, an activity of the daughter radioisotope in the eluate and an
activity of the parent radioisotope in the eluate may be determined. Depending on the application, the activity of the daughter ra-
dioisotope and the activity of the parent radioisotope may be determined in substantially real time, e.g., so that the eluate can be di -
verted from patient dosing based on determined activity information for the eluate.



REAL TIME NUCLEAR ISOTOPE DETECTION

CROSS-REFERENCE
[0001] This application claims priority to US Provisional Patent Application No.
61/952,270, filed March 13, 2014.

TECHNICAL FIELD
[0002] This disclosure relates to nuclear isotopes and, more particularly, to detecting and

quantifying nuclear isotopes.

BACKGROUND

[0003] Nuclear medicine employs radioactive material for therapy and diagnostic
imaging. Positron emission tomography (PET) is one type of diagnostic imaging, which
utilizes doses of radiopharmaceutical. The doses of radiopharmaceutical may be injected
or infused into a patient prior to or during a PET scan procedure. An infused dose of
radiopharmaceutical can be absorbed by cells of a target organ of the patient and emit
radiation. A PET scanner can detect the emitted radiation in order to generate an image of
an organ. For example, to image body tissue such as the myocardium, a patient may be
injected or infused with rubidium-82 (i.e., ®*Rb). Rubidium-82 may exhibit similar
physiological uptake as potassium and, accordingly, may be taken into the myocardium
following potassium pathways.

[0004] Rubidium-82 can be generated for nuclear medicine procedures using a strontium-
rubidium generator (32Sr/%?Rb generator). Rubidium-82 is a radioactive decay product of
strontium-82. Typically, strontium-rubidium generators contain strontium bound to a
generator column through which an eluant is flushed during operation. As strontium-82
decays to rubidium-82, the rubidium-82 may release from the generator column and enter
the cluant. The resulting stream, which is called an eluate, can be injected or infused into
a patient. Being able to accurately and timely monitor different nuclear isotopes present
in the eluate may help ensure the safe and efficacious use of such a radioisotope

generator.
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SUMMARY

[0005] In general, this disclosure is directed to systems and techniques for detecting and
quantifying different radioisotopes in a sample under investigation, such as a sample of
eluate eluted from a rubidium isotope generator. In some examples, a gamma ray
detector is positioned adjacent to a flowing stream of the eluate and used to detect gamma
ray emissions emanating from the flowing stream. As the gamma ray detector detects
gamma ray emissions, an activity of “’Rb and/or an activity of *’Sr in the eluate may be
determined in substantially real time. For example, an activity of **Sr in eluate passing
by the detector may be determined sufficiently quickly such that, if an elevated activity of
828r were detected in the eluate, the eluate can be diverted to a waste bottle without being
injected into a patient.

[0006] In some examples, the activity of “Rb and the activity of **Sr are determined by
resolving overlapping gamma ray spectra emitted by two isotopes. For example, **Rb is
known to cmit gamma rays in the encrgy range of 511 keV (kilo clectron volts) and 776
keV. *Sr is known to emit gamma rays in the energy range of 514 keV and is related to
¥2Sr through an isotope ratio. Given the practical resolution limits of most gamma ray
detectors, gamma rays emitted in the 511 keV to 514 keV energy range cannot be clearly
attributed to either **Rb or **Sr. However, in accordance with some examples of the
present disclosure, gamma rays emitted by **Rb in the 511 keV range can be resolved
from gamma rays emitted by “Sr in the 514 keV range to rapidly determine the amount
of ®Rb and **Sr in a sample.

[0007] While the disclosed systems and techniques have good applicability to **Sr/*Rb
generators, the systems and techniques are not limited to being implemented on such
generators. Rather, the disclosed systems and techniques can be used to detect and
quantify any desired radioisotope eluted from a radioisotope generator that releases a
daughter radioisotope from radioactive decay of a corresponding parent isotope. In some
configurations, a gamma ray detector is positioned downstream from the radioisotope
generator, for example adjacent to a flowing stream of cluate, and used to detect gamma
ray emissions emanating from the eluate. As the gamma ray detector detects gamma ray
emissions, an activity of the daughter radioisotope, the parent radioisotope, and/or another
radioisotopc in the cluatc may be determined.

[0008] In practice, a parent radioisotope present in eluate flowing from the radioisotope

generator past the gamma detector may have a sufficiently small activity and/or lack



CA 02940697 2016-08-25

WO 2015/138910 PCT/US2015/020461

gamma emissions such that it is difficult to resolve the parent radioisotope from the
daughter radioisotope. To help resolve the radioisotopes in these situations, the daughter
radioisotope may be scparated from the parent radioisotope before measuring the gamma
spectrum emitted by the eluate. In one example, the eluate is passed across an
accumulator structure configured to preferentially bind the parent radioisotope while
allowing the daughter radioisotope to flow past the structure. For example, a secondary
generator column formed of the same or similar material to the column used in the
radioisotope generator can be positioned downstream of the radioisotope generator.
Unlike the radioisotope generator column which is loaded with the parent radioisotope,
however, the second generator column may be substantially or entirely devoid of the
parent radioisotope (although parent radioisotope may accumulate on the second
generator column over time). The gamma detector can be positioned to measure gamma
emissions emanating from the second generator column, such as liquid in the second
generator column and/or flowing through the generator column.

[0009] When configured with an accumulator structure, eluate discharged from the
radioisotope generator may initially flow across the structure. Parent radioisotope can
accumulate (e.g., bind) on the accumulator structure from the eluate as the eluate is
flowing across the structure. During this process, gamma radiation emitted by the eluate
can be measured by the gamma detector. Since the activity of daughter radioisotope is
typically expected to be significantly greater than the activity of any parent radioisotope
present, the gamma radiation measured by the gamma detector can be attributed to the
daughter radioisotope and the activity of the daughter radioisotope determined therefrom.
After terminating elution from the radioisotope generator, the accumulator structure can
be flushed with cluant to remove residual cluate / daughter radioisotope from the
accumulator structure. Subsequently, gamma radiation emitted from the accumulator
structure and/or eluant in or flowing across the accumulator structure can be measured by
the gamma detector. Since the activity of parent radioisotope (or decay products thereof)
is typically expected to be greater than the activity of any residual daughter radioisotope
present, the gamma radiation measured by the gamma detector can be attributed to the
parent radioisotope and the activity of the parent radioisotope determined therefrom.
[0010] In one example, an elution system is described that includes a *2Sr/*Rb generator
configured to generate *Rb via elution with an eluant, an eluant line configured to supply
the cluant to the **Sr/*’Rb generator, an cluate line configured to receive cluate eluted
from the *Sr/*’Rb generator and convey the eluate to one of a patient line and a waste

3
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line, and a gamma ray detector positioned adjacent to the eluate line and configured to
detect gamma rays emitted from eluate flowing through the eluate line. The example
system also includes a controller communicatively coupled to the gamma ray detector and
configured to receive data indicative of the gamma radiation emitted by the eluate
flowing through the eluate line, determine an activity of ’Rb in the eluate based on the
received data, and determine an activity of ¥Sr and/or ®Sr based on the received data.
[0011] In another example, a method is described that includes receiving data indicative
of nuclear radiation emitted by an eluate eluted from a rubidium isotope generator,
determining an activity of ¥Rb in the eluate based on the received data in substantially
real time with receipt of the data, and determine an activity of **Sr and/or *’Sr in the
cluate based on the received data in substantially real time with receipt of the data.

[0012] In another example, a calibration method is described that includes detecting
gamma radiation via a gamma ray detector from a first isotope having a known activity
and emitting in a region of a 776 keV line of a gamma ray spectrum and determining an
efficiency factor for the 776 keV line by dividing a detected activity of the first isotope in
the region of the 776 keV line by the known activity for the first isotope. The example
method also includes detecting gamma radiation via the gamma ray detector from a
second isotope having a known activity and emitting in a region of a 511 keV line and a
514 keV line of the gamma ray spectrum and determining an efficiency factor for the 511
keV line and the 514 keV line of the gamma ray spectrum by dividing a detected activity
of the second isotope in the region of the 511 keV line and the 514 keV line by the known
activity for the second isotope. The example also includes storing the determined
efficiency factor for the 776 keV line and the determined efficiency factor for the 511
keV line and the 514 keV in a memory associated with the gamma ray detector.

[0013] In another example, an elution system is described that includes a radioisotope
generator, an ¢luant line, an eluate, line, a gamma ray detector, and a controller. The
radioisotope generator is configured to release a daughter radioisotope during elution with
an eluant thereby producing an eluate containing the daughter radioisotope, the daughter
radioisotope being produced from radioactive decay of a parent radioisotope contained
within the radioisotope generator. The eluant line is configured to supply the eluant to the
radioisotope generator. The eluate line is configured to receive and convey eluate eluted
from the radioisotope generator. The gamma ray detector is positioned to detect gamma
rays emitted from radioisotopes relecased by the radioisotope generator, and decay
products thereof, and conveyed from the radioisotope generator via the eluate line. The

4
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controller is communicatively coupled to the gamma ray detector and configured to
receive data indicative of the gamma radiation emitted by the radioisotopes released by
the radioisotope generator and the decay products thercof. The controller is further
configured to determine an activity of the daughter radioisotope in the eluate based on the
received data and determine an activity of the parent radioisotope in the eluate based on
the received data.

[0014] The details of one or more examples are set forth in the accompanying drawings
and the description below. Other features, objects, and advantages will be apparent from

the description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0015] FIG. 1 is a block diagram of an example radioisotope generator system that may
generate radioisotopes.

[0016] FIG. 2 is a plot of an cxamplc gamma ray spectrum that may be gencrated using

the radioisotope generator system of FIG. 1.

[0017] FIG. 3 is a flow diagram of an example technique that may be used measure the

activity of individual isotopes in the radioisotope generator system of FIG. 1.

[0018] FIG. 4 is a flow diagram of an example technique that may be used to calibrate a
detector.

[0019] FIG. 5 is a block diagram of another example radioisotope generator system that
may generate radioisotopes.

[0020] FIG. 6. is a flow diagram of an example technique that may be used measure the

activity of individual isotopes in the radioisotope generator system of FIG. 5.

