(19)

DANMARK (10 DK/EP 1996276 T3

(12) Oversaettelse af
europeeisk patentskrift

Patent-og
Varameerkestyrebsen

(51)

(45)

(80)

(73)

(72)

(74)

Int.Cl.: A 61 M 36/06 (2006.01) A61M 5/00 (2006.01) A61M 36/08 (2006.01)
GO1T 1/164 (2006.01) GO1T 1/20 (2006.01) G 05 B 13/02 (2006.01)

Overseettelsen bekendtgjort den: 2018-12-10

Dato for Den Europaeiske Patentmyndigheds
bekendtgorelse om meddelelse af patentet: 2018-08-15

Europaeisk ansggning nr.: 07710645.8

Europeeisk indleveringsdag: 2007-02-26

Den europeeiske ansggnings publiceringsdag: 2008-12-03
International ansggning nr.: CA2007000295

Internationalt publikationsnr.: WO2007104133

Prioritet: 2006-03-10 US 372149

Designerede stater: AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HU IE IS IT LI LT LU LV MC NL
PL PT RO SE SI SK TR

Patenthaver: Ottawa Heart Institute Research Corporation, 40 Ruskin Street, Ottawa, Ontario K1Y 4W7, Canada

Opfinder: DEKEMP, Robert A., 247 Pleasant Park Road, Ottawa, Ontario K1H 5M4, Canada
KLEIN, Ran, 92 Ross Avenue, Ottawa, Ontario K1Y ON5, Canada

Fuldmaegtig i Danmark: RWS Group, Europa House, Chiltern Park, Chiltern Hill, Chalfont St Peter, Bucks SL9
9FG, Storbritannien

Beneevnelse: STYRING AF RUBIDIUM-ELUERINGSSYSTEM

Fremdragne publikationer:

EP-A1- 1616 587

EP-A2- 0 160 303

JP-A- 07 231 884

JP-A- 57 013 381

JP-A-2000 131 443

US-A- 4 585 941

US-A- 4 975 583

US-B2- 6 713 765

ALVAREZ-DIAZ T.M. ET AL.: 'Manufacture of strontium-82/rubidium-82 generators and quality control of
rubidium-82 chloride for myocardial perfusion imaging in patients using positron tomography' APPLIED
RADIATION AND ISOTOPES vol. 50, no. 6, 1999, pages 1015 - 1023, XP004162249

YANO Y. ET AL.: 'A Precision Flow-Controlled Rb-82 Generator for Bolus or Constant-Infusion Studies of the
Heart and Brain' THE JOURNAL OF NUCLEAR MEDICINE vol. 22, no. 11, 1981, pages 1006 - 1010, XP008127933
YANO Y.: 'Essentials of a Rubidium-82 Generator for Nuclear Medicine, International journal of radiation
applications and instrumentation' PART A, APPLIED RADIATION AND ISOTOPES vol. 38, no. 3, 1987, pages 205
- 211, XP024725479

Fortsaettes ...



DK/EP 1996276 T3

KENSETT M.J. ET AL.: 'Experience with 82Sr/82Rb Generator for Clinical Use International journal of radiation
applications and instrumentation' PART A, APPLIED RADIATION AND ISOTOPES vol. 38, no. 3, 1987, pages 227

- 231, XP024705873
SAHA G. ET AL.: 'Use of the 82Sr/82Rb Generator in Clinical PET Studies, International journal of radiation
applications and instrumentation' PART B, NUCLEAR MEDICINE AND BIOLOGY vol. 17, no. 8, 1990, pages 763 -

768, XP026263297



DK/EP 1996276 T3

DESCRIPTION

FIELD OF THE INVENTION

[0001] The present application relates in general to nuclear medicine and, in particular, to a
rubidium elution control system.

BACKGROUND OF THE INVENTION

[0002] As is well known in the art, Rubidium (82Rb) is used as a positron emission tomography
(PET) tracer for non-invasive measurement of myocardial perfusion (blood flow).

[0003] Recent improvements in PET technology have introduced 3-dimensional positron
emission tomography (3D PET). Although 3D PET technology may permit more efficient
diagnosis and prognosis in patients with suspected coronary artery disease, the sensitivity of

3D PET requires very accurate control of the delivery of 8Rb activity to a patient being
assessed.

[0004] FIGs. 1 and 2 illustrate a conventional rubidium elution system used for myocardial
perfusion imaging. As may be seen in FIG. 1, the elution system comprises a reservoir of
sterile saline solution (e.g. 0.9% Sodium Chloride Injection), a pump, and a strontium-rubidium

(825r/82Rb) generator. In operation, the pump causes the saline solution to flow from the

reservoir 4 and through the generator 8 to elute the 82Rb. The active solution output from the
generator 8 is then supplied to a patient (not shown) via a patient outlet 10.

