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DESCRIPTION

Description

FIELD OF THE INVENTION

[0001] The present invention relates to systems, devices, and methods of measuring and
quantifying the magnitude, location, and/or volume of radioactive material in the body. More
particularly, the present disclosure teaches novel systems, devices and methods of
determining and/or quantifying the amount of radioactive material in an area of interest in the
body, whether the radioactive material be introduced via an infiltrated injection, uptake in a
tumor, uptake in an organ, or any other introduction of radioactive material to all or part of the
body, or radioactive material anywhere generally.

BACKGROUND

[0002] Numerous medical diagnostics and therapies today involve the introduction of
radiopharmaceuticals or radiotracers into the body, whether it be to enhance nuclear imaging
techniques, attack tumors, or other purposes. Oncologists, for example, may be interested in
knowing if a prescribed cancer therapy is having an intended effect, in order to improve
outcomes, minimize side effects, and avoid unnecessary expenses. Cytotoxic treatments, for
example, kill tumor cells. Cytostatic treatments, for example, inhibit cell growth leaving tumors
the same size, but preventing the spread of the disease. As another example, immunotherapy
treatments use the body's immune system to attack the cancer and initially result in an
inflammatory response in the tumor area before there is evidence that the body is effectively
attacking the tumor. Historically, measuring the size of the tumor has been a primary way for
oncologists to assess treatment effectiveness; however, we now understand that the physical
size of the tumor is often not the best or earliest indicator of the therapy effectiveness. For
example, with cytotoxic treatment the tumor size reduction only occurs after cancer cells die
and the body's natural processes eliminate dead cells; this process can often take weeks. With
cytostatic treatment, cancer cells stop growing leaving the clinician unsure of the state of the
underlying cancer. With immunotherapy, the body's inflammatory response often masks the
tumor from proper evaluation. These are just some of the many challenges facing clinicians
today.

[0003] The tools presently available to oncologists and researchers to assess tumor response
to treatments are not ideal. Palpating the tumor is easy and inexpensive, but it is limited to
tumors close to the surface, relies on a physician's memory and notes, and primarily measures
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size. The lack of reproducibility of this palpating process, coupled with historical reasons,
contributed to the initial acceptance of significant changes in tumor size as an indicator of
therapy assessment. Wolfgang A. Weber, et al., "Use of PET for Monitoring Cancer Therapy
and for Predicting Outcome,” 46 J. Nucl. Med. (No. 6) 983-995 (June 2005). Imaging tools (CT,
MRI, x-ray) provide more precise measurements for tumors both close to the surface and in
deep tissue, but again primarily measure size, not the ideal indicator. Molecular imaging
(single-photon emission computerized tomography (SPECT) or PET/CT scan, for example)
may capture the gamma particle emissions from injected radio-labeled tracers captured by live
cancer cells and is routinely used for pre-therapy staging of cancer. Visually identifying
metastatic disease is the primary means of staging cancer; however, semi-quantitative
measurements, for example the Standardized Uptake Value (SUV), may also be used to stage
cancer and other conditions. For example, semi-quantitative measurements may be used to
help determine whether lung nodules are malignant, or brain function is deteriorating. In
general, semi-quantitative measurements may include a ratio of the amount of radio-labeled
tracer in an area of interest (e.g., a tumor) compared to the level in a reference area, for
example the rest of the body. For example, while molecular imaging is a primary tool for the
pre-therapy need to stage a patient's cancer, it is also rapidly becoming the most advanced
tool for oncologists and researchers to assess tumor response, since molecular imaging can
capture the metabolic or proliferative condition of the cancer and/or the size of the tumor.
Using measurements taken from the staging metabolic imaging scans and then comparing
these values to a follow-up imaging scan is currently one of the best available indicators for
therapy effectiveness.

[0004] SPECT imaging using I-loflupane (DaTSCAN or [123I]JFP-CIT) is another sensitive
imaging technique. In some clinical and/or research settings, SPECT imaging may be used to
detect or classify certain diseases, including diseases of the brain such as Parkinsonian
Syndromes. By way of just one example, it may be desirable to distinguish certain
neurodegenerative Parkinsonian Syndromes from other non-degenerative Parkinsonian
Syndromes and other tremor disorders. By measuring uptake of a radiotracer in certain areas
of the brain, SPECT images may be used to make such distinctions. For example, scans may
be characterized by intense and symmetric DAT binding in the caudate nucleus and putamen
on both hemispheres of the brain, as opposed to asymmetric measurements that may indicate
degenerative conditions. See, e.g., R. Prashanth, S. Dutta Roy, P. Mandal, and S. Ghosh,
"High Accuracy Classification of Parkinson's Disease through Shape Analysis and Surface
Fitting in 123l-loflupane SPECT Imaging," IEEE-JBHI Journal (2016). Quantifying these
measurements in one or more locations, or otherwise enabling a comparison between regions
of the body or organ (e.g., comparisons between halves of the brain) may provide helpful
diagnostic or other information (e.g., estimations of the Striatal Binding Ratio (SBR)). It may be
possible, for example, to use such information to diagnose degenerative brain conditions using
such techniques (and/or eliminate such diagnoses).

[0005] Despite the increasing trend to use comparative molecular imaging scans in assessing
response in more and more conditions as clinical evidence continues to grow, there are still
limitations with this assessment tool. For example, molecular imaging scans are expensive,
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and their use is often challenged based on cost. Additionally, there are several issues with
semi-quantitative measurements such as SUV. According to Dr. Dominique Delbeke: "[t]he
reproducibility of SUV measurements depends on the reproducibility of clinical protocols, for
example, dose infiltration, time of imaging after 18F-FDG administration, type of reconstruction
algorithms, type of attenuation maps, size of the region of interest, changes in uptake by
organs other than the tumor, and methods of analysis (e.g., maximum and mean)." Dominique
Delbeke, et al., "Procedure Guideline for Tumor Imaging with 18F-FDG PET/CT 1.0," 47 J.
Nucl. Med. (No. 5) 885-895 (May 2006). Infiltrated injection (extravasation) of radio-labeled
tracer is an exemplary complication that often goes unnoticed by clinicians. Medhat Osman,
"FDG Dose Extravasations in PET/CT. Frequency and Impact on SUV Measurements,"
Frontiers in Oncology (Vol. 1:41) 1 (2011). An infiltration is a common problem that can occur
when the radio-labeled tracer infuses the tissue near the venipuncture site and can result from
the tip of the catheter slipping out of the vein or passing through the vein. Additionally, the
blood vessel wall can allow part of the tracer to infuse the surrounding tissue. As a result, the
radio-labeled dose being delivered is inaccurate and thus so are the SUV calculations, which
can severely impact patient treatment and research conclusions. These infiltrations may in fact
contribute to the wide variability in researchers' efforts to characterize SUV thresholds for
clinical decision making. In one study, it was determined that the "thresholds for metabolic
response in the multicenter multiobserver non-QA settings were -34% and 52% and in the
range of -26% to 39% with centralized QA". Linda M. Velasquez, et al., "Repeatability of 18F-
FDG PET in a Multicenter Phase | Study of Patients with Advanced Gastrointestinal
Malignancies," 50 J. Nucl. Med. (No. 10) 1646-1654 (October 2009). In local practices and
even in practices and research centers employing Quality Assurance checks, these issues with
SUV calculations have left oncologists and researchers needing to see significant changes in
SUV values to be somewhat assured they are making sound treatment decisions or reaching
proper research conclusions.