DETAILED DESCRIPTION

[0021] In general, the disclosure relates to real time detection and quantification of
different radioisotopes in a sample. The described systems and techniques can be
implemented to detect and quantify any desired radioisotope eluted from a radicisotope
generator that releases a daughter radioisotope produced via radioactive decay of a
corresponding parent isotope. For example, in different applications, a radioisotope
generator can produce a positron emitter, a photo emitter, or a particle emitter for therapy.
The parent radioisotope is typically bound to a generator column through which an eluant

is flushed during operation. As the parent radioisotope decays, one or more daughter
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radioisotopes are produced that bind to the generator column less strongly than the parent
radioisotope. As a result, the daughter radioisotope may be released into the eluant
flowing through the generator, thereby producing an cluate containing the daughter
radioisotope.

[0022] Being able to accurately and timely monitor different nuclear isotopes present in
the eluate may help ensure the safe and efficacious use of the radioisotope generator. In
accordance with the techniques described in some examples herein, the eluate produced
by the radioisotope generator is monitored in real time to determine the activity of the
daughter radioisotope present in the eluate, the activity of the parent radioisotope present
in the eluate, and/or the activity of one or more other radioisotopes of interest. In one
application, for instance, a radioisotope generator system includes a gamma detector
positioned downstream of a radioisotope generator. The gamma detector may be
positioned to receive gamma radiation emanating from a flow pathway through which
eluate flows during operation. The gamma detector can measure the gamma radiation
from the eluate pathway. The activity of one or more radioisotopes present in the eluate
produced by the radioisotope generator can be quantificd based on the magnitude and
characteristics (e.g., energy line, decay rate) of the gamma radiation detected by the
gamma detector. In some configurations, the radioisotope generator system is actively
controlled in real time based on the types and/or quantities of radioisotopes detected by
the radioisotope generator system. For example, the radioisotope generator system may
automatically prohibit or allow a patient infusion procedure, as the case may be, based on
the types and/or quantities of radioisotopes detected as being present in the eluate
produced by the system.

[0023] While examples of the disclosure describe real time detection and quantification
of different radioisotopes, the actual time scale for detection and quantification can vary
in practice. For example, as described in greater detail below, radioisotope generator
systems according to the disclosure can be implemented using a variety of different
gamma detectors, including liquid cooled gamma detectors, room temperature gamma
detectors, solid statc gamma detectors, and the like. The resolution of the gamma
spectrum generated by a gamma detector can vary depending on the type of gamma
detector selected for a system and the configuration of hardware and/or software selected
to implement the gamma detector. Accordingly, the precision and speed of radioisotope
measurements made can vary in practice depending on the configuration of the
radioisotope generator system and the practical design choices necessary to implement

6
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the system taking into account factors such as the operating environment of the system,
cost of implementation, and sophistication of the operating personal.
[0024] Notwithstanding the optional design choices that can be made when implementing
the systems and techniques described herein, in some example, a system is implemented
using a rubidium generator. In operation, a sample containing one or more radioisotopes
is generated via elution with a rubidium generator. For example, when an eluant is
passed through a **Sr/**Rb generator, rubidium-82 generated as a radioactive decay
product from strontium-82 may elute into the eluant, generating a radioactive eluate. The
eluate may contain isotopes besides rubidium-82, with the number and magnitude of the
isotopes varying, e.g., based on the operation performance of the generator. For example,
as the generator 18 used to generate doses of rubidium-82, strontium-82 and/or strontium-
85 may release from the generator and also enter the eluate. As another example, cesium-
131 may enter the eluate in trace amounts as a contaminant. Accordingly the total
amount of radioactivity measured from the eluate may not to be attributable to any one
particular isotope but may instead be the sum amount of radioactivity emitted each of the
different isotopes in the eluate.
[0025] In accordance with some examples of the present disclosure, a technique is
described that can be used to resolve measured radioactivity from an eluate sample so as
to determine the amount of measured radioactivity attributable to each of a plurality of
different isotopes in the sample. For example, the technique may be used to quantify the
amount of activity attributable to rubidium-82 in the eluate and the amount of activity of
strontium-82 in the eluate, e.g., o as to determine a concentration of the rubidium-82 and
strontium-82. The quantification of the different activities may be made in substantially
real time by measuring the total radioactivity of the cluate, ¢.g., so that patient dosing
and/or radioisotope generator operation can be adjusted in substantially real time. For
example, the quantification of the different activities may be made without having to wait
for one of the isotopes in the eluate (e.g., rubidium-82) to fully decay to distinguish the
amount of activities provided by each of a plurality of different isotopes in the eluate.
[0026] In onc cxample, the technique involves gencrating a gamma ray spectrum from
gamma rays emitted by an eluate sample and determining an amount of activity
associated with different portions of the spectrum. For example, rubidium-82 emits
radioactive rays at the 511 keV line in the gamma ray spectrum and the 776 keV line of
the spectrum. Accordingly, by measuring the amount of radioactivity emitted at the 511
keV line and the 776 keV line in the spectrum, it can be assumed that the activity at the

7
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two lines is attributable to rubidium-82 and the total activity of rubidium-82 determined.
However, when strontium-85 is also present, gamma rays emitted by strontium-85 can
interfere with accurate determination of rubidium-82. Strontium-85 emits radioactive
rays at the 514 keV line in the gamma ray spectrum, which is adjacent the 511 keV line of
rubidium-82. In practice, most gamma ray detectors cannot provide enough resolution to
distinguish between activity emitted at the 511 keV line from the 514 keV line of the
spectrum, preventing the amount of activity of rubium-82 at the 511 keV line from being
distinguished from the amount of activity of strontium-85 at the 514 keV line.

[0027] To overcome the activity interference in the 511-514 keV region of the spectrum,
the technique may first determine the activity of rubidium-82 at the 776 keV line of the
spectrum and then use this activity to determine the corresponding activity of rubidium-
82 at the 511 keV line. For example, the technique may determine the activity of
rubidium-82 at the 776 keV line of the spectrum and then multiply this activity by a
branching intensity factor to determine the activity at the 511 keV line. The branching
intensity factor may be a factor that relates the activity of rubidium-82 at the 776 keV line
to the activity of the isotope at the 511 keV line based on known nuclear propertics of
rubidium-82. The total activity of rubidium-82 can then be determined by summing the
determined activity for the 776 keV line with the determined activity for the 511 keV line.
Further, with knowledge of the activity of rubidium-82 at the 511 keV line, this activity
can be subtracted from the combined activity of rubidium and strontium measured in the
511-514 keV region of the gamma ray spectrum to identify the activity of strontium-83.
The activity of strontium-82 can further be identified using the activity of strontium-85
and a ratio relating the activity of strontium-85 to the activity of strontium-82. In this
manner, the activity of rubidium-82, strontium-85, and/or strontium-82 can be determined
in a sample under investigation.

[0028] The respective activities of rubidium-82, strontium-835, and/or strontium-82 can be
determined as rapidly as an electronic processing device performing the calculations can
receive gamma ray measurement data and process the data. In practice, the activities may
be determined in substantially real time, ¢.g., such that the activitics of rubidium-82 and
strontium-82 can be determined substantially simultaneously with measuring total gamma
ray emissions emitted by a sample under investigation (e.g., less than 30 seconds after
detecting and measuring the total emissions, such less than 10 seconds, less than 5

seconds, Icss than 2 seconds, or Icss than 1 second).
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[0029] To help ensure that the activities at different lines of a gamma ray spectrum can be
accurately distinguished and determined, a gamma ray detector may be calibrated prior to
use. For example, the gamma ray detector may be calibrated to gencrate calibration
factors, which may be referred to as efficiency factors, that are then stored in a memory
associated with the gamma ray detector. The efficiency factors may or may not be
generated prior to installation of the gamma ray detector in a radioisotope generator
system containing a generator that generates radioisotopes via clution. In operation,
different efficiency factors may be applied to activity measurements made at different
lines in the gamma ray spectrum so as to generate adjusted activity measurement data.
[0030] In one example, a calibration technique involves measuring gamma radiation from
a first isotope emitting at or around the 776 keV line (e.g., within a range of plus or minus
5 keV) of the gamma ray spectrum and having a known activity. The activity measured
by the gamma ray detector at or around the 776 keV line may be divided by the known
activity of the isotope to generate a first efficiency factor. The first efficiency factor may
then be applied to subsequent activity measurements made by the gamma ray detector at
the 776 keV ling to generate adjusted activity measurements for the line.

[0031] In some additional examples, the gamma ray detector is used to measure gamma
radiation from a second isotope emitting in the region of the 511 to 514 keV lines of the
gamma ray spectrum and having a known activity. The activity measured by the gamma
ray detector at or around the 511 to 514 keV lines (e.g., within a range of plus or minus 5
keV) may be divided by the known activity of the isotope to generate a second efficiency
factor. The second efficiency factor may then be applied to subsequent activity
measurements made by the gamma ray detector at the 511 to 514 keV lines to generate
adjusted activity measurements for the lines.

[0032] Independent of whether efficiency factors are determined for a gamma ray
detector or applied to gamma ray detector activity measurements during operation,
activity measurements made for different radioisotope species can be stored and/or used
for a variety of purposes in a radioisotope generator system. In some applications, the
gamma ray detector may be installed at the same physical location as a **St/**Rb
generator, ¢.g., as part of an electronically integrated system that receives measurements
from the gamma ray detector and also controls operation of the %’Sr/*’Rb generator. For
example, the gamma ray detector can be positioned to detect gamma radiation emanating
from a flowing stream of cluate discharging from the *St/*Rb generator. Additionally or
alternatively, a sample of eluate generated from the **Sr/*’Rb generator may be stopped in

9
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front of the gamma ray detector for a period of time (e.g., to perform periodic linearity /
constancy checks on measurements made by the gamma ray detector). In either
application, data generated by the gamma ray detector may be stored in @ memory
associated with the **Sr/**Rb generator and/or electronically transmitted to an offsite
location, e.g., for monitoring and/or evaluating the operation of the *’Sr/*’Rb generator.
In additional examples, a controller operatively coupled to a **Sr/**Rb generator system
may control operation of the system based on data generated by the gamma ray detector.
For example, the controller may compare the activity of one or more individual isotopes
to one or more thresholds stored in memory and control operation of the system based on
the comparison. In different examples, the controller may initiate a user alert (e.g., a
visual, textual, audible user alert), shut down an eluant pump so as to cease generating
cluate, and/or control a diverter valve to divert elute from a patient line to a waste line
connected to a waste bottle or vice versa in response to determining that a measured
activity for an isotope has exceeded a threshold.