[0005] When the system 2 is not in use, the amount of 82Rb within the generator 8
accumulates until a balance is reached between the rate of 82Rb production (that is, 82Sr

decay) and the rate of 8Rb decay. As a result, the 8Rb activity level in the active saline
emerging from the generator 8 tends to follow a "bolus" profile 12 shown by the solid line in

FIG. 2a. In particular, at the start of an 82Rb elution "run", the activity level rises rapidly and

peaks, as accumulated 82Rb is flushed out of the generator 8. Thereafter, the activity level
drops back to a substantially constant value. The maximum activity level Ayax (bolus peak)

obtained during the run is dependent on the amount of accumulated 82Rb in the generator 8,
and thus is generally a function of the system's recent usage history, principally: the current

82Rb production rate; the amount of accumulated 82Rb (if any) remaining at the end of the
previous elution run; and the idle time since the previous run. The generally constant level of

the bolus tail is dependent on the rate of 82Rb production and the saline flow rate produced by
the pump 6.
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[0006] As is well known in the art, 82Rb is generated by radioactive decay of the 82Sr, and thus

the rate of 82Rb production at any particular time is a function of the mass of remaining 82gr,
As will be appreciated, this value will diminish (exponentially) through the useful life of the
generator 8. The result is a family of bolus curves, illustrated by the dashed lines of FIG. 2a,
mapping the change in elution system performance over the useful life of the generator 8.

[0007] Because of the high activity level of 82Rb possible in the generator 8, it is desirable to
limit the total activity dosage delivered to the patient during any given elution run. The total
elution time required to reach this maximum permissible dose (for any given flow rate) will

therefore vary over the life of the 82Sr charge in the generator 8, as may be seen in FIG. 2b,
where the total activity dose, represented by the area under each curve, is equal in both cases.

[0008] A limitation of this approach, particularly for 3D PET imaging, is that the delivery of a
high activity rate over a short period of time tends to degrade image quality. Low activity rates
supplied over a relatively extended period are preferred. As a result, the user is required to
estimate the saline flow rate that will obtain the best possible image quality, given the age of
the generator and its recent usage history, both of which will affect the bolus peak and tail
levels. This estimate must be continuously adjusted throughout the life of the generator 8, as

the 82Sr decays.

[0009] Accordingly, techniques for controlling an 82Rb elution system that enable a desired
activity level to be supplied over a desired period of time, independently of a state of the

823r/82Rb generator, remain highly desirable.

SUMMARY OF THE INVENTION

[0010] Accordingly, an object of the present invention is to provide techniques for controlling an

82Rb elution system.

[0011] The present invention therefore provides a method of controlling an 82Sr/82Rb elution
system having a generator valve for proportioning a flow of saline solution between an

823r/82Rb generator and a bypass line coupled to an outlet of the generator such that saline
solution traversing the bypass line will merge with eluted saline solution emerging from the
generator to provide an active saline solution. During each elution run, a plurality of successive
concentration parameter values are obtained at predetermined intervals. Each concentration
parameter value is indicative of a respective instantaneous activity concentration of the active
saline solution. Respective error values between each concentration parameter value and a
target activity concentration value of the elution run are computed. Error data based on a
plurality of the computed error values is accumulated. Between successive elution runs, at
least one performance parameter of the elution system is adjusted based on the accumulated
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error data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Further features and advantages of the present invention will become apparent from
the following detailed description, taken in combination with the appended drawings, in which:

FIG. 1 is a block diagram schematically illustrating principal elements of a conventional
Rubidium elution system;

FIGs 2a and 2b are graphs illustrating representative performance of the elution system of
FIG. 1;

FIG. 3 is a block diagram schematically illustrating principal elements of a Rubidium elution
system in accordance with an embodiment of the present invention;

FIG. 4 illustrates a pinch-type valve arrangement usable in the elution system of FIG. 3;
FIG. 5 schematically illustrates a positron detector usable in the elution system of FIG. 3;

Figs. 6a-6d schematically illustrate respective operating states of the Rubidium elution system
of FIG. 3;

FIGs. 7a-7c schematically illustrate a first algorithm for controlling the Rubidium elution system
of FIG. 3; and

FIGs. 8a-8c schematically illustrate a second algorithm for controlling the Rubidium elution
system of FIG. 3;.

[0013] It will be noted that throughout the appended drawings, like features are identified by
like reference numerals.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0014] The present invention provides a Rubidium (82Rb) elution and control system in which
the 82Rb activity rate delivered to a patient can be controlled substantially independently of the

condition of the 82Sr/32Rb generator. Representative embodiments are described below with
reference to FIGs. 3-8.

[0015] In the embodiment of FIG. 3, the elution system comprises reservoir 4 of sterile saline
solution (e.g. 0.9% Sodium Chloride Injection); a pump 6 for drawing saline from the reservoir
4 at a desired flow rate; a generator valve 16 for proportioning the saline flow between a
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strontium-rubidium (SZSr/SZRb) generator 8 and a bypass line 18 which circumvents the
generator 8; a positron detector 20 located downstream of the merge point 22 at which the
generator and bypass flows merge; and a patient valve 24 for controlling supply of active saline
to a patient outlet 10 and a waste reservoir 26. A controller 28 is connected to the pump 6,
positron detector 20 and valves 16 and 24 to control the elution system 14 in accordance with
a desired control algorithm, as will be described in greater detail below.