[0006] While using SUVs comparisons from static images is currently the most advanced way
in clinical practice to assess tumor response to treatment, the use of dynamic molecular
images (i.e., images taken at various times during the uptake of the radio-labeled tracers) has
provided researchers with kinetic information regarding the uptake of radio-labeled tracers. In
the academic community, this kinetic information is proving to be an even better method of
assessing treatment and predicting patient outcomes than using static semi-quantitative
measurements such as SUV. (See Lisa K. Dunnwald, "PET Tumor Metabolusm in Locally
Advanced Breast Cancer Patients Undergoing Neoadjuvant Chemotherapy: Value of Static
versus Kinetic Measures of Fluorodeoxyglucose Uptake,” Clin. Cancer Res. 2011;17:2400-
2409 (published online first March 1, 2011)). Unfortunately, this dynamic approach takes
approximately three times as long as a static scan and thus would require several more
scanners at each hospital; it is clinically and economically impractical for widespread adoption
and clinical use. So while there have been great improvements in the past few decades
regarding cancer treatment options, today's clinicians and researchers continue to lack a
timely, cost-effective, and fast way to evaluate the effectiveness of the treatments they deliver
or the research they are conducting.
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[0007] In light of the problems associated with current measurement and prediction systems,
systems and methods for identifying improperly administered radio-labeled tracer injections
(infiltrations or extravasation), which negatively impact tissue uptake and SUV results, and
easier, less costly, and more efficient systems and methods for measuring and predicting the
status and/or changes in such biological processes have also been developed. For example,
methods and systems for detection of radioactive materials in the body over a desired period
of time have are disclosed in, for example, U.S. Application No. 15/885,112 filed January 31,
2018, which is a divisional of U.S. Application No. 14/678,550 filed on April 3, 2015, now U.S.
Patent No. 9,939,533, which is a continuation-in-part of U.S. Application No. 13/840,925 filed
on March 15, 2013, now U.S. Patent No. 9,002,438, which claims the benefit of priority to U.S.
Provisional Application No. 61/653,014, filed on May 30, 2012.

[0008] US2018172844A1 discloses the use of fitting to reference data sets to establish if signal
data represents a proper or improper administration of radio analyte.

[0009] Certain aspects of the systems and methods disclosed in the references identified
above relate to, among other things, the detection and quantification of infiltrations during
injections of radio-labeled radiotracers (i.e., non-bolus injections). In nuclear medicine
procedures, radiopharmaceuticals are typically injected intravenously. For many of these
procedures, the injection should be administered as a bolus that results in complete and
prompt systemic distribution of the radiopharmaceutical. An extravasation, or infiltration, occurs
when an injected substance leaks into surrounding tissue instead of remaining within the
vasculature as intended. Extravasations can be caused by improper placement of the
intravenous access (IV), erosion or degradation of the vessel wall, or failure of vessel integrity.
When any radiopharmaceutical is extravasated, some of the activity remains at the injection
site instead of circulating throughout the patient's body. Extravasations reduce the net available
activity for uptake and alter the uptake kinetics for subsequent imaging. Extravasations may
also undesirably expose tissue surrounding the extravasation to unacceptable doses of
radiation.

[0010] While the general detection alone of infiltrations or non-bolus injections is extremely
useful to clinicians, it would be advantageous to have an understanding of not only the fact that
an infiltration has occurred, but also how the infiltration may have affected, for example, the
total amount of radiotracer that ultimately reaches the bloodstream, the timing of that delivery
to the bloodstream, and ultimately how the measured SUV, for example, in an area of interest
may need to be adjusted based on such reduced and/or delayed delivery of radiotracer to the
bloodstream. It may also be advantageous to quantify a radiation dose to tissue near the
infiltration site.

[0011] In particular, in the event of an infiltrated injection, a portion of the radio-tracer may go
directly to the bloodstream while a portion remains embedded in tissue around the injection
site. The radio-tracer embedded in the tissue may still ultimately reach the bloodstream, albeit
at a time later than the initial injection, thereby affecting certain assumptions in dosage and
delivery made by the clinicians. Accordingly, because non-bolus injections may alter the
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metrics measured by, for example, a PET scan dynamically over a period of time (e.g., kinetic
analysis, Patlak, etc.), and because the dynamic variation depends on the nature of the
infiltration itself (i.e., varies from infiltration to infiltration), a system and method for measuring
the delivery of radio-tracer from an infiltrated injection to the bloodstream as a function of time
may provide critical information to clinicians.

[0012] It is therefore one object of the present disclosure to provide methods and systems for
estimating the initial magnitude of an infiltrated injection, and to measure the rate of delivery of
some or all of the infiltrated portion to the bloodstream over a critical time period. For example,
in some embodiments, the systems and methods provided herein may be utilized to ultimately
provide a correction factor that may be applied to a measured SUV, among other things.

[0013] Further, radiopharmaceutical extravasations can result in high activity remaining near
the injection site that exposes the tissue to significant dose. Existing dosimetry techniques may
not be suitable for extravasations because they do not accurately account for changes in
extravasated activity or volume over time. As explained in some exemplary embodiments
herein, scintillation detectors that record time-activity curves (TACs) of the activity near the
injection site may be a practical way to gather this information. For example, the rate of
biological clearance of the extravasate may be determined with TAC data. Using this rate,
along with the total extravasated activity that may be determined using, for example, nuclear
imaging or direct measurement of the magnitude, location, and/or volume of the infiltration at a
given point in time, initial extravasation activity may be estimated by extrapolating back to the
time of injection.

[0014] One aspect of the methods and systems described is to have an understanding of the
magnitude/amplitude, location, and/or volume of, for example, an infiltrated portion of a radio-
tracer injection as a function of time. Presently, such information may be determined by using,
for example, nuclear medicine imaging techniques (e.g., PET scan). However, there are many
circumstances where it may be advantageous to determine this information without relying on
the nuclear medicine image or scanner itself. For example, the radioactive source of interest
may be outside the imaging device's field of view, or may not be able to be determined until
after the radioactive source has dissipated or moved, etc. It may also be advantageous to
determine this information without relying on an expensive nuclear imaging system (e.g., PET
scan, etc.). For example, such systems, devices and methods may be used to quantify and
otherwise understand the uptake of radioactive material in a tumor over time, precise organ
dosimetry of radiopharmaceuticals, uptake of radiopharmaceuticals in other areas of interest in
the body (e.g., brain (basil ganglia), other organs, other tissues, etc.), and other
circumstances.

[0015] It is therefore an additional object of the present disclosure to provide a method and
system of measuring or estimating the amplitude, location, and/or volume of a radioactive
source in the body without relying on a nuclear medicine imaging device like a PET scanner
and the like. Instead of using the nuclear medicine imaging device (e.g., SPECT or PET
scanner) itself to make the necessary measurements, one or more sensors may be used to
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measure, for example, radiation activity over a period of time. For example, sensors such as
those taught in U.S. Patent No. 9,002,438 and U.S. 9,939,533 may be used, though other
sensors for measuring radiation activity may also be utilized. Then, utilizing systems and
methods of the present disclosure, information obtained by those sensor(s) may then be used
to measure, determine or estimate the amplitude of a radioactive source in the body over a
period of time of interest, in addition to the location and/or volume of a radioactive source.
Such information may also be used to estimate a dose of radiation to surrounding tissue. Such
information can also be used to quantify uptake or delivery of radiopharmaceuticals in a tumor
or organ, quantify change in uptake or delivery over time (either over the course of a single
treatment or by comparison of multiple sessions over hours, days, weeks, months or years),
and/or quantify such uptake or delivery in two or more parts of the body to determine useful
comparison measurements (e.g., comparisons between hemispheres of the brain, etc.).

