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Selection of Time-after-injection
in Bone Scanning
using Compartmental Observers
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Abstract—An approach to assist the determination
of the best time-after-injection for taking an scinti-
gram in bone scanning is proposed. More precisely,
a technique is discussed to estimate the evolution of
the portions, in different compartments of the body,
of the injected dose using a model of the radionu-
clide distribution dynamics, the available measure-
ments and information on variations of the param-
eters. At each time, the possible range of variation of
these unmeasured states is evaluated, and from this
the expected evolution of the contrast of the image is
obtained. This makes it possible to predict the best
time for taking the image. To show the applicability,

a practical example is provided.
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1 Introduction

Bone scanning is a method for examining pathologies
(specially skeletal ones) that uses a large gamma cam-
era to pick up the radioactivity produced by a radioac-
tive substance (radionuclide) previously injected into the
bloodstream [1]. The result is an image, called a scinti-
gram, like the one shown in Figure 1, that helps to detect
and characterize pathologies such as bone neoplasms or

osteomyelitis.

This paper proposes a method to deal with a difficulty
in scintigrams: deciding when is the best time for the
scan, after injection. Although rules-of-thumbs exist, this
For an
image point of view, the best time corresponds to the
instant when there is maximum contrast in the image
between the ’hot spots’ (areas with pathology) and the
background. As it is normally impractical to obtain im-
ages continuously, an approach is proposed in this paper
based on mathematical tools to predict this contrast, to
aid the physician carrying out the procedure to select
the most adequate time. These mathematical tools are

time is normally selected from experience [1].
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based on using a compartmental model of the radionu-
clide diffusion in the body (more precisely, the one in [2],
which has been extensively validated in clinical trials),
combined with a recent proposal on observers, by the
authors [3, 4], which gives a simple methodology for es-
timating bounds of unmeasured variables. A preliminary
result was provided in [5], based on continuously measur-
ing the concentration in blood of the radionuclide, which
is not adequate in practice. In this paper, we further
develop those results, concentrating on the procedure to
make implementation of the approach in clinical practice
feasible, by using a few measurements of the concentra-
tion in blood of the radionuclide.

For illustration, kinetic models of the bone-seeking ra-
diopharmaceutical Tc-MDP in adult humans are used to
show that, by using the proposed approach, it is possi-
ble to predict the evolution of the contrast that can be
obtained in the scintigram. This is based on providing es-
timations of the unmeasured variables, giving upper and
lower bounds on the portions of dose in different parts of
the body. Note that the proposed approach is general, as
it is based on compartmental models [6], so it is appli-
cable to other problems in medicine and biology, such as
those in [7, 8, 9].

2 Bone scanning

The procedure for taking an scintigram is the following:
the patient receives an injection of a radionuclide, which,
transported by the blood, collects in the bones. More of it
tends to collect in so-called ’hot spots’, areas where there
is increased metabolic activity (which in simple terms
means that the bone is breaking down, or repairing it-
self). The gamma rays generated by the radionuclide are
captured by a specific camera, that provides the image

[1].

Several radionuclides are used: Calcium analogues (such
as Strontium 85 and 87), hydroxyl group analogues (Fluo-
rine 18) and Phosphonate Analogues (Methylen Dyphos-
phonate and M. Hydroxidyphosphonate). This paper
concentrates on the use of Dyphosphonates, more pre-
cisely Tc-99m(Sn)Methylene Diphosphonate, as it is the
most commonly used due to its rapid bone uptake and
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Figure 1: Example of scintigram

urinary clearance (within 3 hours almost half of the dose
is already in the bone, and most of the rest is already
cleared through the kidneys).

Deciding when is the adequate time-after-injection for the
scan is tricky: From a purely imaging point of view, the
optimal time is the instant when the maximum contrast
in the image between the "hot spots’ and the background
is obtained. Unfortunately, the evolution of the contrast
of the scintigram varies intra-patient, as can be seen in
Figure 2, which plots the evolution of the contrast of the
image for several models of patients.

This paper develops an approach based on estimating this
contrast (in fact tight bounds on it) from the simulation
of a mathematical model of the uptaking process. In par-
ticular, this is done using the model derived in [2], where
the kinetics in adult humans of Tc-99m(Sn)Methylene
Diphosphonate (Tc-MDP) were studied for bone scan-
ning. Based on clinical measurements, the portion of the
administered dose of this radionuclide in some compart-
ments of the human body was determined to be quite
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Contrast: estimated worst-case bounds
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Figure 2: Evolution of the contrast in the image for sev-
eral virtual patients
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Figure 3: Compartmental model for radionuclide distri-
bution in the body

precisely given by the following dynamical model:

dzr _
y =
—k21 — ka1 — ks1 k12 0 k14 k1s
k21 —ki2 — k32 ka3 0 0
0 k32 —ko3 0 0 z(t),
k41 0 0 —k14 0
ks1 0 0 0 —k15 — kos

yt)=[c 0 0 0 0 ]az(),
(1)

where the column vector z(t) contains the states, that
correspond to the portion of the dose of Tc-MDP in the
different compartments: x1(t) is the portion of the dose
in the blood, z3(t) in the extracelular fluid of the bone,
x3(t) in cellular bone, 5 (¢) in the tubular urine and x4(t)
in the rest of the body (see Figure 3 for a diagram of
the compartmental model). Some values for the parame-
ters of the model were obtained from physiological data.
Based on clinical measurements [2], the following param-
eters for the compartmental model (1) were obtained,
with some uncertainty that represents inter-patient vari-
ations: k1o = 0.540 £ 0.038, k21 = 0.095 % 0.003,
k14 = 0.277 £ 0.007, kg = 0.431 £+ 0.011, k15 = 0.233,
k‘51 = 0.0247 k05 = 0.749, k‘23 = 0.049 + 0.001, and
k32 = 1.055 4+ 0.037. It can be seen that there is a signif-
icant inter-patient variation of parameters.
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Our objective is to provide a technique that uses the
mathematical model provided, and the available infor-
mation on the parameters, to design an observer that, at
each time, gives upper and lower bounds on the portions
of dose in different parts of the body. The estimations
will be updated, using discontinuous measurements of the
dose in the blood.

3 Proposed Bounding Observer

The mathematical methodology used in this paper to get
tight estimations of the evolution of the portion of dos-
ing in each of the compartments of the body is based on
the general procedure presented by the authors in [3, 4].
This procedure makes it possible to estimate states for
compartmental systems, always ensuring that the esti-
mated states are logical (i.e., never negative), providing
tight bounds on the estimated variables, and taking into
account uncertain parameters and initial states. Thus,
the compartmental observation problem, which consists
of constructing compartmental observers [10], is studied:
observers that ensure the compartmental properties of
the states (i.e., positivity and conservation). We must
point out that although methodologies to include infor-
mation on uncertainty are available [11, 12, 13, 14], un-
fortunately, they are quite complex. On the contrary, the
proposed approach is simple to apply and does not need
involved calculations.

This methodology is based on the fact that compartmen-
tal systems like the one in Figure 3 can always be math-
ematically described by the following dynamic system:

dx

= = Ax(t), y(t) = Ca(0). (2)

That is, the system whose states are to be estimated on-
line can be described as a system with p measured vari-
ables (that form the column vector y(¢)) and n internal
states (that describe the portion of dose in each com-
partment, and form the state vector x(¢)). Thus, the
square constant matrix A is composed of n x n elements
(that will be denoted a;;), and the constant matrix C'
has n rows and p columns of elements, denoted c;;. It
is assumed that bounds on the initial state are known:
z < z(0) < T, and the matrices A and C have some un-
certainty, but they can be bounded by matrices A, 4,C
and C, such that

A<A<Aand C<C<C.

The proposed approach is based on using an observer
with two independent sets of states: one set (denoted
©) is used to derive an upper bound on the real value,
whereas a complementary set (©) makes it possible to

The proposed observer is then given by the following two
independent dynamical equations:
de

== (A—LC)s(t) + Ly(t)

(C) —

= (A—LC)e(t) + Ly(t).
3)

Bounds on the states are then estimated by integrating

(3), starting from adequate initial conditions.

For the designer of the observer, a central aspect is the
selection of the observer gain L, that must be selected to a
bounding observer, so it must fulfill certain mathematical
conditions, discussed in [4, 5].

When there are only a few measurements available, the
outputs y(t) and y(t) can be estimated as follows: the
lower bound y(t) is given by

y(t) = y(t)if a measurement of y(t) is available,
= o(t) otherwise.
(4)
whereas for the lower bound:
y(t) = y(t) if a measurement of y(¢) is available,
= ©(t) otherwise.
()

That is, each time a measured output is available, that
output is immediately used in the observer. Otherwise,
the corresponding bounds are used as estimations of the
output.

4 Proposed solution for
time-after-injection

determining

The previous section presented a methodology to esti-
mate portions of dose in different compartments of the
body using compartmental models, by integrating the dy-
namical equations 3. To apply this methodology to the
bone scanning problem it is necessary to define the ob-

server matrices A, A,C,C L and the initial conditions,
which is done in this section.