[0016] If desired, the strontium-rubidium (82Sr/82Rb) generator 8 may be constructed in
accordance with Applicant's co-pending United States Patent Application No. 11/312,368
entitted A Rubidium Generator For Cardiac Perfusion Imaging And Method Of Making And
Maintaining Same, filed December 21, 2005. In such cases, the pump 6 may be a low-
pressure pump such as a peristaltic pump. However, other types of generator may be used.
Similarly, other types of pump may be used, provided only that the pump selected is
appropriate for medical applications and is capable of maintaining a desired saline flow rate
through the generator.

[0017] The generator and patient valves 16, 24 may be constructed in a variety of ways. In
principal, the generator valve may be provided as any suitable valve 16 arrangement capable
of proportioning saline flow between the generator 8 and the bypass line 18. If desired, the
generator valve may be integrated with the branch point 30 at which the saline flow is divided.
Alternatively, the generator valve 16 may be positioned downstream of the branch point 30, as
shown in FIG. 3. In embodiments in which flexible (e.g. Silicon) tubing is used to convey the
saline flow, the generator valve 16 may be provided as one or more conventional "pinch"
valves of the type illustrated in FIG. 4. The use of pinch valves is beneficial in that it enables
saline flow to be controlled in a readily repeatable manner, and without direct contact between
the saline solution and components of the valve. Factors associated with the design of the
patient valve 24 are substantially the same as those discussed above for the generator valve
16, with the exception that the saline flow through the patient valve 24 is (or must be assumed

to be) carrying radioactive 8Rb. Accordingly, while any suitable valve design may be selected
for the patient valve 24, it is particularly beneficial to avoid direct contact between the active
saline solution and valve components. For this reason, pinch valves are preferred for the
patient valve 24.

[0018] As may be seen in FIG. 5, the positron detector 20 may conveniently be provided as a
scintillator 32 disposed immediately adjacent to a feed-line 33 carrying the active saline
solution; a photon counter 34 optically coupled to the scintillator 32; and a radiation shield 36
surrounding the scintillator 32 and photon counter 34. The scintillator 32 may be provided by a

length of fluorescent optical fiber, which absorbs Beta (e+) radiation generated by 82Rb decay
to produce a photon. The photon counter 34 (which may, for example be an H7155 detector
manufactured by Hamamatsu) detects incident photons, and generates a detection signal 38
corresponding to each detected photon. The shielding 36, which may be constructed of lead
(Pb), serves to shield the scintillator 32 and photon counter 34 from ambient Gamma and Beta
radiation. In some embodiments, the radiation shield 36 is approximately 2 inch thick in the
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vicinity of the scintillation fiber 32, and may extend (in both directions) at least 5-times the feed-
line 33 outer diameter from the scintillation fiber 32. This arrangement effectively suppresses
ingress of ambient Gamma and Beta radiation along the channel through which the feed-line
33 passes. As a result, spurious photons are suppressed, and the rate at which photons are

counted by the photon counter 34 will be proportional to the 82Rb activity concentration of the
active saline solution adjacent to the scintillator 32. In the illustrated embodiments, the number
of photons detected within a predetermined period of time is counted (e.g. by the controller

28), and the count value Cye is Used as an activity parameter which is proportional to the 82Rb

activity concentration. If desired, a proportionality constant K between the activity parameter

Cget and the 82Rb activity concentration can be empirically determined.

[0019] In operation, the pump 6 and valves 16, 24 can be controlled to route saline solution
through the system 14 in accordance with various modes of operation, as may be seen in
FIGs. 6a-6d. Thus, for example, in a "Bypass-to-waste" mode of the system illustrated in FIG.
6a, the generator and patient valves 16, 24 are positioned to route the entire saline flow
through the bypass line 18, and into the waste reservoir 26. This mode of operation is suitable
for initializing the system 14 immediately prior to beginning an elution run.

[0020] FIG. 6b illustrates a "patient line flush" mode of the system 14, in which the generator
and patient valves 16, 24 are positioned to route the saline flow through the bypass line 18 and
out through the patient outlet 10. This mode of operation may be used prior to an elution run to
prime (that is, expel air from) the patient line 40 in preparation for insertion of the patient outlet
into, for example, a vein of a patient. At the end of an elution run, this mode may also be used

to flush any 82Rb activity remaining within the patient line 40 into the patient, thereby ensuring
that the patient receives the entire activity dose required for the PET imaging.

[0021] FIG. 6c illustrates a "waiting for threshold" mode of the system 14, in which the
generator and patient valves 16, 24 are positioned to route the saline flow through the
generator 8, and into the waste reservoir 26. This mode of operation is suitable during the

beginning an elution run, while the 82Rb concentration is increasing from zero, but has not yet
reached desired levels. Flushing this leading portion of the 82Rb bolus 12 to the waste

reservoir 26 avoids exposing the patient to unnecessary 82Rb activity and allows the total
activity dosage delivered to the patient to be closely controlled.

[0022] FIG. 6d illustrates an "elution" mode of the system 14, in which the generator valve 16
is actively controlled via a control loop 42 from the positron detector 20 to proportion saline
flow through both the generator 8 and the bypass line 18. The generator 8 and bypass saline
flows are then recombined (at 22) downstream of the generator 8 to produce an active saline

solution having a desired 82Rb activity concentration. The patient valve 24 is positioned to
direct the active saline solution to the patient outlet 10.

