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pharmaceutical quantification of a body part. It is described to provide
(210) a processing unit (30) with at least one gamma image of a body
part. The at least one gamma image was acquired by at least one gamma
camera configured to detect gamma rays and/or X-rays. The at least one
gamma image comprises spectral energy data that comprises data that has
resulted from the decay of at least one radiopharmaceutical. The process-
ing unit is provided (220) with characteristic photon emission energies
and emission probabilities associated with the decay of the at least one
radiopharmaceutical. The processing unit determines (230) an activity
of the at least one radiopharmaceutical at a plurality of spatial positions
in the body part. The determination for a spatial position of the plurality
of spatial positions comprises generating (240) a synthetic spectrum and
correlating the generated synthetic spectrum to an experimental spectrum
generated from the spectral energy data for at least one position in the at
least one gamma image that corresponds to that spatial position. Gener-
ating the synthetic spectrum comprises utilising the photon emission en-
ergies and emission probabilities associated with the decay of the at least
one radiopharmaceutical. The processing unit determines (250) a spatial
distribution of the at least one radiopharmaceutical in the body patt.
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APPARATUS FOR RADIOPHARMACEUTICAL QUANTIFICATION OF A
BODY PART

FIELD OF THE INVENTION

The present invention relates to an apparatus for radiopharmaceutical quantification of a
body part, to a system for radiopharmaceutical quantification of a body part, to a method
for radiopharmaceutical quantification of a body part, as well as to a computer program

element and a computer readable medium.

BACKGROUND OF THE INVENTION

The general background of this invention is quantitative gamma camera imaging of
patients. Radiopharmaceuticals can be wused in the treatment of patients. A
radiopharmaceutical such as a radionuclide, or radionuclides, can be taken internally by a
patient for example intravenously or orally. A radiopharmaceutical, such as a radionuclide
can be useful in the detection of specific diseases, and indeed can also be used in the
targeted treatment of diseases, where the emission of alpha particles/electrons/beta
particles can be used to disrupt targeted tissue cells. (For ease of explanation, the following
discussion relates in specific parts to radionuclides however, such discussion also applies
more generally to radiopharmaceuticals). The location of the radionuclide within the
patient is required to be determined for quantification and dosimetry. As the radionuclide
decays, gamma rays can be emitted in certain decay processes and external cameras, such
as gamma cameras or detectors, are used to capture these photons from which an image
can be acquired. However, such gamma ray imaging poses particular problems even for a
single radionuclide, due to for example a low photon emission yield of radionuclides and
the inclusion in measurement data of a large background photon contribution from cosmic
and terrestrial sources, for example when very low activities of the order of 1IMBq are
administered to patients. Furthermore, gamma rays can undergo scattering, for example via
Compton scattering, on the route from the decay site to the detector, and thus can appear to
have originated elsewhere than the actual decay site. Gamma ray cameras, also termed
gamma cameras, can make use of energy discrimination, so called energy windows, to
exclude emitted photons that do not originate directly from a radioactive decay. However,
there is still a requirement to further improve imaging capabilities, especially if there is

more than one radionuclide present. This can occur, for example, if a particular
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radionuclide that is administered to a patient has a daughter radionuclide that itself decays

and emits gamma rays.

SUMMARY OF THE INVENTION
It would be advantageous to have improved apparatus for radiopharmaceutical, such as
radionuclide, quantification in a body part. In the description below reference to a

radionuclide can mean a radiopharmaceutical.

It should be noted that the following described aspects and examples of the invention apply
also for radiopharmaceutical quantification of a body part, the system for
radiopharmaceutical quantification of a body part, the method for radiopharmaceutical
quantification of a body part, and for the computer program element and the computer

readable medium.

According to a first aspect, there is provided an apparatus for radiopharmaceutical
quantification of a body part, comprising:

- an input unit; and

- a processing unit.

The input unit is configured to provide the processing unit with at least one photon image of
a body part. The at least one photon image was acquired by at least one photon camera
configured to detect gamma rays and/or X-rays. Here, a photon image can be a gamma image
or gamma camera image, and the photon camera a gamma camera. The at least one photon
(gamma) image comprises spectral energy data that comprises data that has resulted from
the decay of at least one radiopharmaceutical. The input unit is also configured to provide
the processing unit with characteristic photon emission energies and emission probabilities
associated with the decay of the at least one radiopharmaceutical. The processing unit is
configured to determine an activity of the at least one radiopharmaceutical at a plurality of
spatial positions in the body part. The determination for a spatial position of the plurality of
spatial positions comprises a correlation of a generated synthetic spectrum to an
experimental spectrum generated from the spectral energy data for at least one position in
the at least one photon (gamma) image that corresponds to that spatial position. The synthetic
spectrum can be considered to be a model spectrum. The generation of the synthetic

spectrum comprises utilisation of the
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photon emission energies and emission probabilities associated with the decay of the at

least one radiopharmaceutical. The processing unit is also configured to determine a spatial

distribution of the at least one radiopharmaceutical in the body part.

In other words, synthetic spectra that are generated from known data regarding
radiopharmaceuticals (photon emission energies and emission probabilities) are matched or
fitted to experimentally determined spectra, to enable the spatial distribution of one or
radiopharmaceuticals to be determined. Thus, when there is one radiopharmaceutical, by
fitting synthetic spectra to acquired spectra, the effects of scattering and residual photons
(c.g. gamma rays/X-rays) can be separated from the photons (e.g. gamma rays/X-
rays/Bremsstrahlung) that originate directly from decay events. And, when there are for
example two or more radiopharmaceuticals the overlapping contributions of the two or
more radiopharmaceuticals can also be determined. Furthermore, this modelling also
enables the primary photon (e.g. gamma ray and/or X-ray) contributions that originate
from the actual decay of the radiopharmaceuticals to be differentiated from both scatter
and attenuation events, where photons (e.g. gamma rays and/or X-rays) are either scattered
or attenuated on the route to the photon (e.g. gamma ray and/or X-ray) camera (or detector)
and also differentiated from background cosmic ray events. Thus, in addition to different
radiopharmaceuticals being able to be differentiated in the body part, noise in the data can
be reduced because the signals (scatter, background etc) that are not directly related to the

decay event (primary signals) can also be differentiated from the primary signals.

The at least one photon (gamma) image can comprise at least one gamma ray image. The
at least one photon (gamma) image can comprise at least one X-ray image. The at least one
photon camera can be a gamma ray camera/gamma camera and/or X-ray camera. The at
least one radiopharmaceutical can comprise at least one radionuclide. Thus for example,
radiopharmaceuticals such as 227Th and/or I-123 and/or 223Ra can be utilized, which emit
alpha particles/electrons/beta particles with the associated emission of photons such as
gamma rays/X-rays (photons) and detection of these photons can be used to quantify the

radiopharmaceutical in the body part.

In an example, the input unit is configured to provide the processing unit with a half-life
for the decay of the at least one radiopharmaceutical. The generation of the synthetic

spectrum then comprises utilisation of the half-life for the decay of the at least one
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radiopharmaceutical In this way, the half-lives of, for example, 227Th and 223Ra can be
used to calculate the “true” activities of 227Th and 223Ra.

In this manner, the decay characteristics of a first radiopharmaceutical can be taken into
account in determining the spatial distributions of the first radiopharmaceutical in the body
part. Also, when there are two or more radiopharmaceuticals the decay characteristics of
the two or more radiopharmaceuticals can be taken into account in determining the spatial

distributions of the first and second radiopharmaceutical in the body part.

In an example, the at least one radiopharmaceutical comprises a first radiopharmaceutical
and a second radiopharmaceutical.

In an example, the second radiopharmaceutical is a product of the decay of the first
radiopharmaceutical. Thus, a second radionuclide can be a product of the decay of a first
radionuclide.