SUMMARY

[0016] In some embodiments, a method for the ex vivo real-time detection over a period of
time of radiation emitted by a subject from the administration of a radioactive analyte that
decays in vivo is presented, wherein the method may include applying one or more ex vivo
radiation measurement sensors proximate to a point of administration on the subject of the
radioactive analyte, and detecting radiation over a desired period of time and producing signal
data associated with the desired period of time. The measurement sensor may have at least
one sensor output for such signal data, and outputting the signal data. The signal data may be
processed using a computer processor in operative communication with a non-transient
memory and the measurement sensor output, and more particularly, may receive the signal
data associated with the desired period of time, use a measured value of radioactive material
proximate the point of administration at a time ¢ to estimate a function of radioactive material
proximate the point of administration from a time of administration to the time ¢ based on the
signal data associated with the desired period of time, and determine, based on the estimated
function of radioactive material proximate the point of administration, an amount of radioactive
material disposed in body tissue proximate the point of injection from the time of administration
to the time £. In some embodiments, the method may include the step of amplifying the signal
data using a signal amplifier in operable communication with the radiation sensor.

[0017] In some embodiments, the measured value of radioactive material proximate the point
of administration at time t may be measured using an array of two or more ex vivo radiation
measurement sensors. In some embodiments, the array may have a known geometry and
relative distances between the sensors may be known. It may then be possible, according to
some embodiments, to determine a distance from the array (and/or each sensor of the array)
to a radiometric center of the radioactive material to estimate a location in the body of the
radiometric center of the radioactive material over a period of time. In some embodiments, the
array may be used to determine a volume associated with the radioactive material over a
period of time. In some embodiments, it may also be possible to estimate a dose of radiation to
an area of tissue proximate the radioactive source (i.e., the dose to an area or volume of
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affected tissue).

[0018] In alternative embodiments, a system for the ex vivo real-time detection over a period
of time of radiation emitted by a subject from the administration of a radioactive analyte that
decays in vivo is presented. The system may include at least one ex vivo radiation
measurement sensor to detect radiation over a desired period of time and to produce signal
data associated with the desired period of time, and the ex vivo measurement sensor may be
adapted to sense radiation proximate a point of administration on the subject of the radioactive
analyte. The system may also include a signal amplifier that may be in operable
communication with the gamma radiation sensor. The signal amplifier may be adapted to
amplify the signal data, and the measurement sensor may have at least one sensor output for
such amplified signal data. The system may also include at least one computer processor and
a non-transient memory, where the computer processor may be in operable communication
with the non-transient memory and the measurement sensor output port.

[0019] In some embodiments, the non-transient memory may include computer program code
executable by the at least one computer processor, and the computer program code may be
configured for performing the steps of receiving the amplified signal data with the desired
period of time, accessing a measured amount of radioactive material proximate the point of
administration at a time f, and using the amplified signal data, estimating a function of
radioactive material proximate the point of injection as a function of time from a time of
injection to time £. The system may also, in some embodiments, include a step of convolving
the estimated function with a known impulse response from a typical bolus injection. The
system may also calculate a correction factor to be applied to one or more measurements
made using a nuclear imaging device.

[0020] In some embodiments, the system may measure a value of radioactive material
proximate the point of administration at time ¢ by using an array of two or more ex vivo
radiation measurement sensors. In such embodiments, the array may have a known geometry
and have known relative distances between the sensors such that a distance from the array to
a radiometric center of the radioactive material being measured may be determined. The
system may also determine a volume of the radioactive material being measured.

[0021] In certain other embodiments, a method for the ex vivo real-time determination over a
period of time of one or more of the magnitude, location, and volume of radioactive material in
the body by measuring radiation that decays in vivo emitted by a subject is presented. The
method may include the steps of applying one or more ex vivo radiation measurement sensors
to or proximate an area of interest on a patient, and detecting radiation over a desired period
of time and producing signal data associated with the desired period of time. The method may
also include amplifying the signal data using, for example, a signal amplifier that may be in
operable communication with the radiation sensor. The measurement sensor may include at
least one sensor output for such amplified signal data, and may also output the amplified signal
data.
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[0022] In some embodiments, the amplified signal data may be processed using, for example,
a computer processor in operative communication with a non-transient memory and the
measurement sensor output, and the processor may perform the steps of receiving the
amplified signal data associated with the desired period of time, and comparing the amplified
signal data to a set of expected signal data for radioactive sources of various magnitudes,
locations, and volumes. The method may also include determining one or more of a
magnitude, location, and volume of the radioactive source in the body over the desired period
of time by, in some embodiments, fitting the amplified signal data to the most likely set of
expected signal data. In some embodiments, the method used to fit the most likely magnitude,
location, and volume of the radioactive source in the body may be the Maximum Likelihood
Expectation Maximization method.

[0023] In some embodiments, the method may include the step of determining a dose of
radioactivity to an area of tissue proximate the location of the radioactive source. The method
may also include the step of using the determined one or more magnitude, location, and
volume of radioactive source in the body to make one or more of a clinical decision or
diagnosis.

[0024] In some embodiments, the method may include use of an array that may include two or
more of the ex vivo radiation measurement sensors, and may also have the sensors disposed
in a substantially symmetric geometry about the radioactive source in the body. The sensors
may also be disposed proximate one or more desired measurement locations, and in some
embodiments, each desired measurement location may include at least a first sensor disposed
relatively closer to the radioactive source than a second sensor.

[0025] In some embodiments, the method may be used to determine one or more of a
magnitude, location, or volume for two or more radiation sources in the body. When desired,
the method may also include the step of comparing the one or more determined magnitude,
location, or volume of the two or more radioactive sources, and making a clinical decision or
diagnosis based on the comparison. The method may also make a clinical decision or
diagnosis based on one or more prior determinations or comparisons of the subject patient,
and/or using a comparison to a table or other source that includes data from a population of
other patients.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026]

Fig. 1 is a chart illustrating an exemplary injection blood concentration showing concentration
vs. time.

Fig. 2 is a chart showing an exemplary activity entering circulation as activity per unit time vs.
time.
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Fig. 3 is a chart showing an exemplary depiction of AIF for Extravasation resulting in a 50%
AUC reduction.

Fig. 4 is an exemplary schematic of a measurement sensor according to some embodiments
of the present disclosure.

Fig. 5 is an exemplary illustration of a measurement sensor according to some embodiments
of the present disclosure.

Fig. 6 is an exemplary illustration of a measurement sensor according to some embodiments
of the present disclosure.

Fig. 7 is an exemplary chart showing a time activity curve (TAC) with an exponential fit for
estimating a clearance rate.

Fig. 8 is an exemplary illustration of a sensor configuration according to some embodiments of
the present disclosure.

Fig 9 is an exemplary illustration of a sensor configuration according to some embodiments of
the present disclosure.

Fig. 10 is an exemplary illustration of a sensor configuration according to some embodiments
of the present disclosure.

Fig. 11 is an exemplary sensor configuration according to some embodiments of the present
disclosure.

Fig. 12 is an exemplary sensor configuration according to some embodiments of the present
disclosure.

Fig. 13 is a simplified illustration of pixels and a sensor according to some embodiments of the
present disclosure.

Fig. 14 is an exemplary sensor configuration according to some embodiments of the present
disclosure.

Fig. 15A is an exemplary sensor configuration according to some embodiments of the present
disclosure.

Fig. 15B is another view of the exemplary sensor configuration presented in Fig. 15A, viewed
along a longitudinal axis.

Fig. 15C is another view of the exemplary sensor configuration presented in Fig. 15A, viewed
from a side.

Fig. 16 is an exemplary sensor configuration according to some embodiments of the present
disclosure.

Fig. 17 is an exemplary sensor configuration according to some embodiments of the present
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disclosure.

DETAILED DESCRIPTION

[0027] The present disclosure teaches, among other things, systems and methods for using
measurements of localized radiation to estimate the magnitude, location, and/or volume of
radioactive source materials in the body. In some embodiments, such measurements may be
repeated at various points in time to determine temporal changes in magnitude, location,
and/or volume of radioactive materials in the body. In some embodiments, such information
may be used to correct for non-bolus injections of radiopharmaceuticals. Such systems and
methods may allow physicians to better measure, for example, cancer treatment effectiveness.
In other embodiments, the systems, devices and methods may be used to validate organ
dosimetry, or measure uptake of radiopharmaceuticals in tumors, organs or other areas of
interest directly.