[0023] In the foregoing description, each operating mode is described in terms of the
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associated steps in performing an elution run to support PET imaging of a patient. However, it
will be appreciated that this context is not essential. Thus, for example, one or more of the
above operating modes may be used to facilitate calibration of the system, in which case the
patient outlet 10 would be connected to a conventional dose calibrator (not shown), rather than
a patient.

[0024] As will be appreciated from the foregoing discussion, each of the operating modes of
the elution system is controlled by the controller unit 28 operating under software control. As a
result, it is possible to implement a wide variety of automated processes, as required. Thus, for
example, elution runs can be fully automated, based on user-entered target parameters, which
allows the user to avoid unnecessary radiation exposure. Similarly, it is possible to automate

desired system calibration and 825y break-through detection protocols, which ensures
consistency as well as limiting radiation exposure of users. A further benefit of software-based
elution system control is that data logs from each elution run can be easily maintained, which
assists not only system diagnostics, but can also be used to ensure that the elution parameters
(e.g. elution concentration and duration) specified for PET imaging have been satisfied.

[0025] As described above, in the "elution"” mode of operation (FIG. 6d), the generator valve
16 is actively controlled via a control loop 42 from the positron detector 20 to proportion saline
flow through both the generator 8 and the bypass line 18. Recombining the corresponding
generator and bypass saline flows downstream of the generator 8 produces an active saline

solution having a desired 82Rb activity concentration. Preferably, the control loop 42 is
implemented using suitable software executing in the controller 28. Representative algorithms
for implementing the control loop 42 are described below with reference to FIGs. 7 and 8.

[0026] In the embodiment of FIG. 7, the controller 28 implements a threshold-based control
algorithm, in which the generator valve 16 is controlled by comparison of measured activity
concentration to a desired activity concentration. If the measured concentration is higher than
the desired concentration, the generator valve 16 directs saline flow to the bypass line 18
rather than the generator 8, and vice versa.

[0027] In general, the elution run is designed to generate a target 82Rb activity concentration
which follows a desired function in time Cy(t). In the embodiment of FIG. 7, Cp(t) is a square-

wave function having a predetermined constant activity concentration Cyy and duration (ty-t4),

as may be seen by the dotted line of FIG. 7b. These parameters may be provided by explicit
user input using the user interface 44 (Fig. 3), or calculated from other user-input parameters,
such as a total activity dosage and saline flow rate. As will be appreciated, the target activity
profile Cp(t) need not be a square-wave function, other profiles may be used, such as a ramp

function, if desired.

[0028] In some embodiments, the target activity profile Cy(t) may define the desired 82Rb

activity concentration at the patient outlet 10. In such cases, an adjusted target profile C'p(t)
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may be computed based on the selected flow rate and patient supply line length, to account for

expected 82Rb decay (and thus loss of activity) in the patient supply line 40 between the
positron detector 20 and the patient outlet 10. This arrangement is advantageous in that it
allows a user to specify an amount of activity (either activity concentration or total dose)
delivered to the patient, and the control loop 42 will operate to match this specification, taking

into account the 8Rb decay within the system 14.

[0029] FIG. 7a is a flow chart illustrating a representative threshold-based valve control
algorithm which may be used in the embodiment of FIG. 7. For ease of illustration, the flow-
chart of FIG. 7a only illustrates the control loop. Process steps and threshold, related to
transitioning between various modes of operation are not shown.

[0030] In preparation for an elution run, a user enters target parameters for the elution. These
parameters may include any three of: total activity dose, target activity concentration, elution
duration, and saline flow rate. From the entered parameters, the remaining parameter can be
calculated, and, if desired, an adjusted target profile C'y(t) obtained (step S2).

[0031] At the start of the elution run, the controller 28 opens the generator valve 16 (at time tg

in FIG. 7b) to place the elution system 14 into the "Waiting for Threshold" mode. During this
period, the activity level detected by the positron detector will begin to ramp up following the
leading edge of the 'natural' bolus curve 12 (Fig. 2a). During this period, the patient valve 24
remains closed, so that any activity eluted from the generator 8 is passed to the waste
reservoir 26. When the detected activity concentration Cyet exceeds the target value Cy, the

controller 28 opens the patient valve 24 (at time t4 in FIG. 7b), and shifts to the "elution” mode

of operation.

[0032] During the elution mode, the controller 28 iteratively obtains an updated concentration
parameter Cqet (at S4), which indicates the instantaneous activity concentration at the positron

detector. The concentration parameter Cget is then compared to the desired concentration Cy.

If Cqet is below the desired concentration Cy (at S6), the generator valve 16 is opened (at S8)

so that saline flows through the generator 8 to elute 82Rb activity. If C4et is above the desired
concentration Cy (at S10), the generator valve 16 is closed (at S12) so that saline flows

through the bypass line 18. As may be seen in FIG. 7b, due to delay in response, the result of
this operation is a saw-tooth activity concentration profile 46 centered on the target
concentration Cp (or C'ym). At the end of the elution run (time ty in FIG. 7b), the controller 28

closes the generator valve 16 and places the elution system 14 into the "Patient line Flush"
mode, which terminates elution of 8Rb activity from the generator 8 and flushes any remaining

82Rb activity within the patient line 40 into the patient.