In other words, not only can mother and daughter radiopharmaceuticals be differentiated
from one another, the information that the second radiopharmaceutical is derived from the
first radiopharmaceutical can be used in generating the synthetic spectrum that is fitted to
the real acquired spectrum.

However, the second radiopharmaceutical need not be derived from the first

radiopharmaceutical, and could for example be Tc-99m or 1-123.

In an example, the input unit is configured to provide the processing unit with at least one
time of acquisition of the at least one photon (gamma) image relative to a start time. The
start time is defined as a time when the first radiopharmaceutical has not yet decayed to
produce significant quantities of the second radiopharmaceutical. The generation of the
synthetic spectrum then comprises utilisation of the at least one time of acquisition of the
at least one photon (gamma) image relative to the start time.

In other words, the expected relative quantities of the first to second radiopharmaceutical
can be determined from knowledge of the time of image acquisition relative to the time
when there was in effect 100% of the first radiopharmaceutical, or a known proportion of
the first radiopharmaceutical to the second radiopharmaceutical. Thus, a reference time and
half-lives can be used to calculate the expected activity of 227Th and 223Ra at the time-

points when imaging was performed.
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In an example, the generation of the synthetic spectrum comprises a determination of

attenuation of photons (e.g. gamma radiation) in the body part.

In an example, the at least one photon (gamma) image comprises a first image and a
second image, wherein the first image was acquired from a direction opposite a direction
from which the second image was acquired.

In other words, the conjugate view technique can be used, from which only the total
thickness of the body part at a particular position needs to be known in order for the
attenuation of photons to be accurately modelled. Thus, the body can be taken to be formed
from known materials and by knowing the total thickness of the body part the attenuation

of photons can be accurately modelled.

In an example, the input unit is configured to provide the processing unit with a plurality of
total thicknesses of the body part for the plurality of spatial positions. Generation of the
synthetic spectrum then comprises utilisation of a total thickness of the body part at that

spatial position.

In other words, the thickness of the body part can be used within the conjugate view
technique, enabling the effect of attenuation to be accurately established. In an example,
the at least one photon (gamma) camera comprises a first photon (gamma) camera and a
second photon (gamma) camera. Here reference to two cameras, can mean one camera

having two detectors or can refer to two cameras each having a detector.

In this way, the first and second images can be acquired at the same time enabling
temporally resolved data to be acquired. In an example, the generation of the synthetic

spectrum comprises determination of a spectral energy scatter component.

Thus, the effect of scatter photons, that have undergone for example Compton scattering
on the route from the decay site to the detector (gamma camera), can be taken into account.
In an example, the generation of the synthetic spectrum comprises determination of a

spectral energy residual component.

Thus, photons (such as gamma rays/X-rays) that are background events, or from collimator

penetration or partial energy deposition in the detector can be taken into account. In an
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example, the generation of the synthetic spectrum comprises utilisation of an energy

resolution of the at least one photon (gamma) camera.

In other words, the energy resolution of the camera can be used in order to provide
modelled spectra that match the acquired spectra. In an example, the generation of the
synthetic spectrum comprises utilisation of a photon detection efficiency of the at least one

photon (gamma) camera.

According to a second aspect, there is provided system for radiopharmaceutical
quantification of a body part, comprising:

- a photon acquisition unit;

- an apparatus for radiopharmaceutical quantification of a body part according
to the first aspect; and

- an output unit.

The photon acquisition unit comprises at least one photon (gamma) camera. The photon
acquisition unit is configured to provide the at least one photon (gamma) image. The
output unit is configured to output an image that comprises the spatial distribution of the at
least one radiopharmaceutical in the body part.

In a third aspect, there is provided a method for radiopharmaceutical quantification of a
body part, comprising:

(a) providing a processing unit with at least one photon (gamma) image of a
body part; wherein, the at least one photon (gamma) image was acquired by at least one
photon (gamma) camera; and wherein, the at least one photon (gamma) image (gamma
image) comprises spectral energy data that comprises data that has resulted from the decay
of at least one radiopharmaceutical,;

(b) providing the processing unit with characteristic photon emission energies
and emission probabilities associated with the decay of the at least one
radiopharmaceutical;

(©) determining by the processing unit an activity of the at least one
radiopharmaceutical at a plurality of spatial positions in the body part, wherein, the
determination for a spatial position of the plurality of spatial positions comprises step (c1)
generating a synthetic spectrum and correlating the generated synthetic spectrum to an
experimental spectrum generated from the spectral energy data for at least one position in

the at least one photon (gamma) image that corresponds to that spatial position, and
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wherein, generating the synthetic spectrum comprises utilising the photon emission energies

and emission probabilities associated with the decay of the at least one radiopharmaceutical;

and

(d)

determining by the processing unit a spatial distribution of the at least one

radiopharmaceutical in the body part.

According to another aspect, there is provided a computer readable medium having stored

computer element as previously described.

According to one aspect there is provided an apparatus for radiopharmaceutical

quantification of a body part, comprising:

an input unit; and

a processing unit;

wherein, the input unit is configured to provide the processing unit with at least one
gamma image of a body part;

wherein, the at least one gamma image was acquired by at least one gamma camera
configured to detect gamma rays and/or X-rays;

wherein, the at least one gamma image comprises spectral energy data that
comprises data that has resulted from the decay of at least one radiopharmaceutical;
wherein, the input unit is configured to provide the processing unit with
characteristic photon emission energies and emission probabilities associated with
the decay of the at least one radiopharmaceutical;

wherein, the processing unit is configured to determine an activity of the at least
one radiopharmaceutical at a plurality of spatial positions in the body part,

wherein, the determination for a spatial position of the plurality of spatial positions
comprises a correlation of a generated synthetic spectrum to an experimental
spectrum generated from the spectral energy data for at least one position in the at
least one gamma image that corresponds to that spatial position, and

wherein, generation of the synthetic spectrum comprises utilisation of the photon
emission energies and emission probabilities associated with the decay of the at
least one radiopharmaceutical;

wherein, the processing unit is configured to determine a spatial distribution of the
at least one radiopharmaceutical in the body part;

wherein the at least one radiopharmaceutical comprises a first radiopharmaceutical
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and a second radiopharmaceutical; and

wherein the second radiopharmaceutical is a product of a decay of the first

radiopharmaceutical.

According to another aspect there is provided a system for radiopharmaceutical

quantification of a body part, comprising:

a photon acquisition unit;

an apparatus for radiopharmaceutical quantification of a body part according to any
of the preceding claims; and

an output unit;

wherein, the photon acquisition unit comprises at least one gamma camera, and
wherein the photon acquisition unit is configured to provide the at least one gamma
image;

wherein, the output unit is configured to output an image that comprises the spatial
distribution of the at least one radiopharmaceutical in the body part;

wherein the at least one radiopharmaceutical comprises a first radiopharmaceutical
and a second radiopharmaceutical, and

wherein the second radiopharmaceutical is a product of a decay of the first

radiopharmaceutical.

According to another aspect there is provided a method for radiopharmaceutical

quantification of a body part, comprising:

(a) providing a processing unit with at least one gamma image of a body part;
wherein, the at least one gamma image was acquired by at least one gamma camera
configured to detect gamma rays and/or X-rays; and wherein, the at least one
gamma image comprises spectral energy data that comprises data that has resulted
from the decay of at least one radiopharmaceutical;

(b) providing the processing unit with characteristic photon emission energies
and emission probabilities associated with the decay of the at least one
radiopharmaceutical;

(c) determining by the processing unit an activity of the at least one
radiopharmaceutical at a plurality of spatial positions in the body part, wherein, the
determination for a spatial position of the plurality of spatial positions comprises:
(cl) generating a synthetic spectrum and correlating the generated synthetic

spectrum to an experimental spectrum generated from the spectral energy data for
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at least one position in the at least one gamma image that corresponds to that spatial
position, and wherein, generating the synthetic spectrum comprises utilising the
photon emission energies and emission probabilities associated with the decay of
the at least one radiopharmaceutical; and

(d) determining by the processing unit a spatial distribution of the at least one
radiopharmaceutical in the body part;

wherein the at least one radiopharmaceutical comprises a first radiopharmaceutical
and a second radiopharmaceutical, and

wherein the second radiopharmaceutical is a product of a decay of the first

radiopharmaceutical.