[0033] FIG. 1 is a block diagram illustrating an example radioisotope generator system
10 in which different radioisotopes may be detected and quantificd using systems and
methods in accordance with the disclosure. Radioisotope generator system 10 includes an
eluant reservoir 12, an eluant pump 14, a radioisotope generator 16, and a waste bottle 18.
Eluant pump 14 receives eluant from eluant reservoir 12, pressurizes the eluant, and
discharges pressurized cluant into an cluant line 20. A first diverter valve 22 controls the
flow of eluant to one of a radioisotope generator inlet line 24 and a radioisotope generator
bypass line 26. Eluant flowing through radioisotope generator bypass line 26 bypasses
radioisotope generator 16 and can flow directly into a patient line 28, which may be
connected to a patient. A second diverter valve 30 controls a flow of eluate generated by
elution within radioisotope generator 16 to one of the patient line 28 or a waste line 32.
Waste line 32 is connected to waste bottle 18.

[0034] During operation, radioisotope generator 16 can generate radioisotopes via
elution. For example, radioisotope generator 16 may be a **Sr/*?Rb generator containing
strontium-82 bound on a support material, such as stannic oxide or tin oxide. Rubidium-
82 is a daughter decay product of strontium-82 and binds less strongly to the support
material than the strontium. As pressurized eluant from eluant reservoir 12 is passed
through the radioisotope generator, the eluant may release rubidium-82 so as to generate

an cluate. For example, when the cluant is a saline (NaCl) solution, sodium ions in the
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saline can displace rubidium in the generator so as to elute a rubidium-82 chloride
solution.

[0035] In other examples, radioisotope generator 16 can generate different types of
daughter decay products besides rubidium-82. The type of daughter decay product
produced by radioisotope generator 16 can be controlled by selecting the type of parent
radioisotope loaded onto the generator support material. Example types of radioisotope
generators that can be used as radioisotope generator 16 include, but are not limited to,
*Mo/**™T¢ (parent molybdenum-99 bound on a support material to produce daughter
decay product technetium-99m); **Sr/**Y (parent strontium-90 bound on a support
material to produce daughter decay product yttrium-90); "**W/'®Re (parent tungsten-188
bound on a support material to produce daughter decay product rthenium-188); and
%Ge/**Ga (parent germanium-68 bound on a support material to produce daughter decay
product gallium-90). Yet other types of radioisotope generators that can be used as
radioisotope generator 16 include: CAPK; MTiMSe; PFe/™Mn; *Se/As; PRb/AMKr;
103pj103mpy. 1090 /109m A o L3 g M3mpy. 11T 118Gy, 13201327, 137/ 13Tmp . 140, 1407 .
13400/134] 5. W Ce/44py, 1ON4/M0py, 16Dy /10 o: 67T i/ 7R, 12157172y, 1789 /178 Ty,
1910y /191m . 1940y /194 226R 0 2R - g

ZZSAC/ZHBi.

[0036] Similar to operation of a *Sr/**Rb generator, pressurized cluant from eluant
reservoir 12 is passed through the radioisotope generator to release the daughter decay
product into the eluant and thereby generate an eluate containing the daughter decay
product. The type of eluant used may be selected based on the characteristics of the
parent radioisotope and support material used for radioisotope generator 16. For
example, in the case of a ®*Ge/**Ga generator, a hydrochloric acid solution (e.g., 0.1-1 M
HCI) as the eluant.

[0037] Radioisotope generator system 10 in the example of FIG. 1 also includes a nuclear
radiation detector 34 and a controller 36. Detector 34 may be a gamma ray detector that
detects gamma rays emanating from eluate generated by radioisotope generator 16,
Controller 36 may receive data generated by detector 34 indicative of the amount and
type (e.g., spectral distribution) of gamma ray radiation detected by 34. Controller 36
may further process the data to determine an activity of different isotopes in the eluate
from which detector 34 detected gamma ray emissions, as described in greater detail
below. Controller 36 may also manage the overall operation of radioisotope generator
system 10, including initiating and controlling patient dosing procedures, controlling the
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various valves and pump(s) in the system, receiving and processing signals from detector
34, and the like.

[0038] Although not illustrated in FIG. 1, controller 36 may be communicatively coupled
(c.g., via a wired or wireless connection) to the various pump(s), valves, and other
components of system 10 so as to send and receive electronic control signals and
information between controller 36 and the communicatively coupled components. The
various components of system 10 may be contained on and/or within a radioisotope
generator cart. For example, radioisotope generator system 10 can be mounted on a
movable cart (e.g., having a base frame on which the components of the system are
mounted and wheels) so as to be movable about an operating room in which an infusion
procedure is being performed.

[0039] In the illustrated example, detector 34 is positioned to detect radiation emitted
from eluate at a location between a discharge of radioisotope generator 16 and second
diverter valve 30. In particular, detector 34 is illustrated as being positioned to detect
radiation emitted by eluate flowing through radioisotope discharge line 38. Detector 34
may be positioned in close proximity to discharge line 38 to detect radiation emanating
from eluate in the line, such as adjacent to and, in some examples, in physical contact
with an outer surface of the discharge line. For example, detector 34 may be positioned
Iess than 5 inches from an outer surface of discharge line 38, such as less than 2 inches,
Iess than 1 inch, less than 1/4 of an inch, or less than 1/32 of an inch. In other examples,
detector 34 may not be positioned to detect radiation from eluate in discharge line 38 but
may be positioned to measure radiation at other locations within system 10. For example,
as described with respect to FIG. 5, detector 34 may be positioned to detect radiation
from an accumulator structure positioned downstream from radioisotope generator 16.
[0040] During operation, detector 34 can detect gamma ray emissions emanating from a
sample of cluate flowing through and/or stopped within discharge line 38. Detector 34
may include a variety of different components to detect and process gamma ray radiation
signals, such as a pulse sorter (e.g., multichannel analyzer), amplifiers, rate meters, peak
position stabilizers, and the like. In one example, detector 34 comprises a scintillation
detector. In another example, detector 34 comprises a solid-state semiconductor detector.
[oo41] The specific type of gamma ray detector selected for detector 34 can vary based

on a variety of factors such as, e.g., the required resolution of the detector, the physical
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requirements for practically implementing the detector in a system (e.g., cooling
requirements), the expected sophistication of the personnel operating the detector, and the
like. In some applications, detector 34 is a scintillator-type detector, such as a
comparatively low-resolution alkali halide (e.g., Nal, CsI) or bismuth germanate (e.g.,
Bi4Ge3012, or BGO). In other applications, detector 34 incorporates a higher-Z metallic
species. An example is lutetium oxyorthosilicate, Lu2(Si04)O(Ce) or LSO, which,
though slightly better in resolution than BGO, may have limited applicability because of
its relatively high intrinsic radiation. As another example, detector 34 may be a cerium-
doped lanthanum, such as LaCl3(Ce) or LaBr3(Ce).

[0042] In other applications, detector 34 is a solid-state semiconductor-type detector,
such as a planar germanium detector. For instance, as another example, detector 34 may
be a solid-state semiconductor-type telluride detector, such as cadmium-telluride or
cadmium-zinc-telluride semiconductor detector. Detector 34 may be operated at room
temperature or may be cooled below room temperature (e.g., by a cooling device
incorporated into radioisotope generator system 10) to increase the resolution of detector.
[0043] Dctector 34 can gencrate gamma ray spectroscopy data. For example, the detector
may include a passive material that waits for a gamma interaction to occur in the detector
volume. Example interactions may be photoelectric effects, Compton effects, and pair
production. When a gamma ray undergoes a Compton interaction or pair production, for
instance, a portion of the energy may escape from the detector volume without being
absorbed so that the background rate in the spectrum is increased by one count. This
count may appear in a channel below the channel that corresponds to the full energy of
the gamma ray.

[0044] A voltage pulse produced by detector 34 can be shaped by a multichannel
analyzer associated with the detector. The multichannel analyzer may take a small
voltage signal produced by the detector, reshape it into a Gaussian or trapezoidal shape,
and convert the signal into a digital signal. The number of channels provided by the
multichannel analyzer can vary but, in some examples, is selected from one of 512, 1024,
2048, 4096, 8192, or 16384 channcls. The choice of the number of channels may depend
on the resolution of the system, the energy range being studied, and the processing
capabilities of the system.

[0045] Data generated by detector 34 in response to detecting gamma ray emissions may
be in the form of a gamma ray spectrum that includes peaks. The peaks may correspond
to different energy levels emitted by different isotopes within an eluate sample under
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analysis. These peaks can also be called lines by analogy to optical spectroscopy. The
width of the peaks may be determined by the resolution of the detector, with the
horizontal position of a peak being the energy of a gamma ray and the arca of the peak
being determined by the intensity of the gamma ray and/or the efficiency of the detector.
[0046] FIG. 2 is a plot of an example gamma ray spectrum that may be generated in
response to measuring gamma ray radiation emitted by an eluate generated via a **St/*Rb
generator. As shown in this example, the gamma ray spectrum includes a first peak 50 in
the energy range of 500-520 keV and a second peak 52 in the energy range of 760-780.
Eluate generated using a *’Sr/*’Rb generator may be expected to have some amount of
strontium-85 as well as some amount of rubidium-82. Rubidium-82 is known to emit
gamma radiation at two different energy ranges: the 511 keV line and the 776 keV line.
Further, strontium-85 is known to emit gamma radiation at the 514 keV line.
Accordingly, the first peak 50 in the spectrum may represent the combined amount of
gamma radiation emitted by the 511 keV line of rubidium-82 as well as the 514 keV line
of strontium-85. By contrast, the second peak 52 in the spectrum may represent the
amount of gamma radiation emitted by the 776 keV line of rubidium-82.