[0033] FIG. 7c illustrates the activity concentration profile delivered to the patient as a result of

the above-described process. As may be seen from FIG. 7¢, no 82Rb activity is delivered to the
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patient during the "Waiting for Threshold" mode (to-ti). During the "elution" mode (t4-ty, the
activity concentration 46 follows a saw-tooth pattern centered on the target concentration Cy,

(or C'\)- Finally, in "Patient line Flush" mode (following to) the activity concentration drops

rapidly as 82Rb elution is terminated and residual activity is flushed from the patient supply line
40.

[0034] As will be appreciated, the accuracy with which the delivered activity concentration
follows the target profile Cy(t) is largely dependent on the line volume between the merge
point 22 and the positron detector 20. In some cases relatively large excursions from the target
profile Cy(t) are acceptable. However the control loop response is such that the difference

cannot be reduced past a certain limit. As a result, the "error" between the target profile Cp(t)

and the delivered concentration profile 46 (Fig. 7c) cannot be eliminated in the embodiment of
FIG. 7. A pulse-width modulation technique which overcomes this limitation is described below
with reference to FIG. 8.

[0035] The embodiment of FIG. 8 differs from that of FIG. 7 primarily in the manner in which
the generator valve 16 is controlled. In the embodiment of FIG. 7, the generator valve 16 is
opened or closed based on a comparison between the detected activity concentration Cge; and

desired activity concentration. By contrast, in the embodiment of FIG. 8, the generator valve is
opened and closed continuously at a predetermined frequency. Any desired frequency may be
used, depending primarily on the physical properties of the generator valve 16. In some
embodiments, a frequency of between 1 and 10 Hz (e.g. 5 Hz) may be used. In order to
control the proportioning of saline flow between the generator 8 and the bypass line 18, the
duty cycle of the valve 16 is varied. Thus, for example, a duty cycle of "0" may have the effect
of directing the entire saline flow through the bypass line 18, and a duty cycle of "100" directs
the entire saline flow through the generator 8. A duty cycle between these limits divides the
saline flow between the generator 8 and bypass line 18 in accordance with the duty cycle
value. The precision with which the saline flow can be divided between the generator 8 and
bypass line 18 will be determined by a minimum adjustment step size, which can be a
programmable value.

[0036] As described above, the amount of Rb eluted from the generator 8, for any given flow
rate, will depend on the recent usage history of the elution system 14, and the instantaneous

production rate of 8Rb within the generator 8. Accordingly, it is possible to improve the
accuracy of the elution system 14 by implementing a predictive control algorithm, in which

models of the valve 16 and generator performance are used to predict the amount of 82Rb
activity that will be eluted from the generator 8 for a given duty cycle setting.

[0037] In particular, the generator performance can be modeled to predict the amount of 82Rb
activity that will be eluted from the generator for a given flow rate, as will be described in
greater detail below. In some embodiments, a dose calibrator (not shown) is used to measure

the generator performance in terms of, for example, 8Rb activity concentration vs. eluted



DK/EP 1996276 T3

volume. This data can be used to predict eluted 82Rb activity concentration for any given saline
flow rate.

[0038] In addition, the generator valve response can be modeled to enable a prediction of the
flow rate through the generator for any given total saline flow rate (as determined by the pump
control setting) and valve duty cycle. In some embodiments, the valve response may be
modeled in terms of respective parameters defining upper and lower duty cycle limits M,z and
Mmin, and a flow ratio vs. duty cycle slope L between the upper and lower limits. With this
arrangement, the upper duty cycle limit My,ax represents the value beyond which all of the flow
is considered to be directed into the generator 8. Conversely, the lower duty cycle limit Mpyin
represents the value below which all of the flow is considered to be directed into the bypass
line 18. The flow ratio vs. duty cycle slope L defines the change in the ratio between the
respective flows through the generator 8 and the bypass line 18 for duty cycle values lying
between the upper and lower limits.

[0039] In cases where the valve response is non linear, it may be advantageous to replace the
flow ratio vs. duty cycle slope parameter L with one or more parameters defining a
mathematical valve response curve.

[0040] At the start of the elution run, the controller 28 opens the generator valve 16 (at time {g
in FIG. 8b) to place the elution system into the "Waiting for Threshold" mode. During this
period, the activity level detected by the positron detector 20 will begin to ramp up following the
leading edge of the 'natural' bolus curve 12 (Fig. 2a). During this period, the patient valve 24
remains closed, so that any activity eluted from the generator is passed to the waste reservoir
26. When the detected activity concentration reaches the target concentration Cy, (or adjusted

target C'\, as applicable), the controller 28 opens the patient valve 24 (at time t4 in FIG. 8b),

and shifts to the "elution"” mode of operation.