Advantageously, the benefits provided by any of the above aspects equally apply to all of
the other aspects and vice versa.
The above aspects and examples will become apparent from and be elucidated with reference

to the embodiments described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments will be described in the following with reference to the following
drawings, and Table 1:

Fig. 1 shows a schematic set up of an example for radionuclide quantification of a body part;
Fig. 2 shows a schematic set up of an example of a system for radionuclide quantification of
a body part;

Fig. 3 shows a method for radionuclide quantification of a body part;

Fig. 4 shows an example of relative activities of >*’Th and **’Ra;

Fig. 5 shows an example of an acquired energy spectra of 2’Th and **’Ra;

Fig. 6 shows an example of an acquired energy spectrum from a source containing *>’Th and
223Ra, and a fitted modelled energy spectrum;

Fig. 7 shows an ideal >*’Th energy spectrum, and a modelled energy spectrum including the
effects of the resolution of a gamma camera used to acquire the spectral data, and a modelled
energy spectrum including the effects of the resolution of a gamma camera and the effects
of attenuation and detector efficiency;

Fig. 8 shows a modelled energy spectrum for **’Th and **’Ra, showing the individual

contributions of *’Th and **’Ra;



10

15

20

25

30

WO 2019/020554 " PCT/EP2018/069893
Fig. 9 shows a modelled scatter component of an energy spectrum for ?’Th and ?*’Ra,
showing the individual contributions of ?*’Th and ?**Ra;

Fig. 10 shows a normalized detector efficiency as a function of energy;

Fig. 11 shows an example of measured activities of 2’Th and *’Ra and modelled activities
for ?2’Th and ?*’Ra;

Fig. 12 shows raw activity images of a body part for ?*’Th and **’Ra at the top, and at the
bottom are shown the activity images of the body part for **’Th and **’Ra that have been
proceeded according to the described method for radionuclide quantification of a body
part; and

Table 1 shows decay data for ?’Th and its daughters.

DETAILED DESCRIPTION OF EMBODIMENTS

Fig. 1 shows an example of an apparatus 10 for radiopharmaceutical quantification of a
body part. The specific example, and that relating to the other figures, relates to
radionuclide quantification, where decay of at least one radionuclide has led to the
emission of gamma rays and the generation of at least one gamma image of a body part.
However, radiopharmaceuticals other than the radionuclide referred to below can be
utilized (e.g. 223Ra, 1-123), with for example images being X-ray images and the camera
being an X-ray camera for example. Thus, the specific examples relating to the
quantification of at least one radionuclide have wider applicability to the quantification of
at least radiopharmaceutical in the body part. Returning to the specific example of Fig. 1,
the apparatus 10 comprises an input unit 20, and a processing unit 30. The input unit 20 is
configured to provide the processing unit 30 with at least one gamma image of a body part.
This is via wired or wireless communication. The at least one gamma image was acquired
by at least one gamma camera. The at least one gamma image comprises spectral energy
data that comprises data that has resulted from the decay of at least one radionuclide. The
input unit 20 is also configured to provide the processing unit 30 with characteristic photon
emission energies and emission probabilities associated with the decay of the at least one
radionuclide. This is via wired or wireless communication. The processing unit 30 is
configured to determine an activity of the at least one radionuclide at a plurality of spatial

positions in the body part.
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The determination for a spatial position of the plurality of spatial positions comprises a
correlation of a generated synthetic spectrum to an experimental spectrum generated from
the spectral energy data for at least one position in the at least one gamma image that
corresponds to that spatial position. The generation of the synthetic spectrum comprises
utilisation of the photon emission energies and emission probabilities associated with the
decay of the at least one radionuclide. The processing unit 30 is also configured to
determine a spatial distribution of the at least one radionuclide in the body part. Thus count
“images” from the at least one camera and the spatial distribution of those counts, can be
used to map back to the spatial distribution of the at least one radiopharmaceutical (such as

at least one radionuclide) in the body part.

In an example, the photon emission energies and emission probabilities associated with the
decay of the at least one radionuclide are provided from a database 40. Thus, the photon
emission energies and emission probabilities associated with the decay of the first
radionuclide and photon emission energies and emission probabilities associated with the
decay of the second radionuclide are provided from the database 40. Where there are two
radionuclides, at least one of those radionuclides can have daughter radionuclides.

In an example, correlation of the generated synthetic spectrum to the experimental
spectrum comprises generating a synthetic spectrum that most closely matches the
experimental spectrum.

In an example, the first radionuclide is Thorium 227. In an example, the second

radionuclide is Radium 223.

In an example, the at least one position in the at least one gamma image that corresponds to
the spatial position in the body part is associated with one pixel of the gamma camera and
thus with one pixel in the image. Thus, the amount of the at least one radionuclide (that can
be a first radionuclide and a second radionuclide) can be determined by fitting a theoretical
spectrum to an experimental energy spectrum in each pixel. In this way, by considering
cach pixel of the camera, correlating with that in the image, the spatial distribution of the at
least one radionuclide (e.g. first and second radionuclides) can be determined in the at least
one image and hence within the body part. Here a “pixel” can be considered to be a “site of
interaction” of the camera.

In an example, the input unit is the at least one camera.
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According to an example, the input unit is configured to provide the processing unit with a
half-life for the decay of the at least one radionuclide, and wherein the generation of the
synthetic spectrum comprises utilisation of the half-life for the decay of the at least one
radionuclide.

According to an example, the at least one radionuclide comprises a first radionuclide and a

second radionuclide.

In an example, a first radiopharmaceutical and a second radiopharmaceutical are
administered to a patient, which in an example is a first radionuclide and a second
radionuclide that are administered to the patient.

According to an example, the second radionuclide is a product of the decay of the first

radionuclide.

According to an example, the input unit is configured to provide the processing unit with at
least one time of acquisition of the at least one gamma image relative to a start time. The
start time is defined as a time when the first radionuclide has not yet decayed to produce
significant quantities of the second radionuclide. The generation of the synthetic spectrum
then comprises utilisation of the at least one time of acquisition of the at least one gamma
image relative to the start time. Thus, this information can be used in determining the
activity of the at least one radionuclide at the time of acquisition of the at least one image.
According to an example, the generation of the synthetic spectrum comprises a
determination of an attenuation of gamma rays along the projection.

In an example, the determination comprises an exponential function of a product of

distance and linear attenuation coefficient.

According to an example, the at least one gamma image comprises a first image and a
second image. The first image was acquired from a direction opposite a direction from
which the second image was acquired. In an example, anterior and posterior images can be
acquired at the same time by two detectors of a camera or by two cameras having a

detector each.

In an example, the first image is acquired at a time that is different to the time of

acquisition of the second image. In other words, a single gamma camera can be used to
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acquire the first and second image, through for example rotation of the camera relative to

the body part.

According to an example, the input unit is configured to provide the processing unit with a
plurality of total thicknesses of the body part for the plurality of spatial positions. The
generation of the synthetic spectrum then comprises utilisation of a total thickness of the

body part at that spatial position.

In an example, the plurality of total thicknesses are provided on the basis of a scout scan
that was acquired in addition to acquisition of the at least one gamma image. The scout
scan can in an example be termed a CT localization image.

According to an example, the at least one gamma camera comprises a first gamma camera

and a second gamma camera.

According to an example, the generation of the synthetic spectrum comprises

determination of a spectral energy scatter component.

In an example, the spectral energy scatter component is determined as a sum over the first
and second nuclides and emission energies, modulated by emission yields and gamma
camera efficiency.