[0047] As shown in the example spectrum of FIG. 2, the first peak 50 may reveal itself as
a single, unbroken peak encompassing both the 511 keV and 514 keV energy lines. This
may occur when the resolution of the detector is below the resolution required to
separately resolve the 511 keV line and the 514 keV line. In practice, few commercially
available detectors can suitably resolve the 511 keV line from the 514 keV so that first
peak 50 reveals itself as two separate peak, one of which encompasses the 511 keV line
and the other of which encompasses the 514 keV energy line. Consequently, simple
spectrum analysis in which the arca under the peak is integrated to determine the activity
associated with a single isotope emitting at that peak cannot be performed when using
these detectors. Rather, the radiation emitted by rubidium-82 at the 511 keV line
interferes with spectral analysis of the radiation emitted by strontium-85 at the 514 keV
line. Similarly, radiation emitted by strontium-85 at the 514 keV line interferes with the
radiation emitted by rubidium-82 at the 511 keV line.

[0048] FIG. 3 is a flow diagram of an example technique that may be used to resolve
interfering gamma ray emissions to determine activities for each of a plurality of
radioisotopes in a sample under analysis. For example, the technique of FIG. 3 may be
used by radioisotope generator system 10 of FIG. 1 to determine an activity of strontium-
82, an activity of strontium-85, and/or an activity of rubidium-82, among other isotopes,
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in a sample of eluate generated by radioisotope generator 16. In the example technique,
controller 36 receives gamma ray spectroscopy data from detector 34 indicative of the
gamma radiation (¢.g., magnitude, distribution) detected by detector 34 from the cluate
(100). Detector 34 may detect, and controller 36 may receive, the gamma radiation as the
eluate flows through discharge line 38. For example, eluant pump 14 may pump eluant
through radioisotope generator 16 at a rate ranging from 25 ml/min to 75 ml/min (e.g., 50
min/min), resulting in an cluate flow rate ranging from 25 ml/min to 75 ml/min. Detector
34 may continuously detect gamma rays emitted by eluate flowing through discharge line
38 at this rate. As the concentration of radioisotopes in the eluate change, detector 34
may detect changing gamma radiation from the eluate. In other examples, detector 34
does not detect radiation from a flowing source of liquid isotopes but rather from a static
volume of isotopes. For example, eluate may be statically positioned in front of detector
34 (e.g., by closing second diverter valve 30) so as to hold a non-moving volume of
eluate in front of the detector. This may be useful, e.g., to perform periodic linearity /
constancy checks on the system.

[0049] Upon receiving gamma ray spectroscopy data from detector 34, controller 36 may
determine an amount of activity associated with second peak 52 (FIG. 2) and the 776 keV
line of the spectrum (102). In general, activity may be reported in Becquerel (Bq) or
Curie (Ci) and is a function of the composition of a particular isotope and the
concentration of the isotope in the cluate. To determine the amount of activity associated
with the 776 keV peak, controller 36 may identify a region of interest encompassing the
776 keV peak and integrate the area under the peak. The region of interest may be a
region defined between two different energy lines that includes the peak of interest and
bounds the region under which the peak area is integrated to determine corresponding
activity.

[0050] For example, when a peak is formed in the gamma ray spectrum (e.g.,
representing a specific radionuclide), the peak may reside in the continuum and include
gvents in the continuum just under the peak. This energy region of the peak including
continuum cvents is generally called the region of interest. The beginning and end points
of the region of interest can be determined by using an algorithm performing a second
derivative function or, if enough statically significant data is available, by visual
inspection of a spectrum.

[0051] To determine the activity of a radionuclide associated with a certain energy line,
the continuum within the region of interest may be subtracted from all the events in the
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peak. This operation (subtracting the continuum from all events in the peak) is referred to
as calculating the net peak integral and may be performed by controller 36.

[0052] FIG. 2 shows second pecak 52 having a region of interest 54 extending above the
continuum 56 and first peak 50 having a region of interest 58 extending above the
continuum. In spectroscopy, photons that impart all their energy to the detector form a
“photo peak” (usually just called peak) in the spectrum. However, scattered events,
primarily from Compton scattering, occur because full absorption of the photon energy
did not take place in the detector and these less-than-full energy events are observed from
the highest peak energy to the lowest energy in the spectrum. This nearly smooth curve
of events running through the spectrum is typically called the continuum. Sometimes the
continuum is also referred to as the background, which may be subtracted by controller
36 for the purpose of calculating activity.

[0053] With further reference to FIG. 3, controller 36 can determine the net peak integral
count in the region of interest encompassing the 776 keV peak (102). Controller 36 can
store this determined activity as the activity of the 776 keV line of rubidium-82 in a
memory associated with the controller (104). Subsequently, controller 36 can determine
an activity of the 511 keV line of rubidium-82 based on the determined activity of the 776
keV line of the isotope and branching intensity factor (106). Gamma radiation emitted by
rubidium-82 is known to branch between the 511 keV line and the 776 keV line at a
known ratio. This ratio, which may be referred to as a branching intensity factor, can be
stored in a memory associated with controller 36. The branching intensity factor of
rubidium-8&2 is typically reported as being approximately 1:13 for the 776 keV line / 511
keV line. As a result, controller 36 may multiply the activity determined for the 776 keV
line of rubidium-82 by the branching intensity factor (¢.g., 13). Controller can then store
this determined activity as the activity of the 511 keV line of rubidium-82 in a memory
associated with the controller (108). In some examples, controller 36 determines a total
amount of activity for rubidium-82 in the eluate sample under investigation by summing
the determined activity for the 776 keV line of the rubidium with the determined activity
for the 511 keV line (110).

[0054] The example technique of FIG. 3 further includes determining an amount of
activity associated with first peak 50 (FIG.2) and the 511-514 keV lines of the spectrum
(112). Controller 36 can identify a region of interest encompassing the 511-514 keV
peak, as discussed above with respect to the 776 keV peak, and determine the net peak
integral count for the identified region of interest. Once controller 36 identifies the
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amount of activity associated with the 511-514 keV lines of the spectrum, the controller
can determine the amount of strontium-85 in the eluate based on the determination (114).
As discussed above, the amount of activity in the first pecak 50 encompassing the 511 keV
and 514 keV lines may be the combined activity from the 511 keV line of rubidium-82
and the 514 keV line of strontium-85. Controller 36 may subtract the amount of activity
determined for the 511 keV line of rubidium-82 (e.g., as described with respect to step
106 of FIG. 3) from the total amount of activity determined for the 511-514 keV lines of
the spectrum (114). Controller 36 can store the resulting value as the activity of
rubidium-8&5 in the eluate under investigation.

[0055] In some examples, controller 36 further determines an activity of strontium-82
based on the determined activity of strontium-85 (116). The activity of strontium-82 is
related to the activity of strontinum-85 by a known isotope ratio, which may be stored in
memory associated with controller 36. Controller 36 can determine the activity of
strontium-82 by multiplying the activity of strontium-85 by the stored ratio to determine
the activity of strontium-82 in the eluate. In some examples, controller sums the
determined activity of strontium-85 with the determined activity of strontium-32 to
identify the total amount of strontium activity in the eluate (118).

[0056] If desired, controller 36 can identify the amount of activity associated with other
isotopes in the eluate based on the gamma ray spectroscopy data received from detector
34 (120). Controller 36 can identify region(s) of interest encompassing other peaks in the
spectrum and determine a net peak integral count for the peak(s). Each peak may
correspond to a particular radioisotope, and the correspondence between different peaks
and different isotopes may be stored in a memory associated with the controller.

[0057] As one example, controller 36 may identify an amount of activity provided by
cesiuim-131 in the eluate (if any). Cesium-131 emits gamma radiation at the 32 keV line
and may be a contaminant in the eluate. Controller 36 can identify a region of interest
encompassing the 32 keV peak and determine the net peak integral count for the
identified region of interest to determine the amount of activity associated with cesium-
131.

[0058] To help ensure that activity measurements made by detector 34 during operation
of radioisotope generation system 10 are accurate, the detector may be calibrated. The
detector may be calibrated periodically in use in system 10 and/or calibrated prior to
installation and usc in the system (c.g., at a facility that is physically remote from the
facility where system 10 resides).
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[0059] FIG. 4 is a flow diagram of an example technique that may be used to calibrate a
detector, such as detector 34, which is subsequently used in radioisotope generator system
10. In the example technique, an isotope having a known activity and emitting gamma
radiation at or around the 776 keV line (e.g., within a range of plus or minus 5 keV) of the
spectrum is positioned before detector 34 so that the detector detects the emitted radiation
(150). In one example, the isotope is liquid cesium-134, which emits at the 774 keV line
of the spectrum. The isotope may be statically positioned betfore the detector for a period
of time or may be flowed past the detector. For example, when detector 34 is going to be
used to measure radioactivity from eluate flowing through a line in system 10, detector 34
may be calibrated by flowing the isotope having the known activity past the detector (e.g.,
a the same rate as cluate will flow past the detector in operation).

[0060] After detecting radiation emanating from the isotope having the known activity, a
controller associated with the calibration process (or detector 34 itself, in other examples)
may identify a region of interest encompassing the 776 keV peak in a gamma ray
spectrum generated from the sample. The region of interest may be the same region of
interest subsequently used to determine the activity associated with the 776 keV line of
rubidium-82 during operation of system 10. The controller can determine the net peak
integral count for region of interest to determine the amount of activity measured by
detector 34 at or around the 776 keV line for the isotope having the known activity.
[0061] Subscquently, the controller can determine an efficiency factor (e.g. a calibration
factor) for detector 34 at the 776 keV line (152). The controller may divide the detected
activity of the isotope at or around the 776 keV line (e.g., the net peak integral measured
for the isotope over the 776 keV region of interest) by the known activity at or around the
776 keV line for the isotope. The controller can store this efficiency factor in a memory
associated with detector 34 (154), which may be referenced during operation of system
10.