[0041] During the elution mode, the controller 28 implements a predictive control algorithm in
which previously stored generator performance data is used (at S14) to estimate a flow ratio
that will yield the target activity concentration Cy; (or C'y) at the positron detector 20, for the
selected flow rate of the elution run. This estimated (predicted) flow ratio is then used to control
the duty cycle of the generator valve 16. The controller 28 then obtains an updated
concentration parameter Cget (at S16), which indicates the instantaneous activity concentration

at the positron detector 20. The concentration parameter Cqet is then compared to the target
concentration Cp (or C'y) to obtain an error function AC (at S18). Based on the value of the
error function AC, the duty cycle of the generator valve 16 is adjusted. If AC<0 (step $20), the
duty cycle is increased (at S22) so that proportionally more saline flows through the generator

8 to elute more 82Rb activity. If AC>0 (step S24), the duty cycle is decreased (at $S26) so that
proportionally more saline flows through the bypass line 18. If neither condition is satisfied the
duty cycle is maintained at its current status (S28). As may be seen in FIG. 8b, the result of this
operation is a low-error concentration profile 48 that closely matches the target concentration
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Cwm (or C'm)- At the end of the elution run (time ty in FIG. 8b), the controller 28 closes the
generator valve 16 (that is, reduces the duty cycle to "0") and places the elution system 14 into
the "Patient line Flush" mode, which terminates elution of 82Rb activity from the generator 8

and flushes any remaining 82Rb activity within the patient line 40 into the patient.

[0042] FIG. 8c illustrates the activity concentration profile 48 delivered to the patient as a result
of the above-described process. As may be seen from FIG. 8c, no 82Rb activity is delivered to
the patient during the "Waiting for Threshold" mode (tg-t4). During the "elution" mode (t4-tp), the

activity concentration closely follows the target concentration Cy; (or C'y). Finally, in "Patient

line Flush" mode (following ty) the activity concentration drops rapidly as 8Rb elution is

terminated and residual activity is flushed from the patient supply line 40.

[0043] In practice, the above-described predictive control algorithm has been found to produce
an 82Rb activity concentration that closely matches the desired target profile Cp(t), except

during the first few seconds of the elution, where significant prediction errors may occur. In
cases where all of the activity from the generator must be eluted to reach the requested total
dosage, this error must be tolerated. However, in other cases it is possible to eliminate the
error by delaying the start of the "elution" mode of operation. Thus, for example, during the
"waiting for threshold", mode, the detected activity level Cqet can be monitored and compared
to a threshold (e.g. 90% of the target concentration Cy). When the threshold level is reached,
the generator valve control loop 42 begins operating as described above with reference to
FIGs. 8a and 8b, but the patient valve 24 remains closed so that active solution continues to be
routed to the waste reservoir 26. After a predetermined delay, the patient valve 24 opens to
begin supplying active saline solution to the patient outlet 10. The duration of the delay may be
calculated based on the relative activity of the elution. For example, in elutions in which the
target activity concentration Cpy is less than 10% of the maximum concentration that the
generator 8 can produce, a delay of about 10 seconds may be used. Conversely, for elutions in
which the target activity concentration Cy, is more than about 70% of the maximum
concentration that the generator 8 can produce, no delay may be required. For elutions in
which the target activity concentration lies between these two limits, an intermediate delay may
be calculated.

[0044] As described above, the predictive control algorithm uses stored generator
performance data to model the generator performance and thereby enable prediction of a
valve flow ratio (or, equivalently duty cycle) that will yield the target activity concentration Cy

(or C'y) at the positron detector 20. One way of obtaining the generator performance data is to

calibrate the elution system 14 by performing a predefined elution run with the patient outlet 10
connected to a conventional dose calibrator (e.g. a Capintec CRC-15). Such a calibration
elution run enables the dose calibrator to be used to measure the generator performance in

terms of, for example, 82Rb activity concentration vs. eluted volume. This data can be used to

predict eluted 82Rb activity concentration, for any given saline flow rate, with an accuracy that
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that will gradually decline with time elapsed since the calibration run. Repeating the calibration
run at regular intervals (e.g. once per day) allows the generator performance data to be
updated to track changes in the generator performance as the generator 8 ages, and thereby
enable accurate flow ratio prediction between successive calibration runs. If desired, calibration
elutions can be scheduled to run automatically, for example as part of a daily protocol, which
ensures system accuracy and at the same time limiting the potential for human error.

[0045] Preferably, calibration elution runs are performed at the same flow rate (e.g. 15ml/min),

and over the same duration (e.g. 1 minute). This enables the known half-life of the 82Rb (76
seconds) to be used to predict the decay time of activity detected by the dose calibrator. A

difference between the predicted and actual decay times indicates breakthrough of 82gr,
Accordingly, 825y breakthrough can be automatically detected as part of a scheduled system
calibration protocol, by sampling the activity level in the dose calibrator at regular intervals
throughout the duration of each calibration elution run, and for a predetermined period
following completion of the calibration run. The resulting calibration data tracks the activity level
within the dose calibrator, as both a function of time and active saline solution volume.

Calibration data collected during the elution enables prediction of the 82Rb decay curve after
the elution has stopped. Comparison between this predicted decay curve and the calibration

data collected after the elution enables detection of 82Sr breakthrough.

[0046] The calibration data collected during the elution can also be used to calculate the
proportionality constant K between the activity parameter Cge and the &2Rb activity
concentration. In particular, the instantaneous activity detected by the dose calibrator during
the calibration elution is the convolution of the activity concentration and the well known 82Rb
decay curve. Since the saline volumetric flow rate is known, the calibration data collected

during the elution can be used to calculate the actual activity concentration of the active saline
solution entering the dose calibrator, and thus the proportionality constant K.