According to an example, the generation of the synthetic spectrum comprises
determination of a spectral energy residual component.

In an example, the spectral energy residual component is constant with respect to energy.

This provides for simplification of modelling.

According to an example, the generation of the synthetic spectrum comprises utilisation of
an energy resolution of the at least one gamma camera.
In an example, utilisation of the energy resolution of the at least one gamma camera

comprises modelling the energy resolution using a Gaussian function.

According to an example, the generation of the synthetic spectrum comprises utilisation of

a detector efficiency of the at least one gamma camera.
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In an example, utilisation of the detector efficiency comprises utilisation of a relative
spectral efficiency. In an example, the relative efficiency of the detector is determined
through Monte Carlo simulations. In an example, the relative spectral efficiency is
determined through Monte Carlo simulations.

In an example, utilisation of the gamma ray detection efficiency comprises calibration of

the gamma camera.

Fig. 2 shows an example of a system 100 for radionuclide quantification of a body part,
comprising:
- a gamma acquisition unit 110;
- an apparatus 10 for radionuclide quantification of a body part according to
any of the examples described with respect to Fig. 1; and
- an output unit 120.

The gamma acquisition unit 110 comprises at least one gamma camera 130.
The gamma acquisition unit 110 is configured to provide the at least one gamma image.
The output unit 120 is configured to output an image that comprises the spatial distribution
of the at least one radionuclide in the body part.
In an example, the output unit is configured to output an image that comprises the spatial
distribution of the first radionuclide in the body part and the spatial distribution of the
second radionuclide in the body part.
Fig. 3 shows a method 200 for radionuclide quantification of a body part in its basic steps.
The method 200 comprises:
in a providing step 210, also referred to as step (a), providing a processing unit 30 with at
least one gamma image of a body part; wherein, the at least one gamma image was
acquired by at least one gamma camera; and wherein, the at least one gamma image
comprises spectral energy data that comprises data that has resulted from the decay of at
least one radionuclide;
in a providing step 220, also referred to as step (b), providing the processing unit with
characteristic photon emission energies and emission probabilities associated with the
decay of the at least one radionuclide;
in a determining step 230, also referred to as step (c), determining by the processing unit an
activity of the at least one radionuclide at a plurality of spatial positions in the body part,
wherein, the determination for a spatial position of the plurality of spatial positions

comprises a generating step 240, also referred to as step (cl), that involves generating a
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synthetic spectrum and correlating the generated synthetic spectrum to an experimental
spectrum generated from the spectral energy data for at least one position in the at least one
gamma image that corresponds to that spatial position, and wherein, generating the
synthetic spectrum comprises utilising the photon emission energies and emission
probabilities associated with the decay of the at least one radionuclide; and

in a determining step 250, also referred to as step (d), determining by the processing unit a

spatial distribution of the at least one radionuclide in the body part.

In an example, an input unit 20 is configured to provide the processing unit 30 with the at

least one gamma image.

In an example, the input unit 20 is configured to provide the processing unit 30 with
characteristic photon emission energies and emission probabilities associated with the
decay of the first radionuclide and photon emission energies and emission probabilities
associated with the decay of the second radionuclide.

In an example, the at least one radionuclide comprises a first radionuclide and a second

radionuclide.

In an example, step (cl) comprises utilising 260 a half-life for the decay of a first
radionuclide.
In an example, step (c1) comprises utilising 270 a half-life for the decay of a second

radionuclide.

In an example, the input unit 20 is configured to provide the processing unit 30 with the

half-life data.

In an example, the second radionuclide is a product of the decay of the first radionuclide.

In an example, step (c1) comprises utilising 280 at least one time of acquisition of the at
least one gamma image relative to a start time, the start time defined as a time when the
first radionuclide has not yet decayed to produce significant quantities of the second

radionuclide.

In an example, step (cl) comprises determining 290 an attenuation of gamma rays in the

body part.
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In an example, the at least one gamma image comprises a first image and a second image,

wherein the first image was acquired from a direction opposite a direction from which the

second image was acquired.

In an example, the method comprises providing the processing unit with a plurality of total
thicknesses of the body part for the plurality of spatial positions, and wherein step (c1)
comprises utilising 300 a total thickness of the body part at that spatial position.

In an example, the at least one gamma camera comprises a first gamma camera and a

second gamma camera.

In an example, the generation of the synthetic spectrum comprises determination of a
spectral energy scatter component.

In an example, step (c1) comprises determining 310 a spectral energy residual component.
In an example, step (c1) comprises utilising 320 an energy resolution of the at least one

gamma camera.

In an example, step (c1) comprises utilising 330 a gamma ray detection efficiency of the at

least one gamma camera.

The apparatus, system and method for radionuclide quantification of a body part are now
described in more detail in conjunction with Figs. 4-12 and Table 1.

The following relates to use of the above described apparatus, system and method for
radionuclide quantification of a body part for the specific example of the simultancous
quantification of **’Th and *Ra (including its daughter nuclides), aimed at patients
undergoing targeted radionuclide therapy with *’Th. Gamma camera imaging in this
setting poses a unique challenge due to the low activity administered (in the range of 1.4-7
MBq of **’Th), the low photon emission yicld of the radionuclides, overlapping
contributions from **’Th and **’Ra in the measurement data, in addition to a large
background contribution from cosmic and terrestrial sources. It is to be noted that although
the specific example relates to the quantification of **’Th and **’Ra, the methodology
described here can be applied for the other radionuclides, where one radionuclide need not

necessarily be derived from another radionuclide.
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The Decay of 22’ Th and its daughters

227Th decays in a seven-step serial decay into stable lead (**’Pb). The decay data for ' Th
and its daughters are shown in Table 1. Alpha particles account for 96% of the 33.7 MeV
which is released on average in the serial decay, whilst beta particles and conversion
electrons account for 3%. Only 1% of the total energy is released as gamma radiation and
characteristic X-rays. The low amount of activity that is used in alpha-particle radionuclide
therapy, in combination with the low photon yield in the decay of these nuclei, is therefore
a challenge for quantitative imaging, as described above and which has been addressed by
the presently described, apparatus, system and method for radionuclide quantification of a
body part.

Referring to Table 1, ?’Th decays into ?**Ra with a half-life (T1,) of 18.7 days. The
daughter *’Ra in turn decays with a half-life of 11.4 days. This means that the amount of
223Ra present in a sealed sample of ?*’Th will increase with time (“build-up”) and will after
approximately 21 days onward exceed the **’Th activity.

The ??’Th activity, Atn, follows an exponential decay:

Arp () = App(0)e?rnt (1

Where A is the decay constant given by Tﬁ
1/2

The ?*°Ra activity, Ara, can be written as:

ARa _ B ~
ARa(t) = ATh(O)(AR;)(e( Arpt) — e( ARat)) +ARa(0)e( ARat) (2)

Ra—ATh

Where Ap,(0) and Ag,(0) is the initial activity of ??’Th and *?°Ra at time t=0
respectively.