[0028] According to a first set of embodiments, and as introduced above, the SUV of a tumor-
for example, the ratio of the amount of radio-labeled tracer in an area of interest compared to
the level in the rest of the body-may be calculated using, among other things, molecular
imaging data. In general, SUV may be approximated as the integral of concentration of
radiotracer in the bloodstream, multiplied by a constant K, plus a variability of distribution
volume factor (Vg). In the exemplary equation below, Ct(f) represents the concentration of

radiotracer in the tumor, Cg(f) represents the concentration of radiotracer in the blood, Kis a
constant and Vy is a dimensionless volume of distribution equivalent to a volume of blood that

contains the same activity as 1 mL of tissue.
T

Cr(t) = Kf Cg(D)dt +V,
0

[0029] When the injection of radiotracer into the patient goes according to plan (i.e., there is no
infiltration or extravasation during the injection and the entire dose of radiotracer goes promptly
into the patient's bloodstream), the concentration of radiotracer in the blood can be assumed
as the arterial input function. The arterial input function or "AlIF" may be referred to as the
impulse response for a typical bolus injection, and such impulse responses have been well-
studied and measured. When the concentration of radiotracer in the blood cannot be assumed
to be a typical bolus injection of known dosage, but instead varies over time as an infiltrated
portion of a dose that relatively slowly finds its way to the bloodstream, the measured
concentration of radiotracer in the tumor becomes a function of both the radiotracer in the
bloodstream from the initial (partial) bolus injection, and the later added radiotracer from the
infiltration portion. Further, because the magnitude (i.e. the activity) of the infiltration depends
on the nature of the infiltration itself (i.e. varies from infiltration to infiltration based on, for



DK/EP 3946063 T3

example, size of the infiltration, location of the infiltration, local tissue vascularization, etc.), the
effective dose into the bloodstream from the bolus portion may be reduced by an unknown
amount. The SUV of an area of interest (e.g., a tumor) is therefore altered by an amount
proportional to the ratio of the bolus injection integral from a typical injection and the non-bolus
injection integral, and may be expressed in some embodiments as follows (where SUV,, is the
SUV in the case of a typical bolus injection and SUV; is the SUV in the case of an infiltrated
injection):

SUV, Gy K[y Cai(dt+Vy

SUV, ~ Crp K ] Cop(D)dt + Vg

[0030] In general, the kinetics of radiotracer uptake can be considered a time-invariant linear
system. In this exemplary case, a bolus injection could be the impulse and the normal AlIF
curve (i.e. concentration of radiotracer in the blood as a function of time) could then be the
impulse response. The AIF for a typical bolus injection has been well-studied and measured,
such that results and applicable measurements are readily available in the literature. Referring
now to Fig. 1, an exemplary AIF curve 100 for an ideal injection is presented, showing
concentration of radiopharmaceutical in the blood on the y-axis vs. time on the x-axis.

[0031] In the case of an extravasated or infiltrated injection, however, the AIF may be modeled
as a convolution of the normal impulse response with the altered input signal that may
comprise a decreased initial impulse (the bolus) followed by prolonged decaying exponential
reabsorption. The reduced bolus portion may represent the amount of radiotracer that enters
circulation immediately. The extended infusion portion may result from sequestered or
infiltrated radiotracer being reabsorbed into circulation through, for example, the venous or
lymphatic systems. Referring now to Fig. 2, an exemplary graphical representation of a non-
typical injection 200 (e.g., one having an infiltration) is presented, where the activity measured
per unit time (y-axis) is expressed as a function of time (x-axis). As illustrated, there is an initial
"spike" 201 corresponding to the bolus portion, followed by a gradual decaying exponential
reabsorption portion 202.

[0032] In cases of infiltration/extravasation, the injection is not a bolus, and thus the input to
the linear system is not an impulse. If the true input to the linear system from an extravasated
or infiltrated injection is known or can be determined, it may be possible to then calculate how
the altered injection shape may impact the scan metrics such as, for example, SUV (e.g. from
a PET scan). For example, it is possible to take the altered linear system input following an
infiltrated or extravasated injection and convolve it with the known impulse response from a
typical bolus injection, thereby yielding the anticipated blood concentration over time for the
infiltrated (i.e. extravasation) injection. That convolution of functions can yield a function for
concentration of radiotracer in the blood as a function of time (i.e. the Arterial Input Function or
AlIF) for any case of infiltration or extravasation. Referring now to Fig. 3, an exemplary
graphical representation of an ideal bolus injection AlIF (dotted line) alongside an AIF for an
extravasation resulting in a 50% SUV (i.e. Area under the curve or AUC) reduction is
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presented.

[0033] To perform the methods outlined above, a user may need to know the amplitude (i.e.
the activity) of the infiltration as well as the rate of reabsorption of the infiltrate (so as to
produce the function of radiotracer entering circulation over time). One method of determining
the amplitude of radioactivity in a particular region (e.g., the infiltration site) is to use nuclear
medicine imaging data taken during an imaging session, which may yield an amplitude in a
region at a time=t. This alone, however, cannot enable one to extrapolate the infiltrated
amount at the time of injection (t=0), or the rate at which the radiotracer may have been
reabsorbed into the bloodstream.

[0034] In some embodiments, localized radiation detectors such as those disclosed U.S.
Patent Nos. 9,939,533 and 9,002,438 may be used to measure activity at the injection site as a
function of time (i.e. time-activity curve or TAC). Referring now to Figs. 4-6, a measurement
sensor 11 may be utilized that may include, for example, a scintillation material 20; a light
detector 21; and a sensor processor 22 with associated non-transient sensor memory 30, logic
or sensor software 26, and other circuitry supporting these components in operable
communication, optionally with a printed circuit board 23P (FIG. 6). Such sensors may also
include amplifier circuitry 33 and/or a temperature sensor 36. Measurement sensor 11 may
utilize a scintillation material 20 to receive gamma radiation from positron emission decay and
convert the radiation into photons, such as pulses of light, which may then be detected by the
light detector 21. The sensor processor 22 may enable measurement and collection of the
photons, such as the number of light pulses detected over a given amount of time. Optionally,
noise rejection 37 may be included that may provide a filter for filtering amplified signal data
based on the height or amplitude of such pulses. For example, noise rejection 37 may include
a voltage comparator or an analog to digital converter with computer program code to
compare the digital output to a reference level.

[0035] Possible scintillation materials 20 include, but are not limited to: Bismuth Germanate
(BOO); Gadolinium Oxyorthosilicate (GSO); Cerium-doped Lutetium Oxyorthosilicate (LSO);
Cerium-doped Lutetium Yttrium Orthosilicate (LYSO); Thallium-doped Sodium lodide (Nal(T1));
Plastic Scintillator (Polyvinyltoluene); or Cadmium Zinc Telluride (CZT). In an exemplary
embodiment of a measurement sensor 11, multiple scintillation materials 20 adapted to
measure different radioisotopes may be used. In another embodiment of a measurement
sensor 11, scintillation materials 20 that do not require the use of a light detector 21 may be
used. In another embodiment of a measurement sensor, multiple scintillation materials 20,
each with their own detection circuitry, may be included to enable a two or three dimensional
array of measurements. In some embodiments, the sensor(s) are capable of detecting alpha
particles, beta particles, x-rays, gamma rays, and/or other particles/energy indicative of
radioactive material.