[0047] In the foregoing description, the predictive control algorithm uses stored generator
performance data to predict a valve duty cycle that will yield the target activity concentration
Cwnm (or C'y) at the positron detector, and this estimate is used to control the generator valve

16. An error AC between the detected concentration parameter Cye; the target activity
concentration Cy; is then calculated and used to adjust the flow ratio (duty cycle) of the

generator valve 16. This error may also be used as data input for a self-tuning algorithm for
updating the generator valve response parameters. This functionality is useful for ensuring
accuracy of the predictive control algorithm, as well as compensating valve performance
changes due, for example, to component aging and wear.

[0048] In some embodiments, the self-tuning algorithm uses error data accumulated over a
number of elution runs. Thus, for example, during each elution run, desired flow ratios can be
calculated (e.g. based on the saline flow rate, target activity concentration Cy and stored

generator performance data) and error function AC values stored as a function of desired flow
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ratio. Accumulation of error value vs. flow ratio data over a number of elution runs can then be
processed 1o obtain a slope error AL. This error value can then be used to incrementally adjust
the flow ratio vs. duty cycle slope parameter L of the value so as to drive the slope error AL
toward zero.

[0049] The upper duty cycle limit MNyax May be adjusted based on error data accumulated

during elutions in which the predicted activity concentration from the generator cannot satisfy
the desired target value Cy,. This situation can occur during elution runs conducted toward the

end of the useful life of the generator 8, when the 82Rb production rates are at their lowest.
When the predicted activity concentration from the generator 8 is less than the desired target
value Cy,, the predictive control algorithm will operate to set the duty cycle at its upper limit
value Mok In this condition, if the measured concentration parameter Cgyet is less than the
target value Cy, the error function value AC will be a non-zero value, and the corrective loop

(FIG. 8a) will attempt to further increase the duty cycle. If no further increase in the
concentration parameter Cqet Occurs (as indicated by a change in the function value AC), then

the upper limit value MNy,5 Mmay be reduced by a predetermined step size (e.g. 1072). On the

other hand, if operation of the corrective loop does produce an increase in the detected
concentration Cget, the slope of the error data can be used to increase the upper limit value

I-Imax.

[0050] If desired, a similar approach can be used to correct for hysteresis of the valve 16.
Hysteresis refers to a system behaving differently depending on the direction of change of an
input parameter, usually involving a delayed response. In the case of a bi-state pinch valve of
the type illustrated in Fig. 4 the opening and closing latencies may differ. This valve hysteresis
manifests itself in the threshold-based elution control algorithm described above with reference
to FIG. 7, and appears as a difference between a predicted elution duration (required to
achieve a desired eluted activity dose) and the actual elution duration required to obtain that
dose. Accordingly, by monitoring the actual elution time for "total activity dose"-type elution
runs, it is possible to calculate a hysteresis factor H, which can be applied to the threshold set
point (i.e. the target activity concentration Cy,) to compensate the valve hysteresis.

[0051] In the foregoing embodiments, the generator valve is controlled as a bi-state valve,
which is either "on" to direct all of the saline solution flow into the generator 8; or "off" to direct
all of the saline solution flow into the bypass line 18. In the embodiment of FIG. 7, the
generator valve 16 is controlled in precisely this manner, in response to a threshold
comparison. In the embodiment of FIG. 8, the valve 16 is cycled continuously at a
predetermined frequency (e.g. 5Hz) and the duty cycle adjusted to emulate a continuously (or
step-wise) variable proportioning valve. Both of these methods of valve control are particularly
suited to embodiments in which the valve of FIG. 4, for example, is controlled by a solenoid
and a spring. However, it will be appreciated that a continuously variable valve could be used,
if desired. For example, the position of the valve of FIG. 4 could be controlled by a servo-
motor, in which case accurate proportioning of saline flow between the generator and bypass
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lines could be obtained without cycling the valve between "on" and "off" states. Clearly, use of
different generator valve control techniques would imply corresponding differences in the valve
control signal and response parameters. However, based on the teachings provided herein, it
is considered that all such modifications will be well within the purview of those of ordinary skill
in the art, and therefore are contemplated within the scope of the present invention.

[0052] The embodiment(s) of the invention described above is(are) intended to be exemplary
only. The scope of the invention is therefore intended to be limited solely by the scope of the
appended claims.
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Patentkrav

1. Fremgangsmade til styring af et #2Sr/f%2Rb-elueringssystem,
der har en generatorventil til forholdsmessig fordeling af en
strgm af saltvandsoplgsning mellem en 82Sr/®?Rb-generator og en
omlgbsledning, der er koblet til et udlegb pa generatoren,
saledes at saltvandoplgsning, der gennemlgber omlgbsledningen,
vil flyde sammen med elueret saltvandoplgsning, der kommer ud
fra generatoren, til tilvejebringelse af en aktiv
saltvandoplesning, hvilken fremgangsmade omfatter trinene:

i lgbet af hver elueringskgrsel:

opnaelse af en flerhed af successive
koncentrationsparametervaerdier med forudbestemte intervaller,
hvor hver koncentrationsparameterverdi er udtryk for en
respektiv @jeblikkelig aktivitetskoncentration i den aktive
saltvandoplgsning;

beregning af respektive fejlverdier mellem hver
koncentrationsparameterverdi og en
malaktivitetskoncentrationsvaerdi for elueringskegrslen; og
akkumulering af fejldata baseret pa en flerhed af de beregnede
fejlverdier; og

mellem successive elueringskgrsler:

justering af mindst én vydeevneparameter for elueringssystemet

baseret pa de akkumulerede fejldata.