Fig. 4 illustrates the decay of *’Th and build-up and decay of ?**Ra as a function of time
after chemical separation (i.c. assuming a sample of pure *’Th at t = 0), calculated using
equations (1) and (2). As shown in Table 1, the other daughters have very short half-lives
relative to **’Ra, meaning that they can be considered to be intermediate, and practically
instant, steps in the transition from **’Ra to 2°’Pb. However, following the discussion
presented here the transition 2!''Pb — 2!'Bi with a half-life of 36 min could be taken into
consideration if necessary. Thus, in this discussion ?*’Ra can be considered to be in

equilibrium with its daughters.
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Gamma camera energy spectrum of 22’Th and ***Ra with daughters

There are 34 different photon emissions with probability higher than 1% emitted in the
decay chain of **’Th/**’Ra, in the energy range of approximately 10 — 830 keV. Fig. 5
shows acquired energy spectra for sources with pure 22’Th and ?*’Ra in equilibrium with its
daughters, respectively. The sources have been measured “in air”, and as such there can be
considered to be no scattering present between the source and the gamma camera. As
discussed above, normally, gamma camera images are acquired by using hardware energy
discrimination, i.c. energy acceptance windows centered around one or a few of the
discrete photon energies. However, as shown in Fig. 5, regardless of where an energy
acceptance window is positioned, there will be a signal contribution from both isotopes
(nuclides) to the total signal, and thereby difficulties are presented in separating the signals
from cach other, if there is a spatial overlap between #*’Th and ***Ra. Furthermore, even
when there is only one radionuclide it can be difficult to differentiate between primary
events (gamma rays that come directly from a decay site) from gamma rays that have been
scattered or come from the cosmic background for example. Continuing the discussion
relating to 2?’Th and *?°Ra the energy region above 390 keV is however free from the 2*’Th
signal, but due to low count rate and insufficient photon collimation (decay positioning) at
these high energies, this energy region for this case is suboptimal for imaging. Therefore,
the gamma camera has been optimised for the detection of photons with energies from
about 50 to 350 keV, meaning that the number of emissions actually contributing to the
useful signal is lower than that shown in Fig. 5. Rather than use an energy acceptance
window, the presently described apparatus, system and method for radionuclide
quantification of a body part relies on spectral image data, i.c. data sets composed of

energy spectra either for the entire image or for individual pixels in the image.

Energyv spectrum model and fitting to measurement data

The presently described apparatus, system and method for radionuclide quantification of a
body part improves the image quality, improves radionuclide separation and improves
quantitative performance. The new method is based on fitting a theoretical model to the
acquired energy spectrum in each gamma image. The theoretical model describes how the
detected energy spectrum should look. The theoretical model makes use of physical

principles relating to radiation propagation, and known decay data for the radionuclides,
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which can be found in databases. Additionally, use is made of relevant properties of the

detector, which have been characterized.

The following describes the development of the method:

Photons emitted from a radioactive source can either travel directly to, and be absorbed by,
the gamma camera detector, or they can interact in the patient, change direction and lose
energy before they are detected. Other possible alternatives are that a high energy photon
passes through the camera without interaction, or scatters somewhere else in the
surroundings and is subsequently absorbed in the detector crystal. Although no two
detected photons have the same origin and way to the detector, it is possible to model the
spectrum as now described. The energy spectrum has been modelled as a sum of three
components: 1) a primary component P, 2) a scatter component S and 3) a residual

component R according to:

N(E) = P(E) + S(E) + R(E) (3)

The primary component of the energy spectrum represents the photons that have travel
directly from the decay position to the detector and are fully absorbed in the crystal. The
scatter component represents the photons that have changed direction and lost energy on
their way to the detector. The third component, the residual, represents other possible
events that contribute to the measured spectra, e.g. photons that have scattered in the
collimator or other parts of the camera before being detected. These individual
components, and how they have been modelled, are discussed in more detail below.

To illustrate operation of the model, Fig. 6 shows such an acquired energy spectrum (solid
line — with noise) for gamma emission from both *’Th and ***Ra nuclides within a patient.
A synthetic energy spectrum (solid line - smooth) has been fitted to the acquired data. In
Fig. 6, the synthetic energy spectrum that has been fitted to the real acquired data has
accounted for primary photons from both ?*’Th and ??*Ra nuclide decay events, which as
described above relates to photons that have travelled from the decay site and been
absorbed in the detector. The synthetic energy spectrum also takes into account the
detector efficiency, detector energy resolution and photon attenuation and scattering in the
patient as well as the residual gamma ray contribution. In Fig. 6 the primary **’Th
component (dotted line) and primary ***Ra (dashed-single dotted line), which has been

calculated on a pixel by pixel basis enables the spatial distributions of these radionuclides
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to be presented on acquired image data; the fitting parameters of the primary component

equals the activity of 22’Th and **’Ra, respectively.

In Fig. 6 the scatter component (dash-triple dotted line) and attenuation of gamma rays
through the patient have been taken account of, as has the residual of background signal
(which is not shown in Fig. 6). Thus, because contributions to the signal other than the
primary contributions have been determined and the effects of signal attenuation have also
been taken into account, the accuracy of the primary contributions is improved and the
noise is reduced. Thus, by performing the model fitting on a pixel-by-pixel basis, it is
possible to obtain two-dimensional images of the spatial distribution of the two
radionuclides, and in the case of one radionuclide to improve the image quality. Therefore,
in summary the methodology provides an improved image quality, radionuclide separation,
and resilience to counting statistic noise, compared to what is obtained with conventional

methods relying on energy windows acquisition.

Primary component

In an ideal scenario, the gamma camera would detect all emitted photons from the
radioactive decay and measure their energy with perfect accuracy. The peaks in the energy
spectrum would be very narrow, with a height proportional to the activity of the
radionuclide and the probability of emission. However, the detector is not ideal. Photons
will only be detected with a certain probability that depends on their energy, and the
energy spectrum will show broad peaks centered around the photon energy due to the
limited energy resolution of the detector. Furthermore, photons emitted from an internal
source will be attenuated in the tissue of the patients by scattering and absorption, and

thereby be lost from the full-absorption peak.

Fig. 7 represents the above described situation. In Fig. 7 the primary component in the
energy spectrum, exemplified for 22’Th, has been modelled. In the top panel of Fig. 7 is
shown an ideal spectrum, where all photons emitted from the ' Th decay are detected with
perfect energy measurement. In the middle panel of Fig. 7 is shown an energy spectrum
that includes the effect of imperfect energy measurements, i.e. limited energy resolution of
the gamma camera. In the bottom panel of Fig. 7 is shown an energy spectrum that
includes the effects of energy resolution, photon attenuation at a depth of 10cm, and

detector efficiency. Thus, Fig. 7 illustrates the ideal spectrum and the impact of the energy
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resolution of the gamma camera, the detector efficiency, and photon attenuation. It is seen

that the energy resolution affects the visual characteristics of the spectrum, and that the

detector efficiency and photon attenuation mainly affects the absolute detected values in

terms of cps/MBq/keV.

The primary component Py for radionuclide q (i.c. **"Th or ***Ra) has been modelled as:

Py(E) = (Zie(Eqi)ny qie B G(E, B, ) ) (4)

where €(Eq,) is the detector efficiency for photon energy Eq;i, and ny.4,: 18 the
emission yield of photon i from the decay of nuclide g, and e #Fadd is the attenuation
factor for photon i with energy E; originating from depth d, and G(E,Eq,) is the energy
resolution function given by equation (9), described below.
The primary component for the mixed ?*’Th/*?*Ra spectrum has therefore been modelled

as:
P(E) =24 A,P(E) ()

where Ay is the activity [MBq] of nuclide g which is derived by fitting the model, as
described above, to a measured spectrum. Fig. 8 shows an example of the primary
component P, for ?2’Th and ?*’Ra as well as the sum of their contributions. For the data
shown, Atn=Ar. = 1 MBq. In Fig. 8, the primary component Py of the energy spectrum
model for ?’Th and *?°Ra has been calculated using equation (4), with the summed
contributions calculated using equation (5), with equal activities Atv=Ara = 1 MBq. The

asterisk (*) indicates that “*’Ra has been assumed to be in equilibrium with its daughters.