[0036] Of course, other radiation sensors known in the art may be utilized as desired. For
example, radiation sensors capable of detecting alpha particles, beta particles, x-rays, gamma
rays or any other kind of radioactive decay particle/energy may be utilized depending on the
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desired application. Measurement of beta particles, for example, may be advantageous when
assessing delivery of a radio-therapeutic to an area of the body as such drugs sometimes
release beta particles. It may similarly be advantageous to ensure that certain beta particle (or
other particle) emitting drugs or other substances not reach a certain part of the body. Thus,
sensors could be used to confirm the absence of such substances. All that is typically
necessary for the sensors, in some embodiments, is that the sensor be capable of detecting
emissions from radioactive material, and further capable of transmitting or otherwise sharing
information about those emissions to the system for processing. It may also be desirable, in
some embodiments, that the sensors and/or system generally be able to measure an energy
level associated with the detected emissions, or filter received energy above or below a certain
threshold.

[0037] Utilizing measured data, the rate of reabsorption into the bloodstream may be
calculated by observing the activity at the detector as a function of time (i.e. the rate at which
radioactive activity leaves the infiltration site). Knowing from the TAC the amount of radioactive
material at a time {, and the rate at which it left the infiltration site, an estimate of the initial
amount of radioactive material infiltrated may be determined. Knowing this information, the
altered injection curve and the reduction of the initial bolus may be plotted, and a function of
concentration of radiotracer in the blood as a function of time determined. With that function
known, a correction factor for SUV or the like may be applied and the clinician may better
diagnose treatment efficacy, etc. Referring now to Fig. 7, an exemplary TAC with Exponential
Fit Curve is presented.

[0038] As introduced above, the many constraints on nuclear imaging apparatus (e.g. PET
scanners) such as availability, cost, operational resources, etc., make determining the size
and/or magnitude of a radioactive source in the body using such apparatuses not always
possible. For example, taking a measurement of an infiltration area that may otherwise be
outside the field of view and/or otherwise not of interest at the time of the scan is not always
feasible. It would also be advantageous to have an understanding of the magnitude and scope
of any infiltration from the time of the injection forward, rather than having to wait until the
patient is moved to the scanner. The ability to determine the magnitude of an infiltration without
using a nuclear imaging scanner may also be desirable because it could eliminate the need to
use such a scanner at all where the scope of the infiltration is deemed large enough to render
a scan unproductive, thereby saving the patient from additional unnecessary radiation
exposure (e.g., from a computerized tomography (CT) scan, or the like).

[0039] It may also be advantageous to measure the area and/or magnitude of radioactive
material uptake in an area of interest generally, without having to depend on the availability of
more complex and expensive nuclear imaging apparatuses. To determine the efficacy of a
treatment to eliminate a tumor, for example, a physician may want to know whether the tumor
is shrinking over a period of time (e.g., days, weeks, months, etc.). Requiring a patient to
undergo successive nuclear imaging scans and face exposure to the requisite radiation on
multiple occasions is, at best, not ideal, and in some cases, prohibitory.
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[0040] One way to overcome the difficulties outlined above is, for example, to utilize multiple
detectors that may be arranged in a known geometry. Each sensor may measure radioactivity
coming from a given source of material, and each sensor may have a known sensitivity thereby
enabling it to provide information about intensity measured for each event. Such intensity may
depend, for example, on the sensor's distance from the source, material-specific attenuation
between source and sensor, as well as intensity of the source itself. As noted above, a
determination of each sensor's distance from the source may not be determinable on a sensor
by sensor basis because the measured intensity at any given distance depends on an
unknown intensity at the source. However, by utilizing data from an array of sensors, and
measuring intensity of the same area of different but known relative distances, information
regarding both magnitude, location, and/or size of the source may ultimately be determined at
each unit of time.

[0041] In some embodiments, and as just one example, a method known as trilateration may
be used in combination with the disclosures herein to determine the distance of each sensor
from a "radiometric center.” Trilateration is similar in some respects to triangulation but utilizes
distance instead of angles. In some embodiments, each sensor could calculate an estimated
distance R to the source based on the measured intensity of each count. The direction of the
source, however, would be unknown. Thus, the determined distance dictates only that the
source must lie somewhere on a sphere of radius R centered about the sensor. Having such a
sphere for multiple sensors (e.g., four) positioned in 3-D space, however, a point where the
four spheres intersect could identify the radiometric center of the source material, and allow for
the system to know the distance between a radiometric center of the source material and the
Sensor.

[0042] Referring now to Fig. 8, an exemplary representation of one ftrilateration model is
presented according to some embodiments. In this exemplary embodiment, and with further
reference to Fig. 9, a set of sensors 910 may be disposed in a known three-dimensional
configuration. Because both distance and source intensity would be unknown, an iterative
process may be utilized to determine values that satisfy the system's given constraints. For
example, various parameters could be employed to determine the values wherein the highest
number of spheres best intersect. Certain assumptions may be employed including estimates
for expected activity, assumptions about the material-specific attenuation between the source
and each sensor, and distance range approximations to aid the iterative process. While
measurement noise could make finding exact intersection points difficult, a best fit may be
employed to ultimately find a sufficiently precise distance estimate, and determine an estimate
for a radiometric center (e.g., point 805). Knowing this distance, the system could then
calculate the amount of radioactive material present based on the intensity of the
measurements at any given time (including situations where the source at a time T, has shifted

relative to an earlier time T+¢).

[0043] Various different sensors capable of measuring counts in the presence of radioactive
material are available and known in the art. These include, but are not limited to: the sensors
disclosed hereinabove with reference to Figs. 4-6; TLD - thermo-luminescent device; OSL -
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optically stimulated luminescence device; Radiation sensitive film; RADFET - radiation sensitive
field-effect transistor; PIN Diode - radiation sensitive diode; lonization chamber; Geiger
counter; and Scintillation crystals, among others. It will be appreciated that the array of sensors
discussed herein may be of one type or may be a combination of different types if desired. The
system need only know the relative sensitivity of each sensor to appropriately calibrate the
measurements.

[0044] As noted above, the relative geometry of the sensor array must be known, but that
geometry is otherwise generally unrestrained, both in space and time. In some embodiments,
so long as the relative geometry of the sensors is known at each time t, the relative distances
of each sensor to the radiometric center be determined. Note, however, that in some
embodiments it may be necessary that the sensors be disposed in a three-dimensional array,
rather than all residing, for example, on a similar two-dimensional plane, or in a one-
dimensional line.

[0045] Referring now to Fig. 9, an exemplary four-sensor array is presented according to
some embodiments. As illustrated, the various sensors 910 may be arranged in a three-
dimensional configuration. In certain other embodiments, and with reference to Fig. 10, various
sensors 1010 could be disposed in a three-dimensional L-bracket configuration. Figs. 9 and 10
represent just two of many different potential sensor arrangements and geometries that may
be utilized.

[0046] In some embodiments, the various sensors discussed herein that may be arranged in
an array to determine a radiometric center of a radiation source that may be the same
sensor(s) that measure the time-activity curve (TAC) discussed above. Accordingly, as
disclosed herein, the sensors may be utilized to detect an infiltration, measure the time-activity
curve at the injection/infiltration site, and even measure the magnitude of the infiltration so as
to yield information about the SUV, for example, of an area of interest (e.g. tumor) ultimately
measured by a nuclear imaging device (e.g., PET scan) and any correction factor that may
need to be applied in view of, for example, an imperfect injection of radiotracer.