[0062] For example, after measuring the activity of the 776 keV line of rubidium-82
during operation of system 10 (e.g., determining the net peak integral count over the 776
keV region of intercst), the measured activity may be adjusted using the cfficiency factor.
Controller 36 can divide the net peak integral count measured over the 776 keV line for
rubidiuim-82 by the detector’s efficiency factor for the 776 keV line. This adjusted
activity can then be used in subsequent activity calculations, as described with respect to

FIG. 3.
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[0063] With further reference to FIG. 4, the example technique further includes
positioning a second isotope having a known activity and emitting gamma radiation at or
around the 511 keV line (c.g., within a range of plus or minus 5 keV) of the spectrum
before detector 34 so that the detector detects the emitted radiation (156). In one
example, the isotope is liquid sodium-22, which emits at the 511 keV line of the
spectrum. The isotope may be statically positioned before the detector for a period of
time or may be flowed past the detector.

[0064] After detecting radiation emanating from the isotope having the known activity, a
controller associated with the calibration process (or detector 34 itself, in other examples)
may identify a region of interest encompassing the 511 keV peak in a gamma ray
spectrum generated from the sample. The region of interest may be the same region of
interest subsequently used to determine the activity encompassing the 511 keV line of
rubidium-82 and the 514 keV line of strontium-85 during operation of system 10. The
controller can determine the net peak integral count for region of interest to determine the
amount of activity measured by detector 34 at the 511 keV line for the isotope having the
known activity.

[0065] Subsequently, the controller can determine an efficiency factor (e.g. a calibration
factor) for detector 34 at or around the 511 keV line (154). This efficiency factor may be
representative of the efficiency of the detector at region encompassing both the 511 keV
linc and the 514 keV linc. The controller may divide the detected activity of the isotope
at the 511 keV line (e.g., the net peak integral measured for the isotope over the 511 keV
and 514 keV region of interest) by the known activity at or around the 511 keV line for
the isotope. The controller can store this efficiency factor in a memory associated with
detector 34 (158), which may be referenced during operation of system 10.

[0066] For example, after measuring the activity of the 511 keV line of rubidium-82 and
the 514 keV line of strontium-85 during operation of system 10 (e.g., determining the net
peak integral count over the 511 keV and 514 keV region of interest), the measured
activity may be adjusted using the efficiency factor. Controller 36 can divide the net peak
integral count encompassing the 511-514 keV lines by the detector’s efficiency factor for
the 511 keV line. This adjusted activity can then be used in subsequent activity
calculations, as described with respect to FIG. 3.

[0067] The calibration technique on detector 34 can be repeated using additional isotopes
having known activities and emitting gamma radiation at the encrgies that will
subsequently be measured using the detector during operation (162). As one example,
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detector 34 may be calibrated for the 32 keV line used to measure the activity of cesium-
131 in system 10. During calibration, an isotope having a known activity and emitting
gamma radiation at or around the 32 keV line of the spectrum can be positioned before
(e.g., flowed passed) detector 34 so that the detector detects the emitted radiation. Liquid
cesium-137 has a multiplet at 32 keV and may be used as a calibration isotope. After
detecting radiation emanating from the isotope having the known activity, a controller
associated with the calibration process (or detector 34 itself, in other examples) may
identify a region of interest encompassing the 32 keV peak in a gamma ray spectrum
generated from the sample. The region of interest may be the same region of interest
subsequently used to determine the activity of the 32 keV line for cesium-131. The
controller can determine the net peak integral count for region of interest and, upon
comparing the measured net peak integral activity with the known activity, determine an
efficiency factor for the 32 keV for the detector. This efficiency factor may be stored in a
memory associated with controller 36 and referenced during operation of system 10.
[0068] With further reference to FIG. 1, system 10 can store and/or use radioisotope
activity information monitored by and/or determined by controller 36 via detector 34 in a
number of different ways. In one example, controller 36 stores activity data generated
during operation of radioisotope generator 16 in a memory associated with the system.
The memory may be at the same physical location generator or may be at a physically
remote location. The data may allow the operational performance and integrity of system
10, including radioisotope generator 16, to be monitored and evaluated. In some
additional examples, controller 36 may actively control system 10 based on radioactivity
data determined via detector 34.

[0069] For example, controller 36 may compare a measured activity for a particular
isotope or combination of isotopes in eluate generated by system 10 to one or more
thresholds stored in memory. The threshold(s) may relate to a maximum amount of
isotope that can be dosed at any one time. Examples of such thresholds may include a
maximum strontium-82 dose of 0.01 uCi per mCi of rubidium-82 being dosed and/or a
maximum strontium-85 dose of 0.1 uCi per mCi of rubidium-82 being dosed. For
example, the thresholds may include a maximum strontium-82 dose of 0.02 uCi per mCi
of rubidium-82 being dosed and/or a maximum strontium-85 dose of 0.2 pCi per mCi of
rubidium-82 being dosed. The threshold(s) may also relate to a maximum amount of

isotope that can be dosed over a given period of time, such as a patient dosing procedure.
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An example of such a threshold may be a dose of rubidium-82 0f 2220 MBq (60 mCi)
over the course of a dosing procedure for a single patient.

[0070] Controller 36 may take a variety of actions when a threshold is exceeded. As one
example, controller 36 may initiate a user alert (e.g., a visual, textual, audible user alert).
As another example, controller 36 may shut down eluant pump 14 so as to cease
generating eluate. As yet another example, controller 36 may control second diverter
valve 30 to divert clute from patient line 28 to waste line 32.

[0071] A variety of additional actions can be performed using system 10. As an example,
a periodic constancy check may be performed on system 10, including detector 34, by
positioning a calibration source in close proximity to the detector. For example, a source
of cesium-137 emitting at the 661.7 keV line may be positioned adjacent to detector 34.
Periodically (e.g., daily), system 10 will measure activity emitted from the isotope and,
upon referencing the half-life of the isotope stored in a memory associated with the
system, determine if the system is calibrated and functioning properly.

[0072] As another example, a periodic (e.g., quarterly) linearity check may be performed
on system 10, including detector 34, ¢.g., by cluting a samplc of rubidium-82 and holding
the sample statically in front of detector 34 as the sample decays over at least one order of
magnitude of activity (e.g., several half-lives). System 10 can determine the linearity of
the activity measurements made by detector 34 over the decay process, e.g., to identify if
the system is functioning properly.

[0073] As discussed above with respect to FIG. 1, radioisotope generator 16 can be
configured with a variety of different parent radioisotopes to produce daughter decay
products besides rubidium-82 for injection into a patent. When using different parent-
daughter radioisotope pairs, different system arrangements and techniques can be used to
resolve gamma ray emissions from different isotopes and/or determine the activities for
each of a plurality of radioisotopes in a sample under analysis.

[0074] FIG. 5 is a block diagram illustrating another example radioisotope generator
system 200 in which different radioisotopes may be detected and quantified using systems
and methods in accordance with the disclosure. Like reference numerals in radioisotope
generator system 200 in FIG. S to radioisotope generator system 10 in FIG. 1 refer to like
elements. As shown, radioisotope generator system 200 includes previously-described
eluant reservoir 12, eluant pump 14, and radioisotope generator 16. Eluant pump 14
rcceives cluant from cluant reservoir 12, pressurizes the cluant, and discharges
pressurized eluant into radioisotope generator 16 via eluant line 20.
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[0075] Radioisotope generator system 200 also includes a radioisotope accumulator
structure 202 positioned downstream from radioisotope generator 16. Radioisotope
accumulator structure 202 receives cluate from radioisotope generator 16 via elute line
204. Eluvate flows over and/or through radioisotope accumulator structure 202 and is
discharged for downstream processing or patent injection via line 206. In addition,
radioisotope generator system 200 includes diverter valve 22 controlling the flow of
cluant to one of radioisotope generator 16 and accumulator structure 202. Eluant flowing
through radioisotope generator bypass line 26 bypasses radioisotope generator 16 and can
flow directly into accumulator structure 202.

[0076] During operation, radioisotope generator 16 can generate radioisotopes via
clution, as discussed above. Radioisotope generator 16 contains a parent radioisotope
bound on a support material, such as a columnar-shaped support material through with
cluant flows during operation. The parent radioisotope may bind more strongly to the
support material than daughter decay product produced via radioactive decay of the
radioisotope. As a result, when pressured eluant from eluant reservoir 12 is passed
through radioisotope generator 16, the eluant may rclcase daughter decay product so as to
gencrate eluate containing the daughter decay product.

[0077] To detect and/or quantify various radioisotopes present in the eluate produced by
radioisotope generator 16, radioisotope generator system 200 also includes a radiation
detector 34, as further described with respect to FIG. 1. Detector 34 can be a gamma ray
detector that detects gamma rays emanating from eluate generated by radioisotope
generator 16. Detector 34 can be implemented using any of the detectors discussed above
with respect to FIG. 1. In operation, controller 36 can receive data generated by detector
34 indicative of the amount and type (e.g., spectral distribution) of gamma ray radiation
detected by detector 34 and determine therefrom an activity of various radioisotopes
present in the eluate produced by radioisotope generator 16.

[0078] One of the radioisotopes that may be desirably identified and/or quantified in
eluate generated by radioisotope generator 16 is the parent radioisotope contained within
the generator. The parent radioisotope within radioisotope generator 16 is intended to
remain bound to the support material contained in the generator during elution, releasing
only daughter radioisotope into the eluant. This is because the parent radioisotope has a
longer half-life than the corresponding daughter radioisotope and, if injected into a
patient, will provide a source of radioactivity that persists in the patient for longer than
the daughter radioactivity. In practice, however, a small amount of the parent
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radioisotope may release into the eluant, with the amount of parent radioisotope releasing
during each elution increasing over time with successive elution runs. For this reason, it
can be useful to detect and quantify the amount of parent radioisotope present in the
cluate produced by radioisotope generator 16 to ensure that any parent radioisotope, if
present, does not exceed and allowable threshold.

[0079] While desirable to identify and/or quantify, a parent radioisotope present in eluate
flowing from radioisotope generator 16 past detector 34 may have a sufficiently small
activity and/or lack gamma emissions such that it is difficult to resolve the parent
radioisotope from the daughter radioisotope. To help resolve the radioisotopes in these
situations, the daughter radioisotope may be separated from the parent radioisotope before
measuring the gamma spectrum emitted by the cluate. In the example of FIG. 3,
radioisotope generator system 200 includes accumulator structure 202 to help detect and
quantify any parent radioisotope present in eluate received from radioisotope generator
16.