Scatter component

In addition to the primary photons, i.e. the photons that travel directly from the decay site
to the detector, there is also a contribution from photons that have undergone Compton
scattering in the patient prior to detection. The scattered photons produce an undesired
signal contribution, in the sense that they do not originate from the position of radioactive
decay and thereby produce counts in the gamma image at positions where there is no
radioactivity. The energy of a scattered photon is always lower than the original photon
that was scattered and could in theory be discriminated from primary photons by

measurement of its energy. However, as discussed in the previous section, the energy
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resolution of the detector is not generally commensurate with that required for adequate
discrimination. Instead, in the present apparatus, system and method for radionuclide
quantification of a body part the contribution from scattered photons in the measured
spectra has been modelled. This has been done by calculating that the shape of the scatter
contribution S¢(E) produced by a single photon energy Eg,; can be approximated by the

expression:

1

where y is a parameter describing the slope (“sharpness”) of the transition from 1 to 0. In a

$qi(E) = (6)

manner similar to that for the primary component, the full scatter component is modelled
as a sum over the radionuclides and emission energies, modulated by the emission yields

and the detector efficiency according to:
S(E) = XqBgSq = Zq Ba(e(E) Ziny q,15q:(E)) (7

where the fitting parameters By are scatter amplitudes. The scatter amplitude
is a measure of the amount of scattered photons in the measured spectrum. Fig. 9 illustrates
the scatter components S, for 22’Th and ?>*Ra individually of the energy spectrum model,
calculated using equation (7) as well as the sum of their contributions. In this example, it
has been taken that Brh=Bra. The asterisk (*) indicates that ?’Ra has been assumed to be in

equilibrium with its daughters.

Residual component

The residual component should in principle represent all other detected photons that cannot
be considered to be either primary photons or those photons that have been scattered in the
patient. The residual photons can instead originate, for example, from collimator
penetration and partial energy deposition in the detector crystal, from scattering in the
detector head, the collimator, couch or from somewhere else in the scanner room. In
addition, there can be an elevated contribution from background cosmic and terrestrial
radiation that is not fully compensated by the background subtraction, with background
subtraction discussed below. These contributions are merged into a residual component,

which has been modelled as being a constant with respect to energy, i.e.
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R(E)=C )

This approach is clearly a simplification of the actual residual contribution, however it has
been found to be sufficient to obtain required fitting of modelled synthetic energy spectra
to acquired energy spectra, and such a simplification also provides for computational

efficiency.

Model Inputs

To model the measured spectra and thereby assure that the fitting parameters A4 accurately
reflect pixel activity, fixed model parameters need to be established. The photon emission
energies (Eq) and probabilities (ny,), and half-lifes (T12) have been established by the
nuclear physics community over previous decades for radionuclides. For example, relevant
fixed model parameter data can be collected from the NuDat 2 interface of the National

Nuclear Data Center, http://www.nndc.bnl.gov/nudat2/ . Other fixed parameters include

those relating to photon attenuation and the characteristic of the specific gamma camera

used, such as its spectral energy resolution and detector efficiency.

Gamma camera energy resolution

As shown in Figs. 6 and 7, the finite energy resolution of the gamma camera leads to
broadening of the features in the energy spectrum. The energy resolution of the gamma
camera has been modelled analytically using Gaussian functions (E,) with unit arca

centered at energy Eq,; according to:

‘(E‘Eq.i)z

G(E,Eq) = m e2(e(Za,)) ©)

where the standard deviation (width) o is energy-dependent and has been

modelled as:

(E) = 0(Eyey) \/if (10)
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where o(Erer) is a known energy resolution at a reference energy Erer. In
this particular example, Erer was set at 236 keV, corresponding to the photon energy of the
most prominent photon emission from ??’Th. The energy resolution (Eref), at this reference
energy, was set to 8 % - thus 8%@?236keV. This value was arrived at by manual tuning to
match the width of the 236 keV peak in the model spectrum to the corresponding width in
a measured spectrum. For specific gamma cameras a similar manual tuning process can be

undertaken in order to model its energy resolution, or it can be measured explicitly.

Detector efficiency

The detector efficiency has been defined as the ratio of the number of photons detected in
the full absorption-peak to the number of photons emitted by the source. The efficiency of
the detector depends on the incoming photon energy in a non-trivial manner. To determine
this, a Monte Carlo simulation was used to simulate mono-energetic photons with various
energies impinging on the gamma camera. From these simulations the relative efficiency
as a function of energy was derived, which is illustrated in Fig. 10. The relative efficiency
curve has been normalized to unity at 236 keV. Further details on the use of such Monte
Carlo simulations can be found in the following paper: Michael Ljungberg, Sven-Erik
Strand, A Monte Carlo program for the simulation of scintillation camera characteristics,
Computer Methods and Programs in Biomedicine, Volume 29, Issue 4, 1989, Pages 257-
272, ISSN 0169-2607.

To convert the relative efficiency to an absolute efficiency, gamma camera measurements
of a sample with a known activity of ??’Th and ***Ra (produced by decay of **’Th) was
carried out, without any attenuating and scattering material between the detectors and the
source. The measurements were performed on four different occasions so that the activities
of 2’Th and ?**Ra were varied. The activities were quantified, as described above
(assuming no attenuation), and the absolute efficiency was determined through tuning to

the known activities for both radionuclides at all four time points.

Photon attenuation

As discussed above, the spectral model is separated into a primary component and a scatter
component, and the impact of attenuation has been modelled on the primary component
only. The attenuation of primary photons of energy E emitted from a source at depth d is

given by e #E) where u is the linear attenuation coefficient of the medium in which the
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source is located, at photon energy E. Linear attenuation coefficients can be found for

example in a database compiled by NIST (National Institute of Standards and Technology)

https://nist.cov/pml/xcom-photon-cross-sections-database .

One of the major drawbacks of planar gamma camera imaging is that the source depth in
the projection direction (d) is unknown and therefore the attenuation can be difficult to
estimate. However, energy spectra were acquired using the conjugate-view technique with
two opposing projection to mitigate this issue. The conjugate-view technique is now
briefly discussed:

Consider a hypothetical point source at depth dane and dpose from the anterior and posterior
skin-surface, respectively, and that the patient/phantom thickness at the position of the
source 18 2d=dantTdpose. The number of counts in the anterior and posterior projections are
Ngpe = Ne Hdant and Npose = N e “Hdpost  respectively, and the geometric mean Ngm

becomes:

NGM = 1,Nanthost = \/Nze_ﬂ(dant"'dpost) = Ne Hd (11)

Thus, the number of counts in the geometric mean is dependent only on the total thickness
at the position of the source, and not on the source position in the depth direction. The
conjugate-view methodology was implemented by modeling the primary photons using
equation (5) with d taken as the half-thickness of the phantom/patient at a specific position,
and the modelled spectrum was fitted to the spectrum acquired using the conjugate view
technique.

The half-thickness at each position was determined on the basis of a Computer
Tomography (CT) localizer image (“scout”). A series of phantom measurements were
performed to obtain a calibration curve for the thickness as a function of the pixel value in

the scout image.

Background correction

Background correction of the acquired image data was performed by subtraction of the

background image acquired over 10h, as follows:

tac
Ic = Iacq - ﬁlbkg (12)
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where I. is the background-corrected image, lacq 1S the acquired image with acquisition
duration tacq, and Iokg 18 the background image with acquisition duration tpkg ( = 10h). The

background subtraction was performed for each pixel and energy bin separately.

Spatial filtering

To mitigate the effects of the poor signal-to-noise ratio in the images, a spatial filter was
applied prior to further processing and model fitting. All images, including the
background, were convoluted with a normalized 5x5 smoothing kernel ks. The spatial

filtering was performed for each energy bin separately.

Pixel-by-pixel model fitting

The fitting of the theoretical model to each pixel in the image was performed using
software that utilized the MPFIT code library for IDL: The MPFIT Library for IDL, Craig

B. Markwardt, is available at https://www.physics.wisc.edu/~craigm/idV/fitting.html . In

summary, a modelled synthetic energy spectra is fitted to an acquired energy spectrum by
minimizing the y?-value (weighted sum of squared deviations between model and data)
using the Levenberg-Marquardt technique. The minimizer requires an initial estimate for
cach of the fitting parameters. The initial estimates of Artn and Ara in each pixel were
estimated based on the counting rates in predefined energy windows and the detector
efficiency at this energy. The minimizer also required that a measurement uncertainty is
associated to each data point, in order to assign a weight when calculating the y?-value.
These uncertainties were calculated for each pixel and energy bin, assuming Poisson
statistics of the raw data and propagating these uncertainties through the background

correction and spatial filtering.