[0047] In certain other embodiments of the present disclosure, the system may utilize arrays of
sensors in combination with other estimation techniques to, for example, quantify and/or
measure the magnitude and/or location/size of a radioactive area of interest. In some
embodiments, and referring now to exemplary Fig. 11, an area of interest 1101, which may
contain a volume of radioactive source material 1103, may be surrounded by a one or a
plurality of sensors 1110, forming a sensor array. The area of interest 1101 may be within, for
example, a patient 1160 (e.g., an infiltrated radiopharmaceutical injection, a tumor being
treated with radiopharmaceuticals, an organ desired to be dosed with a precise amount of
radiopharmaceutical, etc.), but may more generically be any volume that may include
radioactive material, whether located in a body, within some other container/vessel, or standing
alone. In this exemplary embodiment, the sensor(s) 1110 may be positioned outside the body
of patient 1160 in various geometries relative to the area of interest 1101.
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[0048] The array of sensors 1110 may include any number of sensors, including in some
embodiments as few as one or two, or as many as four, eight, ten, twenty, thirty, fifty, one-
hundred, or more or anywhere in between. Further, each of the plurality of sensors 1110 that
make up the array may be identical sensors to one another, or one or more may have unique
characteristics relative to one or more other of the sensors 1110. Such distinguishing
characteristics may include, but are not limited to, different shielding configurations, different
energy threshold settings for detection, different size/shape for given locations or applications,
etc. Other varying characteristics may also be utilized, some of which are discussed in greater
detail elsewhere in this disclosure.

[0049] In some embodiments, each sensor 1110 may detect particles/energy emitted from the
radioactive area of interest 1103. In some embodiments, the sensors 1110 may detect the
emitted particles as discussed hereinabove (e.g., through use of scintillation material that emits
light when impacted with radioactive particles (e.g., alpha particles, beta particles, or the like) in
the sensor and circuitry capable of counting the number of "hits" per unit time). As noted
above, however, other sensor configurations and detection methods may be used.

[0050] In general, the array of sensors 1110 may be arranged in any desired geometry relative
to each other and relative to the area of interest 1101. In some embodiments, it may be
advantageous to utilize a known geometry of sensors, and it may be further advantageous to
arrange the sensors 1110 such that the location of each sensor 1110 may be known relative to
each of the other sensors 1110 in the array.

[0051] Using techniques known to those having skill in the art, it is possible to estimate the
radioactive activity expected at a given location (e.g., at the location of a specific sensor 1110)
given certain information, including for example a known amount of radioactive material
centered about a known point in space. For example, if the radiometric center, and amount
and type of radioactive material is known, and information about the density and composition
of the material through which the emitted particles will pass to reach the sensor 1110 (e.g.,
water, tissue, bone, etc.), one may determine a likelihood that a particle emitted from the
radiation source would be detected at a given point in space. Using these techniques, a set of
expected measurements can be generated for radioactive sources of various magnitudes,
locations, and volumes.

[0052] Accordingly, by inversing such calculations, measurements of activity taken at various
points in space relative to a source of radioactive material may be utilized to estimate
characteristics about the radioactive material source itself, for example, magnitude, location,
volume, etc. In one example, activity at various locations about a radioactive source may be
measured as a function of time. Then, knowing the likelihood of measuring the activity actually
measured relative to radioactive sources of various magnitudes and locations, a least squares
regression analysis may be used to estimate the magnitude, location, and/or volume of the
actual radioactive material source. Using such techniques, and assuming a distribution, for
example Gaussian, of radioactive material, an accurate determination of the amount of
radioactive material present can be determined (i.e., the magnitude), and the radiometric
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center of the radioactive material (i.e., location), and/or distribution of radioactive material (i.e.,
size of the source of radioactive material) may be determined.

[0053] According to one exemplary method of using the system disclosed herein, and referring
again to Fig. 11, the system 1100 may assume the presence of a "blob" of radioactive material
(e.g., radioactive area of interest 1103) positioned relative to the array made of sensors 1110.
The radioactive material's location and magnitude may be unknown, but the radioactive
material emits radioactive energy/particles and/or decays into other particles/energy (e.g.,
alpha particles, beta particles, x-rays, gamma rays, positrons etc.) that may be measured by
each of the sensors 1110. In particular, each sensor 1110 may detect those particles that
intercept it. In some embodiments, by measuring the energies of the particles, the system may
eliminate unwanted "hits" (e.g., deflected particles), and utilize knowledge of the material
through which the particles traveled (i.e., water, bone, etc.) to gain an understanding about the
magnitude and/or volume (among other things) of the radioactive source.

[0054] Having measured the activity of direct "hits”" per unit time at each known location, the
least squares regression analysis can be applied to find the magnitude (A), mean location (p)
and standard deviation (o) of the radioactive source which minimizes the error between actual
counts (c,) and estimated counts (¢,) associated with the various possibilities of radioactive

sources. In some embodiments, the system or method may assume a Gaussian distribution of
the radioactive material of interest, but other distributions are possible. Knowing such
information, it may be possible to diagnose certain conditions, determine a dose of radiation to
tissue in the body proximate the radioactive source, analyze whether a desired dosage of
therapeutic radiopharmaceutical has been delivered to an area of interest (or is not present in
an area of interest or below some acceptable threshold), and by capturing such exact
measurements, it may be possible to compare results for a single patient over multiple visits to

track efficacy of treatments, etc.
N

argminA’HJ o z (cp — 6n)2

n=0

[0055] One drawback to this technique may be that the standard deviation of the distribution is
sometimes difficult to determine accurately. For example, the counts or "hits" measured by an
array made of sensors 1110 may be the same for a collection of radioactive material distributed
over a first volume as it would for a collection of the same amount of radioactive material
distributed over a second volume. Accordingly, while the magnitude of the source (i.e., how
much radioactive material is present) and radiometric center of the source (i.e., the location
about which the radioactive source is centered) may be determined, the volume of space that
the source occupies may be more difficult to estimate according to some techniques. While
magnitude and location can provide significantly advantageous information in some
circumstances (e.g., determining the size and location of an infiltration and using that
information to aid in interpretation of medical imaging, for example), it is not always sufficient to
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determine, for example, the radioactive dose to surrounding tissue, as the distribution of the
radioactive material (i.e. the standard deviation discussed above) in the tissue would be
needed.

[0056] Accordingly, it would be advantageous to modify and/or supplement the techniques
described hereinabove to determine not only the magnitude and location of a radioactive area
of interest (e.g., 1103), but also gain an understanding of the volume/distribution of the
material.

[0057] According to additional embodiments of the present disclosure, sensor arrays not unlike
those discussed hereinabove may be used in combination with other methods to obtain even
more robust estimates of the magnitude, location, and/or volume of a radioactive area of
interest. Referring now to Fig. 12, an exemplary system 1200 is presented where a volume of
interest 1201 may be defined and divided into a plurality of three-dimensional "voxels"
(analogous to two-dimensional pixels, see Fig. 13 below). In some embodiments these voxels
may be of uniform size and shape, while other embodiments may include voxels of varying
size, shape, arrangement, etc. Within volume of interest 1201 may lie a radioactive area of
interest 1203 of unknown magnitude, location, and volume. Spaced about the volume of
interest 1201 may be a plurality of sensors 1210 forming a sensor array.

[0058] Similar to the sensor array discussed hereinabove, each of the sensors 1210 may be
positioned proximate a known location relative to the plurality of other sensors 1210. The
sensors 1210 may be arranged at random known locations about the volume of interest 1201,
or in preferred embodiments, may be positioned in mathematically advantageous geometries
about the volume of interest 1201, including for example, in triangular, cubic, hemispherical or
spherical orientations about the volume of interest 1201, among others. In some embodiments,
the arrangements may be symmetrical. In the exemplary embodiment illustrated in Fig. 12, the
sensors are arranged in a substantially cubic configuration about area of interest 1201. It
should also be understood that in some embodiments, the relative locations of sensors in
space may change over time, and techniques could be employed to measure or otherwise
determine the relative positions of the plurality of sensors 1210 at each time t.