To define matrices A and A, we can directly use clinical
measurements, such as those of [2] presented in Section
2. This gives directly the following matrices, that bound
the state matrix of the compartmental model:

—0.541  0.502 0 0.270 0.233
0.092 —1.520 0.048 0 0
A= 0.0 1.018  —0.048 0 0 , (6)
0.420 0 0 —0.270 0
0.024 0 0 0 —0.982
—0.584  0.578 0 0.284 0.233
_ 0.098 —1.670  0.050 0 0
A= 0.020 1.092  —0.050 0 0 (7)
0.442 0 0 —0.284 0
0.024 0 0 0 —0.982

derive a lower bound.
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Regarding the bounds on matrix C, if blood measure-
ments are used, taking into account the tolerance § on
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the measurements, the bounds on this output matrix are:
C=[1-6 0 0 0 0], (8)
C= [ 146 0 0 0 O } . (9)

Following the methodology in [5], the following observer
gain that ensures that a bounding observer can be se-

lected:
12

0.0365
0.005
0.335
0.024

L= (10)

The proposed compartmental observer (3), with this gain,
can be used to provide upper and lower bounds on the
portion of dose in the different compartments of the
model, taking into account also the unavoidable uncer-
tainty in the system parameters and initial conditions.
These initial conditions of the system, when the observa-
tion starts (simultaneously with the injection of the ra-
dionuclide), can be bounded within the following range:

1-6 140
0 0.03
0 | <z(0)<| 003 |, (11)
0 0.01
0 0.01

where the small factors § take into account the unmod-
eled blood diffusion and transportation dynamics and the
fact that the first measurement might not be exactly si-
multaneous with the injection.

Thus, to get correct bounds, the initial condition of the
lower observer states is just

e(0)=[1-6 0 0 0 0], (12)
whereas the initial condition of the upper states is
80)=[1+6 003 003 001 001]". (13)

Using the proposed observer with the parameters dis-
cussed in this section, the evolution of the portion of
dose in each of the compartments z(t) will always be
between the estimated states e(t) and &(t). Moreover,
these bounds are tight, and are always nonnegative.

Once bounds on the states are available, it is not diffi-
cult to estimate bounds on the expected contrast of the
scintigram. For example, we define the target Qr and
background Qp to be

Qr =x3+ 12+ 0.1z1, @p =124+ 0911,

which makes it possible to derive bounds on the contrast,
defined by

contrast = @

@B

ISBN: 978-988-17012-9-9
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

These bounds are then:

©3+ 62+ 0.19;

contrast =
9y + 09@1

) 0.1
contrast = w.
64 + 0.90;

5 Example of application

This section present the application of the methodol-
ogy discussed in previous section to several ‘virtual pa-
tients’. Thus, the derivation of bounds application is
based on first integrating the dynamical equations (3),
starting from the initial conditions (13), and where the
observer matrices are given by (7)-(9), and then deriving
the bounds on the contrast using (14).

The ‘virtual patients’, correspond to computer simula-
tions of the compartmental model (1), for the parame-
ters obtained for the patients in the original study. The
results for those patients showed that the proposed proce-
dure worked correctly, making it possible to obtain tight
bounds on the states.

For example, Figures 4 to 8 plot the evolutions of the
portion of dose in different parts of the body, for one
of these ‘virtual patients’, together with the bounds es-
timated using the approach proposed in Section 3, that
uses measurements of the concentration in blood of the
radionuclide at times 0 and 10 minutes (a detail of the
evolution of the dose in bone-ECF is shown in Figure 9, to
clarify the rapid uptaking of the radionuclide by the bone-
ECF). To make the results reproducible, it was assumed
in this experiment that there are no significant variations
of the system parameters throughout the experiment. In
all the plots the bounds on the states obtained with the
proposed approach are nonnegative and converge to the
real values, giving lower and upper bounds on the real
states that converge to the real values.

Using these estimations, an evolution of the figures of
merits used to derive imaging times can be directly cal-
culated. In this case the objective is to distinguish in the
images the bone from the surrounding tissue. Using the
proposed definition for the contrast of the scintigram, the
evolution of the bounds is depicted in Figure 10.

The evolution of states and contrast agrees well with the
clinical practice [15, 16, 17].
6 Conclusions

This paper proposed a new approach to assist the de-
termination of the best time-after-injection for taking a
scintigram in bone scanning. The technique is based
on transforming the problem into an observation prob-
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State 1, with bounds given by the proposed observer
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State 4, with bounds given by the proposed observer
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Contrast: estimated worst-case bounds
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Figure 10: Evolution of the contrast for the virtual pa-

tient, and estimated bounds

lem for compartmental models, so that techniques pro-
posed by the authors to provide upper and lower bounds
on unmeasured states can be used. An illustrative case
study, based on the use of Tc-99m(Sn)methylene diphos-
phonate, shows the feasibility of the proposed approach,
and how it can be used to provide tight estimations of
the concentration of radionuclide in the different com-
partments of the body, and as a consequence, makes it

possible to predict the contrast.
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