Results

Fig. 11 shows the total measured **’Th and **’Ra activity and the associated theoretical
values determined through modelling given by equation (1) and (2). The measurement data
captures the rate of decay and build-up well for both radionuclides (isotopes). The
agreement between the measured and modelled activity indicates that the presently
described apparatus, system and method provides for radionuclide quantification of a body
part on the basis of gamma camera imaging of a body part containing radionuclides. This is

exemplified in Fig. 12, which shows in the top two windows Anterior count images using
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energy windows (standard images / typical gamma camera images for imaging of **’Th

and ?**Ra, respectively, and in the bottom two windows shows activity images from the

same patient using the presently described method for radionuclide quantification of a

body part.

The following examples relate to the invention:

Example 1. An apparatus for radiopharmaceutical quantification of a body part,
comprising:
- an input unit; and
- a processing unit;

wherein, the input unit is configured to provide the processing unit with at
least one photon image of a body part;

wherein, the at least one photon image was acquired by at least one photon
camera configured to detect gamma rays and/or X-rays;

wherein, the at least one photon image comprises spectral energy data that
comprises data that has resulted from the decay of at least one radiopharmaceutical;

wherein, the input unit is configured to provide the processing unit with
characteristic photon emission energies and emission probabilities associated with the
decay of the at least one radiopharmaceutical,;

wherein, the processing unit is configured to determine an activity of the at
least one radiopharmaceutical at a plurality of spatial positions in the body part,

wherein, the determination for a spatial position of the plurality of spatial
positions comprises a correlation of a generated synthetic spectrum to an experimental
spectrum generated from the spectral energy data for at least one position in the at least one
photon image that corresponds to that spatial position, and

wherein, generation of the synthetic spectrum comprises utilisation of the
photon emission energies and emission probabilities associated with the decay of the at
least one radiopharmaceutical; and

wherein, the processing unit is configured to determine a spatial distribution

of the at least one radiopharmaceutical in the body part.

Example 2.  Apparatus according to Example 1, wherein the input unit is configured to

provide the processing unit with a half-life for the decay of the at least one
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radiopharmaceutical, and wherein the generation of the synthetic spectrum comprises

utilisation of the half-life for the decay of the at least one radiopharmaceutical.

Example 3.  Apparatus according to any of Examples 1-2, wherein the at least one
radiopharmaceutical ~comprises a first radiopharmaceutical and a second

radiopharmaceutical.

Example 4.  Apparatus according to Example 3, wherein the second radiopharmaceutical

is a product of the decay of the first radiopharmaceutical.

Example 5.  Apparatus according to any of Examples 3-4, wherein the input unit is
configured to provide the processing unit with at least one time of acquisition of the at least
one photon image relative to a start time, the start time defined as a time when the first
radiopharmaceutical has not yet decayed to produce significant quantities of the second
radiopharmaceutical, and wherein the generation of the synthetic spectrum comprises
utilisation of the at least one time of acquisition of the at least one photon image relative to

the start time.

Example 6.  Apparatus according to any of Examples 1-5, wherein the generation of the

synthetic spectrum comprises a determination of an attenuation of photons in the body part.

Example 7. Apparatus according to any of Examples 1-6, wherein the at least one
photon image comprises a first image and a second image, wherein the first image was

acquired from a direction opposite a direction from which the second image was acquired.

Example 8.  Apparatus according to Example 7, wherein the input unit is configured to
provide the processing unit with a plurality of total thicknesses of the body part for the
plurality of spatial positions; and wherein generation of the synthetic spectrum comprises

utilisation of a total thickness of the body part at that spatial position.

Example 9.  Apparatus according to any of Examples 7-8, wherein the at least one

photon camera comprises a first photon camera and a second photon camera.
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Example 10. Apparatus according to any of Examples 1-9, wherein the generation of the

synthetic spectrum comprises determination of a spectral energy scatter component.

Example 11. Apparatus according to any of Examples 1-10, wherein the generation of the

synthetic spectrum comprises determination of a spectral energy residual component.

Example 12. Apparatus according to any of Examples 1-11, wherein the generation of the
synthetic spectrum comprises utilisation of an energy resolution of the at least one photon

camgcra.

Example 13. Apparatus according to any of Examples 1-12, wherein the generation of the
synthetic spectrum comprises utilisation of a photon detection efficiency of the at least one

photon camera.

Example 14. A system for radiopharmaceutical quantification of a body part, comprising:
- a photon acquisition unit;
- an apparatus for radiopharmaceutical quantification of a body part according
to any of the preceding claims; and
- an output unit;

wherein, the photon acquisition unit comprises at least one photon camera,
and wherein the photon acquisition unit is configured to provide the at least one photon
image; and

wherein, the output unit is configured to output an image that comprises the

spatial distribution of the at least one radiopharmaceutical in the body part.

Example 15. A method for radiopharmaceutical quantification of a body part, comprising;:
(a) providing a processing unit with at least one photon image of a body part;
wherein, the at least one photon image was acquired by at least one photon camera
configured to detect gamma rays and/or X-rays; and wherein, the at least one photon image
comprises spectral energy data that comprises data that has resulted from the decay of at
least one radiopharmaceutical;

(b) providing the processing unit with characteristic photon emission energies
and emission probabilities associated with the decay of the at least one

radiopharmaceutical;
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() determining by the processing unit an activity of the at least one
radiopharmaceutical at a plurality of spatial positions in the body part, wherein, the
determination for a spatial position of the plurality of spatial positions comprises:

(cl) generating a synthetic spectrum and correlating the generated synthetic
spectrum to an experimental spectrum generated from the spectral energy data for at least
one position in the at least one photon image that corresponds to that spatial position, and
wherein, generating the synthetic spectrum comprises utilising the photon emission
energies and emission probabilities associated with the decay of the at least one
radiopharmaceutical; and

(d) determining by the processing unit a spatial distribution of the at least one

radiopharmaceutical in the body part.

In another exemplary embodiment, a computer program or computer program element is
provided that is characterized by being configured to execute the method steps of the
method according to one of the preceding embodiments, on an appropriate system.

The computer program element might therefore be stored on a computer unit, which might
also be part of an embodiment. This computing unit may be configured to perform or
induce performing of the steps of the method described above. Moreover, it may be
configured to operate the components of the above described apparatus and/or system. The
computing unit can be configured to operate automatically and/or to execute the orders of a
user. A computer program may be loaded into a working memory of a data processor. The
data processor may thus be equipped to carry out the method according to one of the

preceding embodiments.

This exemplary embodiment of the invention covers both, a computer program that right
from the beginning uses the invention and computer program that by means of an update
turns an existing program into a program that uses invention.

Further on, the computer program element might be able to provide all necessary steps to
fulfill the procedure of an exemplary embodiment of the method as described above.
According to a further exemplary embodiment of the present invention, a computer
readable medium, such as a CD-ROM, USB stick or the like, is presented wherein the
computer readable medium has a computer program element stored on it which computer

program element is described by the preceding section.
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A computer program may be stored and/or distributed on a suitable medium, such as an

optical storage medium or a solid state medium supplied together with or as part of other

hardware, but may also be distributed in other forms, such as via the internet or other wired

or wireless telecommunication systems.

However, the computer program may also be presented over a network like the World
Wide Web and can be downloaded into the working memory of a data processor from such
a network. According to a further exemplary embodiment of the present invention, a
medium for making a computer program element available for downloading is provided,
which computer program element is arranged to perform a method according to one of the

previously described embodiments of the invention.