[0059] In some embodiments, a system for estimating the magnitude, location, and volume of
a radioactive area within a volume of interest, such as for example the system 1200 illustrated
in Fig 12, may utilize an estimation method known as Maximum Likelihood Expectation
Maximization (MLEM). Referring now to a simplified exemplary two-dimensional configuration
shown in Fig. 13, MLEM methods may be used to calculate a probability for each cell or pixel
1305 that a particle 1320 having a certain energy measured at a given location (i.e., the
location of one of the sensors 1310) originated from each particular cell 1305. Put another way,
for each cell 1305, a probability may be determined that a particle 1320 originating from each
cell 1305 would arrive at the location of the sensor 1310. Using the same methods,
probabilities for each voxel in a three-dimensional space (e.g., volume of interest 1201) can be
determined.
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[0060] For example, and referring again to Fig. 13, consider a sensor (e.g., sensor 1310)
positioned at a location relative to an area of interest 1301 divided into a plurality of pixels
1305. Sensor 1310 may receive a "hit" from a particle 1320 emitted by the radioactive material
located within the area of interest 1301. Specifically, particle 1320 measured by sensor 1310
may have originated from any one of the pixels 1305.

[0061] Particles released from radioactive material travel in random directions from their
source, and therefore there is only a chance that any particular particle (e.g., particle 1320) will
travel in the direction of a given sensor (e.g., sensor 1310). Further, the greater the distance
between the source of the particle 1320 and the sensor 1310, the more likely it is that the
particle 1320 will collide with some intervening material (e.g., water molecule, bone, etc.) and
scatter to a different trajectory. WWhen scattered, the particles lose energy, and therefore it is
possible to calibrate the sensors to disregard scattered particles that may be received at a
sensor, if desired, as counting scattered particles may introduce error.

[0062] Accordingly, referring again to Fig. 13, the probability that a sensor 1310 is hit by a
particle 1320 that originated in cell B may be lower, for example, than the probability that the
particle 1320 originated in cell A. This is because, in this example, the physical distance
between cell B and the sensor 1310 is greater than the distance between cell A and the sensor
1310, thereby not only reducing the "solid angle" created by the sensor with respect to the
pixel, but also introducing a greater chance that the particle will be scattered from its original
trajectory by intervening material. Knowing the distances between the sensor 1310 and each
pixel 1305, the density and other characteristics of the material(s) through which the particle
must travel to reach the sensor 1310, and the characteristics of the radioactive material of
interest itself, among other things, the system may determine a set of such probabilities of a
particle "hitting" a sensor 1310 for each pixel 1305, and may determine such sets relative to
each sensor 1310 for each pixel 1305.

[0063] The same is true for a three-dimensional configuration, such as for example the
configuration illustrated in Fig. 12. In general, the probability that a particle 1220 counted by
sensor 1210 originated from a relatively close voxel within area of interest 1201 is greater than
a probability that particle 1220 originated from a relatively distant voxel in area of interest 1201.
As above, a set of probabilities for each voxel may be determined for each sensor. This
information may be used to generate, or may itself be characterized as, a set of expected
signal data associated with radioactive sources of various magnitudes, locations, and/or
volumes.

[0064] Knowing these probabilities, the system 1200 may be used to take actual
measurements of "hits" per unit time observed at each sensor 1210 and estimate, among
other things, the magnitude, location, and/or volume of a radioactive source. In some
embodiments, because the radioactive material releases particles in all directions, each sensor
1210 should register some number of "hits" if a sufficient amount of radioactive material is
present within volume of interest 1201. Each "hit" at each sensor 1210 corresponds to a set of
probabilities across the voxels 1205 in the volume of interest 1201 corresponding to the
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likelihood that the particle (e.g., 1220) intercepting a particular sensor 1210 originated in each
voxel 1205. In some embodiments, the system may analyze the sets of probabilities for each
"hit" at each sensor 1210 and iterate over time to determine the most likely distribution of
radioactive material 1203 within the volume of interest 1201 that would generate the "hits"
observed. The system may also iterate over various energy levels, providing additional detail.

[0065] Generally speaking, increasing the number of available sensors (e.g., 1210) positioned
about the radioactive material source (e.g., 1203) may increase the accuracy with which the
system 1200 can estimate the magnitude, location, and/or volume of the source. Similarly,
increasing the number of voxels used in the calculations (i.e., more voxels comprising smaller
and smaller volumes each) may increase the system's accuracy. However, as the number of
sensors and/or voxels increases, the number of required calculations and processing
requirements of the system generally increases significantly. It may therefore be
advantageous, in some embodiments, to take advantage of certain sensor positioning
arrangements that may simplify calculations or aid in the iterative convergence of the
calculations, including for example using symmetrical sensor configurations, among other
things. Such configurations may also shorten the time and/or reduce the number of
calculations required to achieve acceptable iterative convergence. Various distributions of voxel
size may also be utilized, such that smaller voxels are utilized closer to and within the
radioactive source material 1203 and larger voxels are utilized elsewhere, for example.

[0066] In some embodiments, in may also be advantageous to include two or more sensors
proximate each of the fixed points about a volume of interest. An exemplary configuration
illustrating an exemplary dual-sensor approach is illustrated in Fig. 14. As shown in the
exemplary configuration there, a concentric-cubic configuration may be used, where a first set
of sensors 1410 may be positioned at each of eight points on a first, inner cube surrounding
the area of interest 1401, and a second set of sensors 1410 may be positioned at each of eight
points on a second, outer cube surrounding the same area of interest 1201. Proximate each of
the eight known points 1430 positioned about the volume of interest 1401, two sensors 1410
may then be provided, for a total of sixteen sensors in the system. Of course, each fixed
location 1430 may include more than two sensors 1410 if desired (e.g., a third cube of greater
dimensions), and/or any number of fixed locations 1430 may be utilized (including for example,
one, two, four, eight, sixteen, twenty-four, or more, or any number in between, as desired).
Utilizing two or more sensors 1410 at each location 1430 may have the advantage of aiding,
among other things, an iterative convergence. More particularly, by having a second sensor
1410 slightly farther away from the source of radioactive material 1403 relative to the first
sensor 1410 at each location 1430, they system may more efficiently arrive at an iterative
convergence.

[0067] In some embodiments, it may be advantageous to detect particles from a plurality of
radioactive sources. For example, by introducing two or more radiopharmaceuticals with
distinguishable radioactive characteristics (e.g., different energy levels, different uptake rates,
etc.), additional information may be detected. Sensors in such systems may be tuned to detect
particles of one or more different energy levels, thereby providing additional information. For
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example, the amount or rate of uptake of one drug associated with a first radiopharmaceutical
relative to the amount or rate of uptake of a second drug associated with a second
radiopharmaceutical may provide useful information to a clinician.

[0068] Referring now to Figs. 15Ato 15C, an application of the present disclosure is presented
according to one exemplary embodiment in system 1500. In some embodiments, a plurality of
sensors 1510 may be arranged in a substantially cylindrical array to form, for example a cuff
1550. Cuff 1550 may be sized to fit, for example, around a portion of a patient's body, for
example, a patient's arm 1560. In some embodiments, cuff 1550 may be positioned about, for
example, the location where a patient is or was injected with a radiopharmaceutical or the like.
In some embodiments, cuff 1550 may include a deformable transition layer 1555 that may be
utilized to maintain a consistent or otherwise known material composition and/or density
between a radioactive source 1503 and the sensors 1510, such as for example, to
substantially eliminate air gaps. In some embodiments, the transition layer 1555 may include
water, saline, and/or various other gels or materials. In some embodiments, the materials may
be substantially similar in density to human tissue and/or bone.

[0069] In some embodiments, the sensors 1510 of cuff 1550 may also be arranged to provide
for substantially "stacked" sensors at various locations on cuff 1550. For example, and similar
to the exemplary cubic configuration discussed above with reference to Fig. 14, the plurality of
sensors 1510 may be arranged to have a first, inner substantially cylindrical configuration and
a second, outer substantially cylindrical configuration, thereby providing for two or more
sensors 1510 proximate a plurality of desired locations, with one of the sensors 1510 being
relatively farther away from the source 1503 than another sensor 1510.