[0080] Accumulator structure 202 may be a structure (e.g., material) that preferentially
binds any parent radioisotope present in the cluate received via line 204 such that parent
radioisotope is attracted out of the cluate and binds to the structure. Conversely, daughter
radioisotope present in the eluate may pass over and/or through accumulator structure 202
without substantially binding to the structure, thereby concentrating and separating at
least a portion of the parent radioisotope in accumulator structure 202 from the daughter
radioisotope. Once concentrated and separated from the daughter radioisotope in
accumulator structure 202, detector 34 can measure gamma radiation emanating from the
parent radioisotope (or a daughter decay product thereof), allowing the activity of the
parent radioisotope to be quantified.

[0081] Accumulator structure 202 can be fabricated from any materials that a parent
radioisotope in a generator system preferentially binds to over a daughter radioisotope.
For example, accumulator structure 202 can be made from the same or similar materials
as the support material in radioisotope generator 16 on which the parent radioisotope is
deposited and bound. In various configurations, the support material and/or accumulator
structure 202 may be stannic oxide, tin oxide, an organic matrix, or yet other material.
[0082] Accumulator structure 202 may provide an enclosed cavity in fluid
communication with lines 204 and 206 that contains the material preferentially binding
the parent radioisotope. Such material may be non-porous or porous. In some examples,
accumulator structure 202 is implemented using a second generator column positioned
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downstream from radioisotope generator 16. The second generator column may be the
same as or similar to a generator column in radioisotope generator 16 (but be devoid of
parent radioisotope upon the start of system 200, with parent radioisotope accumulating
on the second column over time).

[0083] To detect one or more radioisotopes accumulating on or in accumulator structure
202, detector 34 may be positioned to detect radiation emitted from the structure. In the
example of FIG. 5, detector 34 is illustrated as being positioned to detect radiation
emitted from the parent radioisotope captured by accumulator structure 202. In other
examples, detector 34 may be positioned in other locations, such as downstream of
accumulator structure 202 to detect gamma radiation emitted from liquid passing over or
through accumulator structure 202 and picking up accumulated parent radioisotope.
[0084] During operation, detector 34 can detect gamma ray emissions emanating from
accumulated parent radioisotope (or a decay product thereof) within and/or downstrcam
of accumulator structure 202. Controller 36 may receive data generated by detector 34
indicative of the amount and type (e.g., spectral distribution) of gamma ray radiation
detected by detector 34. Controller 36 may further process the data to determine an
activity of different isotopes in the eluate from which detector 34 detected gamma ray
emissions.

[0085] During operation of radioisotope generator system 200, controller 36 can control
the system to generate cluate the flows through accumulator structurc 202. Controller 36
may instruct eluant pump 14 to pump eluant from eluant reservoir 12 through
radioisotope generator 16 via eluant line 20. As the pressured eluant flows through
radioisotope generator 16, daughter radicisotope generated by radioactive decay of parent
radioisotope bound on a support material in the generator can leave the support material
and enter the eluant, producing the eluate. The eluate discharges from radioisotope
generator 16 via line 206 and flows through accumulator structure 202, subsequently
discharging from accumulator structure 202 via line 206. For example, eluant pump 14
may pump eluant through radioisotope generator 16 and accumulator structure 202 at a
rate ranging from 25 ml/min to 75 ml/min (¢.g., 50 min/min), resulting in an cluate flow
rate ranging from 25 ml/min to 75 ml/min.

[0086] As eluate is discharging from radioisotope generator 16 and flowing through
accumulator structure 202, controller 36 may receive gamma ray spectroscopy data from
detector 34 indicative of the gamma radiation (e.g., magnitude, distribution) detected by
detector 34 from the eluate. Detector 34 may detect, and controller 36 may receive, the
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gamma radiation as the eluate flows through accumulator structure 202. Detector 34 may
continuously detect gamma rays emitted by eluate flowing through the structure during
clution.

[0087] Upon receiving gamma ray spectroscopy data from detector 34, controller 36 may
determine an amount of activity associated with one or more radioisotopes (e.g., a
daughter radioisotope) in the eluate. To determine the amount of activity associated with
a radioisotope of interest, controller 36 may identity a region of interest encompassing an
energy line at which the radioisotope of interest emits and integrate the area under the
peak. The region of interest may be a region defined between two different energy lines
that includes the peak of interest and bounds the region under which the peak area is
integrated to determine corresponding activity.

[0088] While eluate is flowing through accumulator structure 202 and controller is
determining the activity of a radioisotope (e.g., daughter radioisotope) in the eluate,
parent radioisotope may be accumulating on or in accumulator structure 202. To
determine the activity of such parent radioisotope in the eluate, controller 36 can control
system 200 to cease clution. For example, controllcr 36 can control diverter valve 22 to
redirect the flow of eluant from radioisotope generator 16 to accumulator structure 202
via bypass line 26. Eluant flowing directly to accumulator structure 202 via bypass line
26 can push residual eluate (and daughter radioisotope) through accumulator structure
202.

[0089] After suitably flushing accumulator structure 202 (e.g., with at least 5 ml of
eluant, such as at least 10 ml eluant), controller 36 can control gamma detector 34 to
measure the amount of gamma radiation emanating from accumulator structure 202
and/or cluant in or flowing through the structure. Since daughter radioisotope present in
the eluate has been flushed through accumulator structure 202, substantially any
radioactivity measured by detector 34 may be attributed to parent radioisotope captured
on the accumulator structure (or a decay product thereof), thereby providing an indication
of the amount of parent radioisotope present in the eluate.

[0090] For example, controller 36 may reccive gamma ray spectroscopy data from
detector 34 indicative of the gamma radiation (e.g., magnitude, distribution) detected by
detector 34 from accumulator structure 202 and/or eluant in or flowing through the
structure. Upon receiving gamma ray spectroscopy data from detector 34, controller 36
may determine an amount of activity associated with one or more radioisotopes (c.g., a
parent radioisotope) emitting radiation. To determine the amount of activity associated
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with a radioisotope of interest, controller 36 may identify a region of interest
encompassing an energy line at which the radioisotope of interest (e.g., parent
radioisotope or a decay product thercof) emits and integrate the arca under the pcak. The
region of interest may be a region defined between two different energy lines that
includes the peak of interest and bounds the region under which the peak area is
integrated to determine corresponding activity.

[0091] Once controller 36 determines an activity of the parent radioisotope based on the
magnitude of the measured gamma radiation, controller 36 may adjust the measured
activity to determine the amount of parent radioisotope present in the eluate generated by
radioisotope generator 16. The amount of parent radioisotope captured on or in
accumulator structure 202 that emits gamma radiation can vary over the life of
radioisotope generator system 200. Initially, accumulator structure 202 may contain no
parent radioisotope such that substantially any gamma radiation measured from
accumulator structure 202 after an initial elution may be attributed to parent radioisotope
released from radioisotope generator 16. Overtime, parent radioisotope can accumulate
on accumulator structurc 202 such that during subscquent elutions, a portion of the
gamma radiation emitted by parent radioisotope captured on accumulator structure 202
can be attributed to parent radioisotope captured during prior elutions and another portion
can be attributed to parent radioisotope captured during a current run in which the activity
of parent radioisotope present in the cluate is desired to be quantified. For this rcason,
controller 36 may decrease the measured activity of the parent radioisotope by an amount
proportional to the percentage of the parent radioisotope attributable to prior elution runs
as opposed to the current elution run.

[0092] Controller 36 may also increase the measured activity of the parent radioisotope to
account for the capture efficiency of accumulator structure 202. While accumulator
structure 202 can preferentially bind parent radioisotope to the structure, the structure
may not be capable of capturing all parent radioisotope present in the eluate generated by
radioisotope generator 16. Accordingly, the amount of parent radioisotope determined to
be in the cluate sample based on the measured gamma radiation (as optionally adjusted to
account for any legacy parent radioisotope from prior elution runs) can be upwardly
adjusted to reflect the capture efficiency of accumulator structure 202. The resulting
value can be established as the measured activity of parent radioisotope in the eluate

being analyzed.
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[0093] FIG. 6 is a flow diagram of an example technique that may be used to detect and
quantify a parent radioisotope, a daughter radioisotope, and/or any other desired
radioisotopes in a system according to the example of FIG. 5. For example, the technique
of FIG. 6 may be used by radioisotope generator system 200 of FIG. 1 to determine an
activity of germanium-68 and/or gallium-68. In this application, radioisotope generator
16 may be a ®*Ge/*®Ga generator that produces ®Ga from radioactive decay of ®Ge.
[0094] In the example technique, controller 36 controls eluant pump 14 to pump
pressurized eluant (e.g., HCI solution) through radioisotope gencrator 16, producing an
eluate containing gallium-68 and germanium-68 that discharges from line 204 (300). The
eluate flows over and/or through accumulator structure 202, causing a portion of the
germanium-68 to bind to the accumulator structure. In one configuration, accumulator
structure 202 is a chemistry column (e.g., having a shape and/or construction that is the
same as the generator column in radioisotope generator 16 except that the generator
column is loaded with germanium whereas the chemistry column is devoid of germanium
upon start up). The chemistry column may function to remove germanium-68 from the
cluate and/or neutralize the pH of the cluate for injection. For example, accumulation
structure 202 may be an ion exchange member that functions to remove germanium-68
from the eluate. The chemistry column may be positioned upstream from or form part of
a chemistry vial or chemistry cassette containing reagents for reacting with the eluate.
The amount of germanium-68 binding to the chemistry column may be greater than the
amount of gallium-68 binding to the column.

[0095] During elution, controller 36 receives gamma ray spectroscopy data from detector
34 indicative of the gamma radiation (e.g., magnitude, distribution) detected by detector
34 from the cluate flowing through and/or over accumulator structure 202 (302).
Detector 34 may continuously or periodically detect gamma rays emitted by eluate
flowing through accumulator structure 202. As the concentration of radioisotopes in the
eluate change, detector 34 may detect changing gamma radiation from the eluate.