It has to be noted that embodiments of the invention are described with reference to
different subject matters. In particular, some embodiments are described with reference to
method type claims whereas other embodiments are described with reference to the device
type claims. However, a person skilled in the art will gather from the above and the
following description that, unless otherwise notified, in addition to any combination of
features belonging to one type of subject matter also any combination between features
relating to different subject matters is considered to be disclosed with this application.
However, all features can be combined providing synergetic effects that are more than the

simple summation of the features.

While the invention has been illustrated and described in detail in the drawings and
foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive. The invention is not limited to the disclosed embodiments.
Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing a claimed invention, from a study of the drawings, the

disclosure, and the dependent claims.

In the claims, the word “comprising” does not exclude other elements or steps, and the
indefinite article “a” or “an” does not exclude a plurality. A single processor or other unit
may fulfill the functions of several items re-cited in the claims. The mere fact that certain

measures are re-cited in mutually different dependent claims does not indicate that a
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combination of these measures cannot be used to advantage. Any reference signs in the claims

should not be construed as limiting the scope.

Decay Maode of decay Hali-life Comment
2'Th =» **Ra Alpha 18.7d -
2na = H9;R_n Alpha 11.4 d .
8gn = Ppg Alpha 405
3pg -» Hipp Alpha 1.8 ms No photons emitted
Miph = 21p; Beta minus 36 min
2igj < 2077 Alpha 2.1 min
HTT| = W7ph Beta minus 4.8 min No photons emitted
H7ph NA MNA 207ph s stable

MA —not applicable

Table 1.

The reference in this specification to any prior publication (or information derived from it), or
to any matter which is known, is not, and should not be taken as, an acknowledgement or
admission or any form of suggestion that that prior publication (or information derived from
it) or known matter forms part of the common general knowledge in the field of endeavour to

which this specification relates.
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Claims:

An apparatus for radiopharmaceutical quantification of a body part, comprising:

an input unit; and

a processing unit;

wherein, the input unit is configured to provide the processing unit with at least one
gamma image of a body part;

wherein, the at least one gamma image was acquired by at least one gamma camera
configured to detect gamma rays and/or X-rays;

wherein, the at least one gamma image comprises spectral energy data that comprises
data that has resulted from the decay of at least one radiopharmaceutical;

wherein, the input unit is configured to provide the processing unit with characteristic
photon emission energies and emission probabilities associated with the decay of the
at least one radiopharmaceutical;

wherein, the processing unit is configured to determine an activity of the at least one
radiopharmaceutical at a plurality of spatial positions in the body part,

wherein, the determination for a spatial position of the plurality of spatial positions
comprises a correlation of a generated synthetic spectrum to an experimental
spectrum generated from the spectral energy data for at least one position in the at
least one gamma image that corresponds to that spatial position, and

wherein, generation of the synthetic spectrum comprises utilisation of the photon
emission energies and emission probabilities associated with the decay of the at least
one radiopharmaceutical;

wherein, the processing unit is configured to determine a spatial distribution of the at
least one radiopharmaceutical in the body part;

wherein the at least one radiopharmaceutical comprises a first radiopharmaceutical
and a second radiopharmaceutical; and

wherein the second radiopharmaceutical is a product of a decay of the first

radiopharmaceutical.

Apparatus according to claim 1, wherein the input unit is configured to provide the
processing unit with a half-life for the decay of the at least one radiopharmaceutical,
and wherein the generation of the synthetic spectrum comprises utilisation of the

half-life for the decay of the at least one radiopharmaceutical.
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Apparatus according to either of claim 1 or 2, wherein the first radiopharmaceutical
includes Thorium 227 as a first radionuclide, and the second radiopharmaceutical
includes Radium 223 as a second radionuclide.

Apparatus according to any one of claims 1-3, wherein the input unit is configured
to provide the processing unit with at least one time of acquisition of the at least one
gamma image relative to a start time, the start time defined as a time when the first
radiopharmaceutical has not yet decayed to produce significant quantities of the
second radiopharmaceutical, and wherein the generation of the synthetic spectrum
comprises utilisation of the at least one time of acquisition of the at least one gamma

image relative to the start time.

Apparatus according to any one of claims 1-4, wherein the generation of the synthetic

spectrum comprises a determination of an attenuation of photons in the body part.

Apparatus according to any one of claims 1-5, wherein the at least one gamma image
comprises a first image and a second image, wherein the first image was acquired

from a direction opposite a direction from which the second image was acquired.

Apparatus according to claim 6, wherein the input unit is configured to provide the
processing unit with a plurality of total thicknesses of the body part for the plurality
of spatial positions; and wherein generation of the synthetic spectrum comprises

utilisation of a total thickness of the body part at that spatial position.

Apparatus according to any one of claims 6-7, wherein the at least one gamma camera

comprises a first gamma camera and a second gamma camera.

Apparatus according to any one of claims 1-8, wherein the generation of the synthetic

spectrum comprises determination of a spectral energy scatter component.

Apparatus according to any one of claims 1-9, wherein the generation of the synthetic

spectrum comprises determination of a spectral energy residual component.
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Apparatus according to any one of claims 1-10, wherein the generation of the
synthetic spectrum comprises utilisation of an energy resolution of the at least one

gamma camera.

Apparatus according to any one of claims 1-11, wherein the generation of the
synthetic spectrum comprises utilisation of a photon detection efficiency of the at

least one gamma camera.

A system for radiopharmaceutical quantification of a body part, comprising:

a photon acquisition unit;

an apparatus for radiopharmaceutical quantification of a body part according to any
of the preceding claims; and

an output unit;

wherein, the photon acquisition unit comprises at least one gamma camera, and
wherein the photon acquisition unit is configured to provide the at least one gamma
image;

wherein, the output unit is configured to output an image that comprises the spatial
distribution of the at least one radiopharmaceutical in the body part;

wherein the at least one radiopharmaceutical comprises a first radiopharmaceutical
and a second radiopharmaceutical, and

wherein the second radiopharmaceutical is a product of a decay of the first

radiopharmaceutical.

A method for radiopharmaceutical quantification of a body part, comprising:

(a) providing a processing unit with at least one gamma image of a body part;
wherein, the at least one gamma image was acquired by at least one gamma camera
configured to detect gamma rays and/or X-rays; and wherein, the at least one gamma
image comprises spectral energy data that comprises data that has resulted from the
decay of at least one radiopharmaceutical;

(b) providing the processing unit with characteristic photon emission energies
and emission probabilities associated with the decay of the at least one

radiopharmaceutical;
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(c) determining by the processing unit an activity of the at least one
radiopharmaceutical at a plurality of spatial positions in the body part, wherein, the
determination for a spatial position of the plurality of spatial positions comprises:
(cl) generating a synthetic spectrum and correlating the generated synthetic spectrum
to an experimental spectrum generated from the spectral energy data for at least one
position in the at least one gamma image that corresponds to that spatial position, and
wherein, generating the synthetic spectrum comprises utilising the photon emission
energies and emission probabilities associated with the decay of the at least one
radiopharmaceutical; and

(d) determining by the processing unit a spatial distribution of the at least one
radiopharmaceutical in the body part;

wherein the at least one radiopharmaceutical comprises a first radiopharmaceutical
and a second radiopharmaceutical, and

wherein the second radiopharmaceutical is a product of a decay of the first

radiopharmaceutical.

A computer program element for controlling an apparatus according to one of claims
1 to 12 and/or system according to claim 13, which when executed by a processor is

configured to carry out the method of claim 14.

A computer readable medium having stored the program element of claim 15.

The system according to claim 13, wherein the first radiopharmaceutical includes
Thorium 227 as a first radionuclide, and the second radiopharmaceutical includes

Radium 223 as a second radionuclide.

The method according to claim 14, wherein the first radiopharmaceutical includes
Thorium 227 as a first radionuclide, and the second radiopharmaceutical includes

Radium 223 as a second radionuclide.
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