[0070] In the event of an infiltration, for example, the system 1500 could be used according to
some or all of the methods taught hereinabove to estimate the magnitude, location, and/or
volume of the infiltrated radioactive material in the patient. Advantageously, the system may
also be utilized, in some embodiments, to provide estimates of the magnitude, location, and
volume over time, thereby providing critical information to healthcare providers regarding,
among many other things, the rate at which radioactive material is being introduced into the
bloodstream and therefore affecting, for example, nuclear imaging, and to quantify the
patient's tissue exposure to the infiltrated radiation at or around the injection site, to name just
a few.

[0071] In certain other embodiments, similar arrangements of sensors may be utilized in other
configurations for use in other areas of the body. For example, referring now to Fig. 16, a
larger cuff-like configuration 1650 may be utilized to surround the torso or pelvic region of a
patient 1260, for example. Such arrangements may enable users to estimate, for example,
radiopharmaceutical uptake in a tumor or organ (i.e. organ dosimetry) in the body. As
presented above, any arrangement of sensors may be used, and therefore other
configurations of sensors may be utilized as needed to fit the nature of the area to be
measured. For example, a horseshoe figuration, a flexible sheet configuration, or any other.
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[0072] Referring now to Fig. 17, yet another exemplary configuration of a system 1700 of the
present disclosure is presented. In some embodiments, it may be desirable to estimate the
uptake of radioactive material in all or a portion(s) of the brain. According to some
embodiments, then, a plurality of sensors 1710 may be arranged in a helmet-like article 1750
such that the sensors 1710 may be arranged about a patient's head 1760. The sensors 1710
may be arranged in any manner about the helmet 1750, including in those several
configurations discussed herein. In the exemplary embodiment illustrated in Fig. 17, the
sensors 1710 may be disposed about the helmet 1750 in a generally hemispherical
configuration and may in some embodiments also include two sensors 1710 at each
measurement location 1730. In some embodiments, helmet 1750 may include a first set of
sensors 1710 disposed in a first hemispherical configuration, and a second set of sensors
1710 disposed in a second hemispherical configuration, with the second hemispherical
configuration having a slightly larger radius than the first. Accordingly, in some embodiments,
there may be two (or more) sensors 1710 about a plurality of desired locations 1730 where
one sensor 1710 at each location 1730 is slightly farther away from source 1703 than a second
sensor 1710.

[0073] The helmet 1750 may also include a transition layer similar to layer 1555 in Fig. 15
comprising material(s) of known composition and/or density (e.g., water, saline, or gel(s)
having a density and other properties similar to that of brain tissue, other tissue, bone (e.g.,
skull), etc., as desired), thereby eliminating air gaps that could, in some circumstances,
complicate the estimations and/or introduce undesirable error.

[0074] In each of these various embodiments, the relative distance between sensors may
initially be unknown given the need to modify the cuff 1550, 1650 or helmet 1750 to fit the
various sizes and shapes of patients presented. To calibrate the various systems 1500, 1600,
and/or 1700 (and others) before use, the systems and methods taught herein may be modified
to introduce known radioactive elements at known locations. For example, relatively small
doses of cesium, for example, may be introduced at a known location, from which the relative
locations of each sensor may be determined by the system.

[0075] In another example, known amounts of cesium (or some other radioactive material)
may be introduced to determine the specific density of a patient's body through which the
particles released from a radiopharmaceutical may travel.

[0076] By determining reliable estimates of one or more of the magnitude, location, and/or
volume of a radioactive source material in the body, it may be possible to, among many other
things, evaluate treatment efficacy, make clinical decisions or diagnoses, identify or eliminate
medical conditions, compare different areas of the body (e.g., different hemispheres of the
bran) and make clinical decisions and/or diagnoses based on such measurements and/or by
comparing such measurements to past measurements of the patient and/or measurements of
the general population, among many other things. The systems and methods taught herein are
expected not only to provide such estimates, but to use such estimates to aid clinicians in their
diagnosis and treatment, and even suggest or determine appropriate clinical decisions and/or



DK/EP 3946063 T3

diagnosis.

[0077] The invention may be embodied in other specific forms without departing from the
essential characteristics thereof. The present embodiments are therefore to be considered in
all respects as illustrative and not restrictive, the scope of the invention being indicated by the
claims of the application rather than by the foregoing description.
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PATENTKRAV

1. Fremgangsmade til realtidsbestemmelse ex vivo over en tidsperiode af en eller flere af
stgrrelsen, lokationen og volumen af radioaktivt materiale i kroppen ved at male straling, der
henfalder in vivo udsendt af et individ, hvilken fremgangsmade omfatter:
(i) pafgring af en eller flere ex vivo stralingsmalesensorer (11) neer et interesseomrade
pa en patient;
(i) detektering af straling over et gnsket tidsrum og frembringelse af signaldata
forbundet med det gnskede tidsrum;
(iii) forsteerkning af signaldataene under anvendelse af en signalforsteerker i operativ
kommunikation med stralingssensoren, hvor malesensoren har mindst én sensorudgang
for sddanne forsteerkede signaldata, og udsendelse af de forsteerkede signaldata;
(iv) behandling af de forstaerkede signaldata ved hjeelp af en computerprocessor (22) i
operativ kommunikation med en ikke-transient hukommelse og malesensorens (11)
udgang ved at udfgre trinene:
(a) modtagelse af de forsteerkede signaldata forbundet med det gnskede tidsrum;
(b) sammenligning de forstaerkede signaldata med et sat af forventede signaldata
for radioaktive kilder af forskellige stgrrelser, lokationer og volumener;
(c) bestemmelse af, baseret pa sammenligningen af forsteerkede signaldata med et
seet forventede signaldata for radioaktive kilder af forskellig stgrrelse, lokation og
volumen, en eller flere af en stgrrelse, lokation og volumen af den radioaktive kilde
i kroppen over det gnskede tidsrum ved at tilpasse de forstaerkede signaldata til

det mest sandsynlige seaet af forventede signaldata.

2. Fremgangsmade ifglge krav 1, hvor en maksimum
sandsynlighedsforventningsmaksimeringsfremgangsmade (Maximum Likelihood Expectation
Maximization Method) anvendes til at tilpasse den mest sandsynlige stgrrelse, lokation og

volumen af den radioaktive kilde i kroppen.

3. Fremgangsmade ifglge krav 1, yderligere omfattende trinnet at bestemme en dosis af

radioaktivitet til et vaevsomrade naermest lokationen af den radioaktive kilde.

4. Fremgangsmade ifglge krav 1, yderligere omfattende trinnet at anvende den bestemte en
eller flere stgrrelse, lokation og volumen af radioaktiv kilde i kroppen til at traeffe en klinisk

beslutning.

5. Fremgangsmade ifglge krav 1, hvor et array, der omfatter to eller flere af ex vivo-

strdlingsmalesensorerne, anvendes.
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6. Fremgangsmade ifglge krav 5, hvor de to eller flere sensorer er anbragt naermest en eller
flere gnskede malelokationer, og yderligere hvor hver gnsket malelokation omfatter mindst en

fgrste sensor anbragt relativt teettere pa den radioaktive kilde end en anden sensor.

7. Fremgangsmade ifglge krav 1, hvor en eller flere af en storrelse, lokation eller volumen

bestemmes for to eller flere stralingskilder i kroppen.

8. Fremgangsmade ifglge krav 7, yderligere omfattende trinnet at sammenligne den ene eller
flere bestemte stgrrelse, lokation eller volumen af de to eller flere radioaktive kilder, og at

traeffe en klinisk beslutning baseret pd sammenligningen.
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