[0096] Upon receiving gamma ray spectroscopy data from detector 34, controller 36 may
determine an amount of activity associated with gallium-68 (304). Gallium-68 emits at
the 511 keV line of the spectrum. By contrast, germanium-68 does not emit within the
gamma spectrum. Accordingly, substantially any or all gamma radiation measured by
gamma detector 34 from the eluate may be attributed to gallium-68. To determine the
amount of activity associated with gallium-68, controller 36 may identify a region of
interest encompassing the 511 keV peak and integrate the area under the peak. The

27



CA 02940697 2016-08-25

WO 2015/138910 PCT/US2015/020461

region of interest may be a region defined between two different energy lines that
includes the peak of interest and bounds the region under which the peak area is
integrated to determine corresponding activity. Controller 36 may store this determined
activity as the activity of gallum-68.

[0097] After generating a desired amount of eluate, the technique of FIG. 6 includes
terminating elution and optionally flushing accumulator structure 202 (306). In one
example, controller 36 controls diverter valve 22 to redirect the flow of eluant from
radioisotope generator 16 to accumulator structure 202 via bypass line 26. Eluant flowing
directly to accumulator structure 202 via bypass line 26 can push residual eluate (and
gallium-68 contained therein) through accumulator structure 202. This can reduce
residual gamma ray emissions emitted from gallium-68 radionuclides produced inside of
radioisotope generator 16 and carried to accumulator structure 202 via flowing cluant. In
other examples, the technique of FIG. 6 can be performed by terminating elution (e.g.,
ceasing operation of eluant pump 14) without flushing accumulator structure 202.

[0098] After stopping the flow of eluate to accumulator structure 202, controller 36 in the
technique of FIG. 6 again receives gamma ray spectroscopy data from detector 34
indicative of the gamma radiation (e.g., magnitude, distribution) detected by detector 34
from radioisotopes present in accumulator structure 202 (308). While germanium-68
does not itself emit in the gamma spectrum, the germanium decays to gallium-68, which
cmits at the 511 keV line as discussed above. Since the flow of gallium-68 from
radioisotope generator 16 has been terminated (and accumulator structure 202 optionally
flushed to remove residual gallium-68), gamma radiation emitted by gallium-68 and
detected by detector 34 may be attributed as the decay product of germanium-68 captured
by accumulator structure 202.

[0099] Upon receiving gamma ray spectroscopy data from detector 34, controller 36 may
determine an amount of activity associated with germanium-68 by measuring the amount
of activity attributable to its decay product gallium-68 (310). To determine the amount of
activity associated with germanium-68, controller 36 may identify a region of interest
encompassing the 511 keV peak and integrate the arca under the peak. Controller 36 can
determine from this integration the amount of activity associated with gallium-68 decayed
from germanium-68 captured from the eluate by accumulator structure 202.

[00100] To determine the activity of germanium-68 in the eluate produced by
radioisotope generator 16, controller 36 can convert the measured activity of gallium-68
(310) into a corresponding germanium-68 activity. For example, with reference to data
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stored in memory, controller 36 can account for the decay rate of germanium-68 to
gallium-68, the efficiency of accumulator structure 202 at capturing and binding
germanium-68 out of the cluate, and the presence of any gallium-68 attributable to
germanium-68 captured during prior elution runs (as adjusted for the decay of such
germanium) to convert the measured activity of gallium-68 to an activity of germanium-
68 in the eluate produced from radioisotope generator 16.

[00101] After determining the activity of gallium-68 and/or germanium-68 in the cluate
generated by radioisotope generator 16, system 200 can store and/or use radioisotope
activity information in a number of different ways. In one example, controller 36 stores
activity data generated during operation of radioisotope generator 16 in a memory
associated with the system. The memory may be at the same physical location generator
or may be at a physically remote location. The data may allow the operational
performance and integrity of system 200, including radioisotope generator 16, to be
monitored and evaluated. In some additional examples, controller 36 may actively
control system 200 based on radioactivity data determined via detector 34.

[00102] For example, controller 36 may compare a measured activity for a particular
isotope (e.g., “Ge, ®Ga) or combination of isotopes in eluate generated by system 200 to
one or more thresholds stored in memory. The threshold(s) may provide a maximum
amount of isotope that can be dosed at any one time. Controller 36 may take a variety of
actions when a threshold is exceeded. As one example, controller 36 may initiate a user
alert. As another example, controller 36 may control a downstream process from
radioisotope generator 16 to prevent eluate generated therefrom from being injected into a
patient.

[00103] While the example technique of FIG. 6 has been described with respect to a
germanium-gallium radioisotope generator, it should be appreciated the configuration of
system 200 in FIG. 5 and the technique of FIG. 6 is not limited such an example
generator. Such systems and techniques can be implemented using any desired
radioisotope generator, including those described herein.

[00104] Morcover, while the technique of FIG. 5 has been described in conjunction with
operation of radioisotope generator 16, it should be appreciated that the technique is not
limited to standalone application but can be implemented in conjunction with other
systems and techniques described therein, including those discussed with respect to FIGS.

1-4. For example, prior to exccuting the technique of FIG. 5, radioisotope generator 16
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can be calibrated using a calibration source emitting at or around the 511 keV line, as
discussed above with respect to FIG. 4.

[00105] The techniques described in this disclosure may be implemented, at Ieast in part,
in hardware, software, firmware or any combination thereof. For example, various
aspects of the described techniques may be implemented within one or more processors,
including one or more microprocessors, digital signal processors (DSPs), application
specific integrated circuits (ASICs), field programmable gate arrays (FPGAs), or any
other equivalent integrated or discrete logic circuitry, as well as any combinations of such
components. The term “processor” may generally refer to any of the foregoing logic
circuitry, alone or in combination with other logic circuitry, or any other equivalent
circuitry. A control unit comprising hardware may also perform one or more of the
techniques of this disclosure.

[00106] Such hardware, software, and firmware may be implemented within the same
device or within separate devices to support the various operations and functions
described in this disclosure. In addition, any of the described units, modules or
components may be implemented together or separately as discrete but interoperable
logic devices. Depiction of different features as modules or units is intended to highlight
different functional aspects and does not necessarily imply that such modules or units
must be realized by separate hardware or software components. Rather, functionality
associated with one or more modules or units may be performed by separate hardware or
software components, or integrated within common or separate hardware or software
components.

[00107] The techniques described in this disclosure may also be embodied or encoded in
a non-transitory computer-recadable medium, such as a computer-readable storage
medium, containing instructions. Instructions embedded or encoded in a computer-
readable storage medium may cause a programmable processor, or other processor, to
perform the method, e.g., when the instructions are executed. Non-transitory computer
readable storage media may include volatile and/or non-volatile memory forms including,
¢.g., random access memory (RAM), read only memory (ROM), programmable read only
memory (PROM), erasable programmable read only memory (EPROM), electronically
erasable programmable read only memory (EEPROM), flash memory, a hard disk, a CD-
ROM, a floppy disk, a cassette, magnetic media, optical media, or other computer

readable media.
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[00108] Various examples have been described. These and other examples are within the

scope of the following claims.
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CLAIMS:

1. An elution system comprising:
a 82S1/%2Rb generator configured to generate *’Rb via elution with an eluant;

8281/*?Rb generator;

an eluant line configured to supply the eluant to the

an eluate line configured to receive eluate eluted from the %2St/*Rb generator and
convey the eluate to at least one of a patient line and a waste line;

a gamma ray detector positioned adjacent to the eluate line and configured to
detect gamma rays emitted from eluate flowing through the eluate line; and

a controller communicatively coupled to the gamma ray detector and configured
to receive data indicative of the gamma radiation emitted by the eluate flowing through

the eluate line, determine an activity of 3°Rb in the eluate based on the received data, and

determine an activity of %2Sr based on the received data.

2. The system of claim 1, wherein the controller is configured to determine the
activity of the ?Rb based on the received data by at least:

generating a gamma ray spectrum from the received data;

determining a net peak integral count in a region of interest associated with a 776
keV line of the gamma ray spectrum so as to establish an activity of ®Rb at the 776 keV
line;

determining an activity of **Rb ata 511 keV line of the gamma ray spectrum by
multiplying the activity of ®?Rb at the 776 keV line by a branching intensity factor; and

summing the determined activity of ®*Rb at the 776 keV line and the determined
activity of ®Rb at the 511 keV line.

3. The system of claim 2, wherein establishing the activity of *Rb comprises

dividing the net peak integral count associated with the 776 keV line by an efficiency
factor for the 776 keV line.
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4. The system of claim 3, wherein the efficiency factor for the 776 keV line
comprises a ratio of activity measured at the 774 keV line by the detector for a sample of

134Cs divided by a known activity for the sample of 1**Cs.

5. The system of claim 1, wherein the controller is configured to determine the
activity of the ®2Sr based on the received data by at least:

determining a net peak integral count in a region of interest associated with a 511
keV line and a 514 keV line of the gamma ray spectrum,;

subtracting the determined activity of ?Rb at the 511 keV line from the
determined net peak integral associated with the 511 keV line and the 514 keV line so as
to establish an activity of **Sr at the 514 keV line; and

multiplying the established activity of 3°Sr by a ratio relating an activity of #2Sr to
the activity of ®Sr.

6. The system of claim 5, wherein determining the net peak integral count associated
with the 511 keV line and the 514 keV line comprises dividing the net peak integral count
associated with the 511 keV line and the 514 keV line by an efficiency factor for the 511
keV line and the 514 keV line.

7. The system of claim 6, wherein the efficiency factor for 511 keV line and the 514
keV line comprises a ratio of activity measured at the 511 keV line and the 514 keV line

by the detector for a sample of *>Na divided by a known activity for the sample of **Na.

8. The system of any one of claims 1-7, wherein the controller is further configured

to determine an activity of 1*'Cs in the eluate based on the received data.
9. The system of claim 8, wherein the controller is configured to determine the

activity of the *!Cs based on the received data by at least determining a net peak integral

count in a region of interest associated with a 32 keV line of the gamma ray spectrum.
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10.  The system of claim 9, wherein determining the net peak integral count associated
with the 32 keV line comprises dividing the net peak integral count associated with the

32 keV line by an efficiency factor the 32 keV line.

11. The system of any one of claims 1-10, further comprising a pump configured to
pump the eluant through the ¥2Sr/**Rb generator, and a diverter valve configured to direct

the eluate to either the patient line or the waste line.