2. Fremgangsmade ifelge krav 1, hvor trinet Jjustering af
mindst én ydeevneparameter for elueringssystemet omfatter et

trin med tilpasning af en ydeevnemodel for generatorventilen.

3. Fremgangsmade ifglge krav 2, hvor de akkumulerede
fejldata omfatter de beregnede fejlverdier som en funktion af

et estimeret strgmningsforhold.

4. Fremgangsmade ifglge krav 3, hvor trinet tilpasning af en
ydeevnemodel for generatorventilen omfatter trinene:

beregning af en heldningskoefficient for fejldataene; og
justering af en responshaeldningsparameter for

generatorventilmodelen baseret pa den beregnede
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heldningskoefficient for fejldataene.

5. Fremgangsmade ifelge krav 2, hvor fejldataene omfatter en
eller flere fejlverdier, der er akkumuleret 1 1gbet af en
periode, hvor en malaktivitetskoncentration for en eluering
overstiger den forventede aktivitetskoncentration for denne

eluering.

6. Fremgangsmade ifglge krav 5, hvor trinet tilpasning af en
ydeevnemodel for generatorventilen omfatter trinene:

beregning af en heldningskoefficient for fejldataene; og
justering af en @vre granseparameter for generatorventilen

baseret pa den beregnede haldningskoefficient for fejldataene.

7. Fremgangsmade ifelge krav 6, hvor trinet justering af den
gvre grenseparameter omfatter trinene:

hvis den beregnede ha&ldningskoefficient er nul - reducering af
en gvre granseparameter med et forudbestemt spring; og

ellers - beregning af en Jjusteret gvre grenseparameterverdi

ved anvendelse af den beregnede haldningskoefficient.

8. Fremgangsmade ifelge krav 2, hvor fejldataene omfatter en
forskel mellem en forventet elueringsvarighed, der er
ngdvendig for opnaelse af en gnsket total aktivitetsdosis, og

en faktisk elueringsvarighed.

9. Fremgangsmade ifglge krav 8, hvor trinet tilpasning af en
ydeevnemodel for generatorventilen omfatter et trin med
justering af en hysteresefaktor H baseret pa forskellen mellem

den forventede og faktiske elueringsvarighed.

10. Fremgangsmade ifglge krav 1, der yderligere omfatter et
trin med fremtvingning af en forudbestemt forsinkelse mellem

successive elueringskgrsler.

11. Fremgangsmade ifglge krav 1, der vyderligere omfatter
trinene:

definering af en flerhed af funktionstilstande for
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elueringssystemet; og
i lgbet af hver elueringskesrsel - automatisk overgang mellem
valgte funktionstilstande i henhold til bruger-input-parametre

for elueringskgrslen.

12. Fremgangsmade ifelge krav 11, hvor flerheden af
funktionstilstande omfatter:

en "omlgb-til-affald"-tilstand, hvor hele saltvandsstrgmmen
ledes gennem omlgbsledningen og ind i en affaldsbeholder;

en "skylning af patientledning"-tilstand, hvor
saltvandsstrgmmen ledes gennem omlgbsledningen og ud gennem et
patientudleb;

en "venter pa tarskelverdi"-tilstand, hvor saltvandsstrgmmen
ledes gennem generatoren, og den aktive saltvandopl@gsning
ledes ind i affaldsbeholderen; og

en "eluerings"-tilstand, hvor saltvandsstrgmmen fordelt
forholdsmessigt mellem generatoren og omlgbsledningen, og den

aktive saltvandoplgsning ledes ud gennem patientudlgbet.

13. Fremgangsmade ifglge krav 11, hvor bruger-input-
parametrene omfatter:

mindst én for en gnsket varighed af elueringen og en gnsket
saltvandsstrgmningshastighed; og

mindst én for en malaktivitetskoncentrationsprofil og en total

elueret aktivitetsdosis.

14. Fremgangsmade ifelge krav 1, der vyderligere omfatter
trinene:

definering af et st af en eller flere forudbestemte
elueringskgrsler, hvor den ene eller de flere elueringskgrsler
omfatter en kalibreringseluering til kalibrering af en hvilken
som helst eller flere af:

en ydeevne for generatoren;

en proportionalitetskonstant mellem
koncentrationsparametervardien og den zjeblikkelige

aktivitetskoncentration i den aktive saltvandopl@gsning.

15. Fremgangsmade ifglge krav 14, hvor den kalibrerede
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ydeevne for generatoren omfatter den ene eller den anden eller
begge af:
82Rb-aktivitetskoncentration vs. elueret volumen; og

825r-gennembrud.
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