12.  The system of claim 11, wherein the controller controls the pump so as to pump
eluant through the **Sr/*?Rb generator at a rate ranging from 25 ml/min to 75 ml/min
such that the gamma ray detector detects gamma rays emitted from eluate flowing at a

rate ranging from 25 ml/min to 75 ml/min.

13.  The system of any one of claims 1-12, wherein the controller is further

configured to determine a cumulative activity of Rb during a patient dosing procedure.

14.  The system of claim 13, wherein the controller is further configured to compare

the cumulative activity of ®Rb to a threshold stored in memory.

15.  The system of claim 14, wherein the threshold includes a threshold of 2220 MBq
(60 mCi) and, when the controller determines that the cumulative activity exceeds 2220

MBq, the controller controls the system to cease delivering eluate to a patient.

16.  The system of any one of claims 1-15, wherein the controller is further
configured to compare the determined activity of ®?Sr and a determined activity of 3°Sr to

a threshold stored in memory.

17.  The system of claim 16, wherein the threshold comprises a *Sr threshold of 0.02
uCi / mCi of #Rb and a % Sr threshold of 0.2 pCi/ mCi of 32Rb and, when the controller

determines that either the determined activity of *Sr or the determined activity of 3°Sr
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exceeds a corresponding threshold, the controller controls the system to cease delivering

eluate to a patient.

18.  The system of any one of claims 1-17, wherein the gamma ray detector comprises

a cadmium-zinc-telluride semiconductor detector.

19. A method of monitoring radioactity in an elution system, the method comprising:

receiving data indicative of nuclear radiation emitted by an eluate eluted from a
rubidium isotope generator;

determining an activity of *’Rb in the eluate based on the received data in
substantially real time with receipt of the data; and

determine an activity of #2Sr in the eluate based on the received data in

substantially real time with receipt of the data.

20.  The method of claim 19, wherein receiving the data comprises detecting gamma
ray radiation from eluate flowing through a line via a gamma ray detector, and
determining the activity of the *Rb and the activity of 3*Sr in the eluate in substantially
real time comprises determining the activity of the *’Rb and the activity of ¥2Sr less than

10 seconds after detecting the gamma ray radiation.

21.  The method of either of claims 19 or 20, wherein determining the activity of the
$2Rb comprises:

generating a gamma ray spectrum from the received data;

determining a net peak integral count in a region of interest associated with a 776
keV line of the gamma ray spectrum so as to establish an activity of #’Rb at the 776 keV
line;

determining an activity of **Rb ata 511 keV line of the gamma ray spectrum by
multiplying the activity of ®?Rb at the 776 keV line by a branching intensity factor; and

summing the determined activity of 3°Rb at the 776 keV line and the determined
activity of ®Rb at the 511 keV line.
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22. The method of claim 21, wherein determining the activity of the **Sr comprises:

determining a net peak integral count in a region of interest associated with a 511
keV line and a 514 keV line of the gamma ray spectrum; and

subtracting the determined activity of **Rb at the 511 keV line from the
determined net peak integral associated with the 511 keV line and the 514 keV line so as
to establish an activity of **Sr at the 514 keV line; and

multiplying the established activity of ®°Sr by a ratio relating an activity of %2Sr to
the activity of ®Sr.

23. The method of claim 22, further comprising dividing the net peak integral count
associated with the 776 keV line by an efficiency factor for the 776 keV line and dividing
the net peak integral count associated with the 511 keV line and the 514 keV line by an
efficiency factor for the 511 keV line and the 514 keV line.

24.  The method of any one of claims 19-23, further comprising determining an
activity of '*'Cs in the eluate based on the received data in substantially real time with

receipt of the data.

25.  The method of any one of claims 19-24, further comprising controlling a flow of
eluate from the rubidium isotope generator based on one of the determined activity of

82Rb and the determined activity of Sr.

26.  The method of claim 25, wherein controlling the flow of eluate comprises one of
diverting the eluate to a waste bottle or terminating generation of eluate if either the

determined activity of *’Rb or the determined activity of ®2Sr exceeds a threshold.

27. A calibration method comprising:
detecting gamma radiation via a gamma ray detector from a first isotope having a

known activity and emitting in a region of a 776 keV line of a gamma ray spectrum,;

36

Date Regue/Date Received 2021-10-12



determining an efficiency factor for the 776 keV line by dividing a detected
activity of the first isotope in the region of the 776 keV line by the known activity for the
first isotope;

detecting gamma radiation via the gamma ray detector from a second isotope
having a known activity and emitting in a region of a 511 keV line and a 514 keV line of
the gamma ray spectrum,;

determining an efficiency factor for the 511 keV line and the 514 keV line of the
gamma ray spectrum by dividing a detected activity of the second isotope in the region of
the 511 keV line and the 514 keV line by the known activity for the second isotope; and

storing the determined efficiency factor for the 776 keV line and the determined
efficiency factor for the 511 keV line and the 514 keV in a memory associated with the

gamma ray detector.

28.  The method of claim 27, wherein the first isotope is '**Cs and the second isotope
is **Na.
29.  The method of either of claims 27 or 28, wherein determining the efficiency

factor for the 776 keV line comprises determining a net peak integral count in a region of
interest associated with the 776 keV line of the gamma ray spectrum to determine the
detected activity of the first isotope, and determining the efficiency factor for the 511

keV line and the 514 keV line comprises determining a net peak integral count in a region
of interest associated with the 511 keV line and the 514 keV line of the gamma ray

spectrum to determine the detected activity of the second isotope.

30.  The method of any one of claims 2729 further comprising:
detecting gamma radiation via the gamma ray detector from a third isotope having
a known activity and emitting in a region of a 32 keV line of the gamma ray spectrum,;
determining an efficiency factor for the 32 keV line by dividing a detected
activity of the third isotope in the region of the 32 keV line by the known activity for the
third isotope; and
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storing the determined efficiency factor for the 32 keV line in the memory

associated with the gamma ray detector.

31.  The method of claim 30, wherein the third isotope comprises *’Na.

32.  The method of either of claims 30 and 31, wherein determining the efficiency
factor for the 32 keV line comprises determining a net peak integral count in a region of
interest associated with a 32 keV line of the gamma ray spectrum to determine the

detected activity of the third isotope.

33.  The method of any one of claims 27-32, further comprising sequentially passing
the first isotope and the second isotope past the gamma ray detector at a rate ranging from

25 ml/min to 75 ml/min.

34.  The method of any one of claims 27—-33, wherein the gamma ray detector

comprises a cadmium-zinc-telluride semiconductor detector.

35.  An elution system comprising:

a radioisotope generator configured to release a daughter radioisotope during
elution with an eluant thereby producing an eluate containing the daughter radioisotope,
the daughter radioisotope being produced from radioactive decay of a parent radioisotope
contained within the radioisotope generator;

an eluant line configured to supply the eluant to the radioisotope generator;

an eluate line configured to receive and convey eluate eluted from the
radioisotope generator;

a gamma ray detector positioned to detect gamma rays emitted from radioisotopes
released by the radioisotope generator, and decay products thereof, and conveyed from
the radioisotope generator via the eluate line; and

a controller communicatively coupled to the gamma ray detector and configured

to receive data indicative of the gamma radiation emitted by the radioisotopes released by
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the radioisotope generator and the decay products thereof, determine an activity of the
daughter radioisotope in the eluate based on the received data, and determine an activity

of the parent radioisotope in the eluate based on the received data.

36. The system of claim 35, wherein the radioisotope generator comprises one of a

PMo/”™T¢ generator, a *Ge/**Ga generator, and a 2S1/**Rb generator.

37. The system of either of claims 35 or 36, further comprising an accumulator
structure positioned downstream from the radioisotope generator and in fluid
communication with the eluate line, the accumulator structure being configured to

capture a larger amount of parent radioisotope than daughter radioisotope.

38.  The system of claim 37, wherein the radioisotope generator comprises a generator
column loaded with the parent radioisotope and the accumulator structure comprises a

second column devoid of the parent radioisotope.

39.  The system of either of claims 37 and 38, wherein the radioisotope generator
comprises a ®Ge/®®Ga generator, the daughter radioisotope is *Ga, the parent
radioisotope is ®®*Ge, and the controller is configured to determine the activity of **Ga in
the eluate and determine the activity of ®®Ge in the eluate by at least:

generating a first gamma ray spectrum from data received from the gamma ray
detector representing gamma radiation emitted from eluate flowing past the gamma ray
detector;

determining a net peak integral count over a 511 keV line of the gamma ray
spectrum to establish the activity of ®®Ga in the eluate;

generating a second gamma ray spectrum from data received from the gamma ray
detector representing gamma radiation emitted from %*Ga decayed from ®Ge captured on

the accumulator structure;
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determining a net peak integral count over the 511 keV line of the gamma ray
spectrum to establish the activity of ®*Ga decayed from ®*Ge captured on the accumulator
structure; and

adjusting the established activity of ®*Ga decayed from ®*Ge to determine the

activity of ®*Ge in the eluate.

40.  The system of any one of claims 35-39, wherein the controller is configured to
determine the activity of the daughter radioisotope and determine the activity of the
parent radioisotope based on the received data by at least:

generating a gamma ray spectrum from the received data;

determining a net peak integral count over a portion of the gamma ray spectrum in
which the daughter radioisotope emits, thereby establishing an activity of the daughter
radioisotope; and

determining a net peak integral count over a portion of the gamma ray spectrum in
which the parent radioisotope emits, thereby establishing an activity of the parent

radioisotope.

41.  The system of any one of claims 3540, further comprising a base frame with
wheels, wherein the radioisotope generator, eluant line, eluate line, gamma ray detector,

and controller are mounted on the base frame so as to be movable.

42.  The system of any one of claims 35—41, wherein the controller is further
configured to control a flow of eluate from the radioisotope generator based on one of the

determined activity of the daughter isotope and the parent isotope.

43.  The system of claim 42, wherein the controller is configured to control the flow of
eluate by one of diverting the flow of eluate to a waste bottle or terminating generation of
eluate, if either the determined activity of the daughter isotope or the determined activity

of the parent isotope exceeds a threshold.
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